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Preface

With our growing energy needs and increasing environmental concern, there is

considerable research interest in developing renewable energy sources as alterna-

tives to the non-renewable fossil fuels as well as improving the technologies for

energy conversion.

Solar energy is an inexhaustible and freely available energy source. More energy

comes from the sun in 1 hr each day than is used by all humankind activities in one

year. The challenge today is to capture and utilize solar energy for sustainable

development on a grand scale. There are different manifestations of solar energy

conversion, of which one relies fundamentally on chemistry for its scientific

underpinnings, i.e., the conversion of light into electricity. Photovoltaic devices

are available for decades for the direct conversion of sunlight into electrical energy.

The technological promise of the characteristics of OLEDs puts them at the

forefront of research in the past two decades. OLEDs possess a number of advan-

tages over conventional dominant display devices, such as high luminous effi-

ciency, high brightness and contrast, fast response time, wide viewing angle, low

power consumption and light weight. These new technologies offer a virtually

unlimited choice of colors and good potential of low manufacturing cost. While

OLED displays can be fabricated on large area and flexible substrates, a stream of

new OLED products has reached the marketplace. Therefore, the transformations of

light into electricity (solar energy conversion) and electricity into light (light

generation in light-emitting diode) are two important interrelated areas in energy

conversion. Organometallic molecules and related compounds hold great promise

as versatile functional materials for use in these light-electricity transformations.

In addition, development of new molecular systems for converting carbon

dioxide to useful chemicals using solar light, i.e., photocatalytic CO2 reduction

systems, is gaining increasing attention for solving the energy shortage and global

warming problems. Hydrogen has also attracted great interest because of its poten-

tial to serve as an energy storage medium, i.e., an energy carrier. There is great

interest in using metal complexes to store hydrogen at higher densities and metal-

based catalysts will certainly play major roles in its safe and efficient production

and utilization.
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As the research fields on energy conversion are growing rapidly and their

impacts are both far-reaching and pervasive, other fundamental challenges still

remain which would require further multidisciplinary studies. Therefore, to bring a

focus on the recent research developments in this direction, a collection of chapters

from leading scientists is presented in this book. Many aspects of the field by

utilizing a vast number of organometallics and related molecules and their device

tactics are covered, which provide readers with a good source of information in

solving many of the critical issues on energy conversion. These include the inves-

tigation of new light-harvesting and OLED materials (by J.A. Gareth Williams,

Etienne Baranoff, Tao Chen, Tsuyoshi Michinobu, Qiang Zhao, Jianzhang Zhao,

Suning Wang, Di Liu, Zhen-Tao Yu and Shi-Jian Su), the studies on carbon dioxide

reduction (by Shunichi Fukuzumi) and water oxidation (by Khurram Saleem Joya,

Kwok-Yin Wong, Luca Gonsalvi, Qiang Xu and Torsten Beweries) as well as other

related topics (Toshikazu Hirao and myself).

Clearly, the challenge confronting the twenty-first century is tied to energy crisis

and it is encouraging to see that organometallic compounds and related materials

are playing important roles in these frontier areas. What organometallic materials

can do to address this challenge will have significant impacts on our society, and we

are optimistic to witness more successful stories to come in the upcoming future.

Hong Kong, China Wai-Yeung Wong
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Chapter 1

Organometallic Versus Organic Molecules
for Energy Conversion in Organic Light-
Emitting Diodes and Solar Cells

Cheuk-Lam Ho and Wai-Yeung Wong

Abstract With the rapid growth of population and urbanization, the energy

demand is increasing annually. Due to the major problems concerning the rapid

depleting nature of the extraction of fossil resources, energy conservation and

transition to renewable energy supplies have been a hot topic worldwide. Organic

light-emitting diodes and solar cells represent two important techniques to allow the

efficient utilization of energy resources in energy-saving devices and exploration of

using renewable energy in energy-producing devices. In this chapter, the impor-

tance of using organometallic and organic molecules in both areas of research is

discussed.

Keywords Organic light-emitting diodes • Organic solar cells • Organometallic •

Energy conversion • Fluorescence • Phosphorescence • Light harvesting

1.1 Introduction

To face the threat to the planet posed by climate change, we need to develop new

technologies that can alter the way we generate and use electricity. Organic solar

cells and organic light-emitting diodes (OLEDs) represent two sides of this coin,

via the transformations of light into electricity and electricity into light. In recent

years, these two interrelated areas have become increasingly important, and there is
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great interest in developing new active materials for organic solar cells and OLEDs

to replace those expensive highly crystalline inorganic semiconductors [1, 2].

Semiconductive organic materials (both organometallic and organic compounds)

have shown great promise in these two areas because of their ability to tailor the

molecular properties and versatility of the production methods, so that their chem-

ical and physical properties can be easily fine-tuned to fit particular applications and

reduce the manufacturing process and cost. In this chapter, we will highlight the

recent development on light-emitting and light-absorbing photoactive organome-

tallic and organic compounds for OLEDs and organic solar cells.

1.2 Organic Light-Emitting Diodes

1.2.1 Fluorescence and Phosphorescence

The reports of Tang and VanSlyke and later of Burroughes on electroluminescence

(EL) from thin organic films made of small molecular weight molecules and

conducting polymers, respectively, opened up a new field of research in light-

emitting materials science [3]. Over the past two decades, OLEDs have been widely

studied, and great strides have been made in the development of new materials and

device architectures for both display and solid-state lighting applications [4]. To

have an efficient OLED, it is necessary to have balanced charge injection (equal

numbers of holes and electrons from opposite electrodes) and transport and capture of

all the injected charges to form excitons in the emissive layer and radiative decay of

all the excitons. In the process of injecting charges, it is not possible to control the

spins of the electrons, and hence, there is a certain probability that they form a singlet

or triplet exciton when they meet on the photoactive material. Theoretically, the ratio

of singlets to triplets is 1:3 for small molecules. If the material is fluorescent, only the

singlets can emit light, while if it is phosphorescent, both singlets and triplets can be

captured for light emission. Therefore, phosphorescent materials inherently have the

potential to form the most efficient light-emitting devices. Currently, blue, green, and

red OLEDs with excellent performance and high color purity have been achieved by

employing phosphorescent complexes of iridium(III). It is believed that 100 %

harvesting of the electrogenerated singlet and triplet excitons is caused by the strong

spin–orbit coupling of heavy Ir(III) atom [5]. Their high photoluminescence effi-

ciency, relatively short lifetimes, and flexible color tunability render them to be the

most successful phosphorescent materials for OLED application to date [6–8].

Recent progress in the development of Ir(III) phosphors will be highlighted as

follows. High external quantum efficiency (ηext) greater than 30 % was demon-

strated in blue phosphorescent OLEDs using FIrpic as the sky-blue emitter [9]. The

current (ηL) and power efficiencies (ηP) of such device were improved to 53.6 cd/A

and 50.6 lm/W, respectively, by adapting suitable high-triplet energy host mate-

rials. Ir(ppy)3 has been the most widely used green phosphor [10–14], for which

the best device performance with a high ηP of 133 lm/W was reported by Kido and

2 C.-L. Ho and W.-Y. Wong



his coworkers [12]. The green OLEDs based on its heteroleptic counterpart Ir

(ppy)2(acac) were also reported to show attractive performance with ηext of

23.7 % and ηP of 105 lm/W [15]. By using Ir(tfmppy)2(tfmtpip) as the green

phosphor, a maximum ηP and ηL of 113.23 lm/W and 115.39 cd/A, respectively,

were achieved at a doping level of 5 wt% [16], in which the introduction of CF3
moiety to the Ir(III) complex was believed to increase the electron mobility of the

complex and thus enhance the overall efficiencies of the device. Ir(piq)3 is a well-

known red phosphorescent emitter [17]. Deep red Ir(piq)3-based OLEDs doped in

host materials 1,3,5-tris(3-(carbazol-9-yl)phenyl)-benzene, 2,4,6-tris(3-(carbazol-9-

yl)phenyl)-pyridine, or 2,4,6-tris(3-(carbazol-9-yl)phenyl)-pyrimidine showed supe-

rior efficiency and suppressed efficiency roll-off [18]. All the devices show very high

ηext of over 18 % and ηP of around 19 lm/W at low current density due to the bipolar

nature of the host materials. For Ir(piq)2(acac), comparable OLED performance as Ir

(piq)3 has been reported in the literature. A deep red phosphorescent Ir(piq)2(acac)-

based OLED hosted by bipolar triphenylamine/oxadiazole hybrid gave a ηext up to

21.6 %, ηL of 15.9 cd/A, and ηP of 16.1 lm/W [19]. Generally, for both homoleptic

and heteroleptic Ir(III) complexes, the cyclometalating C^N ligands play essential

roles in determining the phosphorescent energy and the emission color of the

complexes, although occasionally the ancillary ligand is also important. Accordingly,

the typical strategy utilized to tune the emissive color of the iridium complexes is to

incorporate different substituents in either C-related arenes or N-related heterocycles

while fixing the C^N ligand skeleton. For example, incorporating different substitu-

ents at different positions of the 2-phenylpyridine ligand framework has resulted in a

continuous tuning of the phosphorescence of their homoleptic iridium(III) complexes

from sky blue (468 nm) to orange-red (595 nm) [20, 21].
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White OLED (WOLED) technology has attracted much attention because of its

great potential in solid-state lighting and displays [22]. The first WOLEDs com-

prising small organic molecules were reported by Kido [23–25]. Later on, the

incorporation of exciplex formation and emission from organic molecules may

generally be used for the realization of more practical WOLEDs; however, the

overall efficiency of such devices seems to be rather low. The only exception so far

is the one reported by Tang et al., discussing WOLEDs based on a single emissive

material TPyPA, where the emission originates from its singlet and exciplex states

[26]. This device reached a maximum luminous efficacy of 9.0 lm/W with CIE

coordinates of (0.31, 0.36). In 2006, Tsai and Jou reported a highly efficient

fluorescent WOLEDs based on a mixed host/emitting layer doped with two

fluorophores. By optimizing the blend layer of hole-transporting N,N0-Di
(1-naphthyl)-N,N0-diphenyl-(1,10-biphenyl)-4,40-diamine (NPB) and electron-

transporting 9,10-di-(2-naphthyl)-2-t-butyl-anthracene (TBADN) to a 1:1 ratio, a

maximum luminous efficacy of 11.2 lm/W was obtained [27]. Yang et al. discussed

a hybrid combination of simultaneous host and dopant emission, forming a

two-color fully fluorescent white-emitting device. They mixed the red emitter

DCM with the blue-emitting host bis[2-(2-hydroxyphenyl)pyridine]beryllium

(Bepp2); maximum values of 5.6 % in ηext, 9.2 lm/W in ηP with color coordinates

of (0.332, 0.336), and color rendering index (CRI) of 80 were achieved [28]. Many

innovative device architectures have been devised using various material systems to

achieve high-performance WOLEDs [29]. A large part of the research conducted to

achieve white light used the fluorescence and phosphorescence hybrid WOLED

(F-P hybrid WOLED), which can separately utilize the singlet excitons with a blue

fluorescent emitter and the triplet excitons with green, orange, and red phospho-

rescent dopants. The main reason for this device concept is that blue phosphores-

cent emitters are poor in long-term stability as compared to blue fluorescent

emitters [30]. Also, while blue phosphorescent materials call for host materials

with even larger bandgaps, the operating voltage based on phosphorescent blue

emitters will increase as the luminous efficacy decreases [31, 32]. Following this

approach, the efficiency of single-emitting layer F-P hybrid WOLED based on blue

organic fluorescent emitter and green/red Ir(III) phosphors showed up to a maxi-

mum ηP of 59.8 lm/W and a maximum ηext of 24.7 %, as reported by Lee and Zhang

in 2013 [33]. Among the various concepts for WOLEDs, by far, most effort has

been spent on research dealing with devices based solely on phosphorescent

materials. This is probably due to the fact that phosphors inherently offer internal

efficiencies of unity, so that in general, the only remaining task in device engineer-

ing is the distribution of excitons to different emitters for white emission. In order to

increase the color quality and luminous efficacy of phosphorescent OLEDs, three

primary colors need to be employed (red, blue, and green, RBG). In 2004,

D’Andrade, Holmes, and Forrest reported on the first three-color WOLED devices,

based on FIr6, Ir(ppy)3 and PQ2Ir [34]. The highest efficiency of all phosphores-

cent RBG WOLEDs was recently reported by Lee et al. Efficiency values ηP of

45.9 lm/W and ηext of 22 % were demonstrated without the use of any out-coupling

enhancement techniques while still maintaining high CRI value of 84 [35]. Sasabe

et al. also reported a highly efficient WOLED with a blue-emitting iridium(III)
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carbene complex Ir(dbfmi)3 and additional ultrathin layers of red and green

emitters, giving a ηext of 21.5 % and ηP of 43.3 lm/W at 1000 cd/m2 with CRI of

80.2 and CIE of (0.43, 0.43) [36]. The highest CRI to date for a three-emitter system

was reported by Chang et al. The emission of their optimized device is close to

equi-energy white point and shows a very high CRI of 94 at 1,000 cd/m2 with color

coordinates of (0.322, 0.349) [37]. White light can also be obtained using two

complementary colors. Most of the research in this field used the archetype phos-

phorescent blue-emitter FIrpic in connection with various emitters. Yellow-

emitting complex Ir-1-based device produced high efficiencies of 75.9 cd/A,

48.2 lm/W, and 23 % with CIE of (0.46, 0.53), which represents the highest

efficiencies for yellow OLEDs up to now [38]. Furthermore, when Ir-1 was used

to fabricate two-element WOLEDs in combination with FIrpic, high efficiencies of

57.9 cd/A and 21.9%were achieved. A two-elementWOLEDwith a peak ηL of 68 cd/
A was also demonstrated using a related derivative as an orange emitter [22]. Another

two-color WOLEDs with good performance based on blue-emitting FIrpic and

PQ2Ir as a complementary red emitter was reported by Su and coworkers, in which

the ηext of 25 % and ηP of 46 lm/W were achieved at 1,000 cd/m2 [30]. One of the

drawbacks of two-element WOLEDs is the lack of green emission in the spectrum

which results in poor color quality, and the CRI typically is limited to values of ~70

[30]. The highest color quality of two-color phosphorescent WOLEDs up to now was

obtained by using an iridium complex Ir(dfbppy)(fbppz)2 as a blue phosphorescent

emitter combined with a red-emitting osmium heavy metal complex Os

(bptz)2(dppee) [39]. The blue emitter with PL maximum at 450 nm and strong

vibronic side bands at approximately 480 and 520 nm can alleviate the lack of green

emission, resulting in a high CRI¼ 79. At 100 cd/m2, a white-emitting device based

on these emitters reached ηext of 6.8 % and ηP of 0.0 lm/W with color coordinates of

(0.324, 0.343), closely matching the equi-energy white point. One should note that

with its rather light-blue emission corresponding to CIE coordinates of (0.17, 0.34),

the FIrpic spectrum is typically mixed with the emission of a red emitter [30, 40]. If

yellow phosphorescent emitters were applied in a two-color approach, deep-blue

emitters with CIE coordinates (x< 0.2, y< 0.2) should be employed in order to get

a reasonable white emission [41].

N

TPyPA

O

NC CN

NDCM

N

F

Ir

2

N

N

F

FIr6

N

N N

NN

N

B

N

Ir

2
PQ2Ir

O

O
N

N

O
Ir

3
Ir(dbfmi)3

1 Organometallic Versus Organic Molecules for Energy Conversion in Organic. . . 5



N

Ir

3
N

S

Ir-1

While efficient phosphorescent OLEDs have typically employed Ir-based emit-

ters, recent reports of nearly 100 % internal quantum efficiency for blue and green

emission in devices utilizing Pt(II) emitters demonstrate their usefulness in the

future commercialization of OLEDs [42, 43]. Pt-1 bearing tetradentate O^N^C^N

ligands displays high emission quantum efficiency of 90 % and is an excellent green

phosphorescent dopant for OLEDs with excellent efficiency of 66.7 cd/A and low

efficiency roll-off [43]. The blue-emitting device employing Pt-2 demonstrated a

peak ηext of 26.3 % and CIE coordinates of (0.12, 0.24) [44]. The excimer formation

from Pt-2 resulted in white emission from OLEDs which exhibited a peak ηext of
25.7 % with a CRI of 70. The stabilities of both devices were proven by their

impressive device operational lifetimes. From the device-engineering point of

view, it is always desirable to simplify the OLED structure. Efficient electropho-

sphorescent excimer emission at a longer wavelength from planar Pt(II) complexes

allows simplification of the architecture of WOLED. Cocchi et al. introduced Pt

(II) complex, PtL22Cl, which emits excimeric phosphorescence at ca. 650 nm; in

WOLEDs, the ηext reached 16.6 % with ηP of 9.6 lm/W at 500 cd/m2. The

corresponding CIE coordinates are (0.42, 0.38) [45]. The highest CRI based on

the monomer excimer approach was reported by Zhou et al. using Pt-Ge doped into

CBP host material [46]. At the emitter concentration of 10 wt% for Pt-Ge, the CIE
coordinates of (0.354, 0.360) were obtained with a very high CRI of 97. The

corresponding peak ηext value is 4.13 %.
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As compared to Ir(III) and Pt(II) complexes, Os(II) phosphors are less explored

in the literature. In comparison, Os(II) complexes may gain certain advantages,

such as the reduction of radiative lifetime and hence a possibility of higher

luminescent efficiency. A shorter radiative decay lifetime may improve the

OLED device efficiencies by minimizing the unwanted triplet–triplet annihilation

that occurs at a higher operating current density [47–49]. The EL properties of Os

(II) complexes were first reported by Ma and coworkers, in which a stable and

uniform red EL emission was observed when the voltage was applied to the device

[50]. The maximum ηL of Os-1-based device reached 7.0 cd/A with CIE coordi-

nates (0.650, 0.347) [51]. Until 2013, the efficiency of red OLEDs based on Os

(II) complexes is up to 9.8 % by using tetradentate bis(pyridylpyrazolate) chelates

(Os-2) [52]. This OLED exhibits saturated red emission with a maximum bright-

ness of 19,540 cd/m2 at 11.6 V. Attempts have been made by employing orange-

emittingOs-3 in the fabrication of WOLEDs in combination with blue emitters. By

doping with a blue light emitting amino-substituted distyrylarylene fluorescent dye,

the device exhibited an intense white emission having CIE coordinates of (0.33,

0.34), a peak ηext of 6.12 %, ηL of 13.2 cd/A, and a maximum brightness of

11,306 cd/m2 [53]. The efficiencies of WOLED based on Os-3 climbed up to

40.4 cd/A and 25.6 lm/W when it was doped with blue phosphor FIrpic
[54]. Shu, Chi, and Chou synthesized a series of electrophosphorescent copolymers,

in which a red-emitting Os(II) complex was embedded in the backbone of

polyfluorene, giving a highly efficient PLED with maximum ηext of 18.0 % and

maximum brightness of 38,000 cd/m2 with an emission centered at 618 nm

[55]. Furthermore, through covalent attachment of a low concentration of a

green-emitting benzothiadiazole unit in the same polymers, efficient WOLED

with ηL of 10.7 cd/A and ηext of 5.4 % was achieved.
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1.2.2 Delayed Fluorescence

Very recently, efficient OLEDs can be developed by using the idea of thermally

activated delayed fluorescence (TADF) from organic molecules to achieve device

performance comparable to that of phosphorescent OLEDs and much higher than

conventional fluorescent-based OLEDs. TADF originates from the contributions of

triplet excitons, which are accessed through efficient upconversion from triplet

excited state (T1) to singlet excited state (S1) by thermal activation. To obtain

efficient TADF, a small energy gap between the S1 and T1 states is required,

which is realized in molecules with a small overlap between their highest occupied

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). A

series of highly efficient TADF emitters based on carbazolyl dicyanobenzene was

reported by Uoyama [56] and Nakanotani [57]. Their emission wavelengths were

easy to tune by alternating the electron-donating ability of the peripheral groups,

which can be achieved by changing the number of carbazolyl groups or introducing

relevant substituents. For the green OLED based on TADF-2, a ηext of 19.3 % was

achieved, while the orange (TADF-3) and sky-blue (TADF-1) OLEDs had ηext of
11.2 % and 8.0 %, respectively. In 2013, the ηext of the device based on sky-blue-

emitting TADF-1 reached up to 13.6 % [58]. OLED based on green-emitting

TADF-4 exhibited comparable efficiencies of ηL¼ 50.0 cd/A, ηext¼ 17.0 %, and

ηP of 35.7 lm/W. An orange-red OLED incorporating TADF-5 exhibited high EL

performance with a maximum ηext of 17.5 %, a maximum ηP of 22.1 lm/W, and a

maximum ηL of 25.9 cd/A. Relative to fluorescent materials, TADF materials have

greater potential for OLED application in the upcoming future.
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1.3 Photovoltaic Solar Cells

Photovoltaic devices act in the opposite way to OLEDs, in which the light is

absorbed, the formed exciton is dissociated, and then the separated charges have

to migrate to the electrodes without being quenched to generate electricity. The

ideal material must have a high absorption coefficient and be able to absorb light

with wavelengths that correspond to the solar absorption profile. Two types of

device architectures are generally used, namely, dye-sensitized solar cells (DSSCs)

and bulk heterojunction solar cells (BHJSCs) [59, 60].

DSSCs are photoelectrochemical devices that rely on the sensitization of a wide

bandgap n-type semiconductor by a light-harvesting molecule or particle to gener-

ate electricity from incident sunlight. In DSSCs, a dye is absorbed onto an inorganic

semiconductor such as TiO2. On excitation, the electron from the exciton formed on

the dye is transferred to the inorganic semiconductor and then hops to the electrode

and travels around the circuit. The oxidized dye is then reduced through an

electrolyte and ready for another excitation. The performance of DSSCs highly

depends on the molecular structure of the photosensitizers. Nowadays, the majority

of successful photosensitizers in DSSC applications are constituted by transition

metal Ru(II) complexes since the pioneering report from O’Regan and Grätzel

[61]. One of the first and well-known Ru(II) dyes reported by Grätzel isN3 complex

[Ru(dcbpy)2(NCS)2] (dcbpy¼ 4,40-dicarboxy-2,20-bipyridine), which is a rare

example of a molecule satisfying several criteria that an efficient sensitizer has to

fulfill [62–68]. These include broad and intense absorption profile that arises from a

series of MLCT transitions; oxidation and reduction potentials which are ideally

positioned for dye generation and electron injection into TiO2; and strong electronic

coupling between its excited state and the semiconductor conduction band and high
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chemical stability. DSSCs based on N3 gave an overall efficiency over 10 % and a

certified stability of ten years [69]. By changing the number of acidic protons of

N3, N719 renders an impressive η of 11.2 % [70]. Efficient performance has also

been predicted for black dye [Ru(tcterpy)(NCS)3] (tcterpy¼ 4,40,400-tricarboxy-
2,20:60,200-terpyridine), in which the absorption of this dye is superior to those

with N3 especially in the near-infrared region which results in an efficiency of

10.4 % [71]. Many research groups have attempted to modify the structures of

coordinated chromophoric and ancillary ligands with the goal of improving the

photovoltaic performance, though only in few cases, the results have been better

than those observed with the N3 dye. By replacing one of the dcbpy ligands in N3

with a modified 2,20-bipyridine ligand in order to block the electrolyte from

interacting with the surface and absorb more light, a series of dyes such as C101

and C106 were designed [72]. Here we only highlight those champion dyes that hit

the efficiencies over 11 %.C101 features an extended conjugation using thiophenes

and long alkyl chain to prevent interfacial recombination, resulting in an efficiency

of 11 % with an attractive FF of 0.785 [73]. By simply modifying the alkyl chain in

C101 using thiophene fragment, a very encouraging η of 11.4 % was achieved for

C106 [74]. It was proved that C106 is more applicable to make efficient solar cells

with very thin photoactive layers in comparison to its counterpart C101. This is
mainly attributed to the merit of enhancing the optical absorptivity of stained titania

films with C106, especially in the weak absorption red region as well as the blue

region. The long-term photochemical stability of this dye has also been demon-

strated due to the alkylthiophene fragment. Placement of extra thiophene rings in

CYC-B11 increases the molar extinction coefficients, and hence, the Jsc value

(20.05 mA/cm2) was enhanced as compared to C106, resulting in a higher η of

11.5 % [75]. While there are a number of fundamentally new approaches to dye

design that have recently emerged based on the paradigmatic N3, one that has

gained traction is the substitution of the monodentate NCS� ligands with anionic

cyclometalating C^N ligands [76–78]. These chelating ligands have the potential to

circumvent degradation pathways and optimize the light-harvesting capacity of

DSSC dye [79–81]. An important finding for this approach was provided in 2009

when Grätzel and his coworkers reported a high DSSC efficiency of 10.1 % for

YE05, which is the highest efficiency for a photosensitizer devoid of NCS group

[82]. The high efficiency is ascribed to the suitable reduction potential for YE05

that results in a larger thermodynamic driving force for dye regeneration.Ru-1with
strong electron-withdrawing CF3 groups installed on the phenyl ring of ppy and the

two COOH groups on one of the dcbpy ligands being replaced by 2-hexylthiophene

units can extend the absorption spectrum down to 600 nm. This paradigm provides

the unique opportunity to control the thermodynamic position of the HOMO energy

level and a way of manipulating the thermodynamic driving force for the regener-

ation of the photooxidized Ru(II) dye. DSSCs prepared with Ru-1 produced a cell

efficiency of 7.3 % at full sun [76]. These results may provide an advantage for

commercialization because Ru(II) dyes without labile Ru�NCS bonds have poten-

tial to increase the overall stability of DSSC devices.
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In addition, for optimizing Ru(II) photosensitizers, it has been reported that upon

introduction of 4,40,400-tricarboxy-2,20:6,200-terpyridine, the lowest energy transition
could be extended toward the near-IR region, thus affording the panchromatic

sensitizer known as black dye. Chi and coworkers reported Ru(II) complexes

TF-2�TF-4 bearing tridentate anionic ligand and 2,6-bis(5-pyrazolyl)pyridine

ligand in the DSSC with efficiencies in excess of 10 % [78]. Thiophene derivatives

were tethered to the central pyridyl group in an attempt to increase the light-

harvesting capability. The best cell showed a η as high as 10.7 % for TF-3, with

Jsc¼ 21.39 mA/cm2, Voc¼ 760 mV, and FF¼ 0.66. These dyes with multidentate

coordination improve the long-term stability, as evidenced by the great lifespan of

solar cells fabricated with these dyes. This result completely rules out the need for

thiocyanate ancillary ligands. Another mixed dentate system with efficiency

exceeding 10 % was recently reported for JK-206 [83]. The high efficiency of

10.39 % and excellent stability may be attributed to the intrinsic stability of the

cyclometalated ruthenium(II) complex with the C^N^N ligand and the broad and

red-shifted absorption property of the cyclometalated complex.
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Although record efficiency and stability have been achieved with Ru(II)-based

photosensitizers, the high cost and scarcity of ruthenium have necessitated the

consideration of other options. Porphyrins are an obvious choice as a class of

simple, robust, efficient, and economically viable photosensitizers due to their

well-known role as light absorbers and charge separators in natural photosynthetic

systems. Recently, Zn(II) porphyrins with a push–pull system (D-π-A) have

become popular because of their ease of modulation on electron-donating and

anchoring sites, through which their optical, electrochemical, and photochemical

properties can be tuned to afford high efficiencies. A very exciting accomplishment

by using Zn(II) porphyrin YD2 [84] as the photosensitizer in DSSCs was reported

by Bessho et al.. It is the first champion dye not to contain Ru(II) ion that can hit the

10 % benchmark in DSSCs. YD2 possesses high molar extinction coefficient

because of the judicious installation of a light-harvesting donor group juxtaposed

to the acceptor group to promote charge transfer toward the surface upon light

absorption via intramolecular charge transfer transitions. A further elaboration of

this dye with YD2-o-C8 in the DSSC application has resulted in an efficiency over

12 %, which currently stands as the world record for the DSSC efficiency [85]. The

IPCE of YD2-o-C8 was approaching 90 % in the 400–700 nm range together with

high Voc (~1 V). The unprecedented efficiency of this dye may arise from the

suppression of recombination and the reduction of the over potential for dye

regeneration.
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An increasing attention is devoted to metal-free donor–acceptor organic dyes in

DSSC application due to their advantageous features, especially their high molar

extinction coefficients and tunable absorptions achieved through variation of the

molecular structure. In general, the photoconversion efficiencies observed with

organic dyes are lower as compared to the Ru(II)-based photosensitizers; however,

their efficiencies and performances can be improved by the proper selection or

tuning of the molecular components. A major breakthrough in the development of

DSSC based on organic photosensitizers came with the incorporation of dyes with a

D-π-A structure which facilitates photoinduced charge separation. Many molecular

compounds such as fluorene, coumarin, indoline, cyanine, carbazole, perylene,

triarylamine, etc., have been employed as donor in organic dye motif. But, the

most successful and common donor units are represented by functionalized

triarylamine moieties [86] because they have been shown to be excellent light

harvester with strong electron-donating ability and hole-transporting properties
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[87]. The simple architect of TA-St-CA showed a η of 9.1 % [88]. The most

efficient metal-free organic dye reported up to now is the phenyldihexyloxy-

substituted triphenylamine Y123 prepared by Grätzel and his coworkers [89],

which exhibits a η of 10.3 % together with a cobalt redox shuttle. Slowing down

the interface charge recombination by its bulky phenyldihexyloxy groups and the

high electron-donating ability by triarylamine unit both contribute to the good

performance of the devices. By optimizing the conjugated bridge based on the

substituted triphenylamine dye, Wang et al. synthesized C219 which gave a η of

10.3 % in the DSSCs with an iodine/iodide redox shuttle [90]. The introduction of

multiple electron-donating substituents at the arylamine core to form D-D-π-A
structure could lead to a bathochromic shift of the absorption profile, an enhanced

absorptivity, and better photochemical and thermal stability over D-π-A framework

and will help suppress the recombination due to extended delocalization of the

radical cation. Chio and coworkers have reported an efficiency of 9.1 % for the

fluorene-incorporated triarylamine JK113 using a liquid-based electrolyte. Excel-

lent stability under light soaking was shown if solvent-free ionic liquid-based

electrolyte was employed based on this dye [91]. Indoline dyes are one of the

most efficient types of organic dyes due to their high absorption coefficients that

result in high photocurrent. The more powerful electron-donating capacity of

indoline also leads to a bathochromic shift of the absorption spectra as compared

to the triarylamine-substituted one [92]. In combination with rhodamine network

with a long alkyl chain in D205, the η was increased up to 9.52 % [93]. However,

this dye easily suffers from desorption from TiO2 and results in poor stability.

Conjugated spacer plays a key role in the final performance of the dye. By

expansion of the π-conjugation length using thiophene units, enhanced spectral

response and charge transporting ability were obtained. Dye C229 consisting of a

4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b0]dithiophene unit as the linker with

substituted alkyl chain has proved to be very efficient. A η of 9.4 % was obtained

forC229-based cells in combination with a cobalt-based redox shuttle [94]. Another

strategy to improve the extinction coefficient to get a panchromatic light harvesting

is to increase the planarity of π-bridged systems. C217 consisting of a binary

π-conjugated spacer leads to a significant increase of the absorption spectrum of

the photosensitizer to give a η of 9.8 %. The 3,4-ethylenedioxythiophene unit

connected to the arylamine donor lifts the energy of the HOMO, and the

thienothiophene unit conjugated with the acceptor leads to a suitable LUMO

energy. Additionally, this dye illustrates an excellent stability and high η with a

solvent-free electrolyte [95]. Incorporation of a low bandgap chromophore unit into

the dye, which is expected to act as an electron trap to separate charges and

facilitate migration to the final acceptor, would provide better long-term stability

under light soaking of the sensitizer and often leads to panchromatic absorption. Zu

et al. obtained a η of 9.04 % for high stability indoline WS9 which incorporates a

benzothiazole unit in the conjugated space [96].

While the parts above only summarize the organic dyes with efficiencies hitting

up to 9 %, there are a number of dyes reported to date, and there is still room for

further improvement by judicious molecular design. However, it should be noted

that it is not always clear what will be the most appropriate strategy to follow in the

molecular engineering of organic dyes in order to obtain competitive efficiency.

14 C.-L. Ho and W.-Y. Wong



N

O

O

S
S

Si

S
C

O
O

H

N
C

C
21

9

N
S

S
C

O
O

H

N
C

Y
12

3
O

O
C

6H
13

O
C

6H
13

C
6H

13
O

C
6H

13
O

C
6H

13
O

C
6H

13
O

C
6H

13
O

C
6H

13
O

N

S

S

S

S

S H
O

O
C

C
N

JK
11

3

N

N

S

O H
O

O
C

S

N
O

S

C
8H

17

C
6H

13

C
6H

13

C
6H

13

C
6H

13

C
6H

13
C

6H
13

D
20

5

N
S

S
S

S

C
O

O
H

N
C

C
22

9

N
S

S

C
21

7O
O

SH
O

O
C

C
N

N

N
S

N
S

S
N

C
C

O
O

H

W
S
9

N

N
C

C
O

O
H

T
A

-S
t-

C
A

O

1 Organometallic Versus Organic Molecules for Energy Conversion in Organic. . . 15



In a BHJSC, instead of having layered device structure, the materials with

different electron and hole affinities are blended. When an exciton is formed in

the hole-transporting material, the excited electrons hop onto the high electron-

affinity material. The two charges then have to move through the layer by hopping

between regions of their respective materials to the electrodes. The fundamental

knowledge of BHJSCs was obtained through a long journey of research. The first

successful photovoltaic device was reported as early as 1986 by Tang et al. using a

bilayer structure of p-type copper phthalocyanine and n-type perylene diimide

derivative [97]. This charge separation at the donor–acceptor interface was found

to be very efficient, and an impressive η of ~1 % and a high FF of 65 % were

demonstrated. Since the first report of electron transfer from polymer to fullerene

by Heeger et al. in the early 1990s [98], much efficiency improvement was achieved

by using the bulk heterojunction (BHJ) structure in the solar cell. Since then, the

research on BHJSC is mainly focused on developing novel organic semiconducting

materials, including polymers and small molecules. Conjugated polymer-based

electron donor materials are the most studied materials to date for the BHJSCs.

Among them, poly(3-hexylthiophene) (P3HT) is the most commonly used material

due to the advantages of easy synthesis, high charge carrier mobility, good pro-

cessability, etc. [99]. Yoshino et al. reported photoconductivity enhancement when

polythiophene is blended with C60 buckyball [100]. After modifying the morphol-

ogy and device architecture by numerous research group, efficiencies of BHJSCs

based on P3HT can now go up to 7 % with external quantum efficiency of around

70 % [101–105]. To address the main issue of large bandgap (>1.9 eV) with P3HT

and high HOMO level, which lead to insufficient NIR photon absorption and low

Voc of BHJSCs, numerous new organic polymers have been designed for photovol-

taic applications. The main strategies for designing new materials are to harvest a

greater part of the solar spectrum and provide as high Voc as possible, narrow the

bandgap, optimize the HOMO and LUMO levels, and ensure good charge mobility.

The most successful strategy for harvesting more photons through tuning of the

energy levels of conjugated polymers involves the incorporation of electron push–

pull molecular units in the conjugated main chain. Alternating push and pull units

allows internal charge transfer process along the conjugated chain to increase the

effective resonance length of the π electrons, leading to smaller bandgaps as a result

of facilitated π electron delocalization. Nowadays, the efficiencies of polymer-

based BHJSCs are generally over 7 % in single-junction device architecture. For

example, PDTS-TPD with bandgap of 1.73 eV gave a η of 7.3 % [106]. With

further optimization on this structure by Reynolds, the polymer PDTG-TPD shows

similar performance of 7.3 % [107]. Using an inverted device structure and

modified Zn electrode, an enhanced η of 8.1 % was recorded on a PDTG-TPD-

based device [108]. One of the most effective push units with a planar structure is

benzo[1,2-b:4,5-b0]dithiophene (BDT). Members of push–pull polymers incorpo-

rating BDT units display low bandgaps (Eg< 1.8 eV) and low HOMO energy

levels, resulting in good photovoltaic performance [109–111]. A η of around

8.2 % was achieved in PBDTT-DPP-based device with a tandem configuration

[111]. PBDTT-SeDPP showed a broader photoresponse and demonstrated excel-

lent photovoltaic performance in single-junction device with η of 7.2 %

[112]. When this polymer was applied into a tandem device, a η of 9.5 % was
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achieved with improved Jsc. Very recently, linear side chains in benzo[1,2-b:4,5-b
0]

dithiophene-thieno[3,4-c]pyrrole-4,6-dione polymer PBDTTPD exhibit good thin

film morphology which benefits solar cell application [113]. Its η reached 8.5 %

with Voc¼ 0.97 eV, Jsc¼ 12.6 mA/cm2, and FF¼ 0.7 in the standard device struc-

ture. A certified η of 9.2 % for PTB7-based device with inverted structure was

reported by Wu in 2012 [114]. Because of a remarkably improved Jsc of 17 mA/

cm2, the inverted polymer solar cells exhibit a superior overall device performance

when compared to regular devices, as well as good ambient stability. Up to now, the

highest η for a single-junction cell is provided byMitsubishi Chemical with a record

of 10 % that has been certified by the National Renewable Energy Laboratory

(NREL), but no detailed information on either the active layer composition or the

device structure was given [115]. The highest certified efficiency record on tandem

polymer solar cells was obtained with P3HT and PDTP-DFBT, which produced a

η of 10.6 % [116]. In addition to the conventional regular and tandem devices, there

are some attempts to make homogeneous tandem solar cells. A η of 9.64 % in a

triple junction solar cell was achieved by applying a wide bandgap polymer and two

identical low-bandgap-based sub-cells [117].

S
S S

C6H13
C6H13

C6H13

n

P3HT  

S S

X
S

N OO

C8H17

n

X = Si, PDTS-TPD
X = Ge,PDTG-TPD

S

S

S

S

X N

N X
O

O n

X = S, PBDTT-DPP
X = Se, PBDTT-SeDPP

S S

O F F

N
S

N
n

PDTP-DFBT

S

NO O

n

S

S

O

OPBDTTPD

S

S

n

S

S

O

O

O

PTB7

F

O

1 Organometallic Versus Organic Molecules for Energy Conversion in Organic. . . 17



As an alternative to the organic polymer, solution-processed conjugated organic

small-molecule-based solar cells have attracted much attention in the past few years

[118, 119]. Compared to the polymeric counterpart, small molecules are expected

to have higher molecular precision relative to the statistically determined nature of

synthetic polymers and less batch-to-batch variations [120, 121]. Early efforts on

solution-processed small-molecule solar cells showed that the efficiency was lim-

ited by the low photocurrent and FF, and the initial η were only 1–3 %. Until 2009,

an encouraging discovery was reported by Nguyen et al. A small molecule of DPP

(TBFu)2 can give η up to 4.4 % in a BHJ device [122]. Encouraged by this work,

there is a rapid progress in the solution-processed small-molecule solar cells.

DR3TBDT was published with a high η of 7.4 % with Jsc of 12.2 mA/cm2, Voc of

0.93 V, and FF of 0.65 [123]. Recently, Gupta and Heeger et al. reported a material,

DTS(FBTTh2)2, which exhibited an amazing η of 7.88 % with a Jsc of 15.2 mA/

cm2, a Voc of 0.77 V, and a FF of 0.67 [124].

In parallel to the polymer version of tandem solar cell, small-molecule tandem

solar cells, which are mainly based on vacuum fabrication process, have also made

significant progress. A German company, Heliatek, announced a η of 10.7 % from

dual-junction tandem cells based on small molecules in 2012. Recently, they have

achieved a η of 12 % based on triple junction OPV cells by thermal evaporation

technology [125]. Efficiency of 8 % for single junction from solution-processed

small molecules has been achieved by several groups [123, 126]. These results are

important and attractive toward large area roll-to-roll printing of organic solar cells.
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In addition to the general strategies of using organic donor and acceptor seg-

ments in the main chain, platinum conjugated polymers have attracted a great deal

of interest [127–130]. The incorporation of Pt fragments into the polymers would

enhance the electron conjugation and delocalization along the polymer chain as a
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result of the overlap between d-orbital of the Pt and p-orbital of the alkyne unit.

Pt-P1 contains the thiophene ring as the donor and benzothiadiazole unit as the

acceptor to afford a bandgap of 1.85 eV [131]. The best cell obtained by this

polymer gave Voc of 0.82 eV with a very high Jsc of 15.43 mA/cm2, which resulted

in a η of 4.93 % without thermal annealing. By changing the acceptor to bithiazole

rings in Pt-P2, the highest η value achieved was 2.5 % [132]. The photovoltaic

performance of the Pt-P2 series showed an increasing trend for η values due to the

increasing optical absorbance and hole mobility. Pt-metalated conjugated polymer

Pt-P3 using thieno[3,2-b]thiophene connected benzothiadiazole as the central core

exhibited high hole mobility due to the more rigid structure by enhancing the

electron coupling between the donor and acceptor units along the polymer back-

bone. The solar cell devices based on Pt-P3 and PC71BM resulted in a high η of

4.3 % without the need of post-thermal annealing. Although the overall efficiencies

of these metalated conjugated polymers are poorer as compared to their organic

counterpart, the potential of such system for the application in BHJSCs cannot be

neglected. The contribution of organometallic species in the conjugated polymers

for BHJSCs mainly came from the strong spin–orbit coupling and efficient

intersystem crossing, which facilitates the formation of longer-lived triplet excited

states and thus allows extended exciton diffusion length.
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Yang and coworkers pioneered the employment of triplet excitons by using

small-molecule 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphineplatinum(II) (Pt-S1)

as the electron-donating material in organic solar cells [133]. By using a simple bilayer

structure in OSCs composed of evaporated Pt-S1 and C60, a promising η of 2.1 % was

obtained. For small-molecular platinum(II) bis(aryleneethynylene) complexes Pt-S2

consisting of benzothiadiazole as the electron acceptor and triphenylamine and/or

thiophene as the electron donor, OSCs reached the best η of 2.37 % with the Voc of

0.83 V, Jsc of 7.10 mA/cm2, and FF of 0.40. These works illuminate the potential of

well-defined organometallic complexes in developing light-harvesting small mole-

cules for efficient power generation in organic photovoltaics implementation. Further

improvement in the device efficiency could be achieved by tuning the intramolecular

charge transfer absorption and energy levels as well as the oligomeric chain length and

thin film morphology.
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As the most popular phosphorescent materials in OLEDs, cyclometalated

iridium(III) complexes can also be potential candidates as sole donors in BHJSCs,

because this class of materials can have favorable photophysical and electro-

chemical stability, versatility in the modification of molecular properties, tunable

energy levels, long exciton lifetime, and potentially long exciton diffusion length.

Through a judicious material design, these properties make a compelling case

that cyclometalated Ir(III) complexes can be an excellent material candidate for

photovoltaic applications. Ir-S1 has a low HOMO level of 5.5 eV, which shows

the potential to gain high Voc [134]. The highest Voc value can be up to 0.94 V

if a 30 nm thick of photoactive Ir-S1 layer was applied. However, the low FF

value of Ir-S1-based device limited the device efficiency (2.10 %). The low FF was

found to be attributed to the insufficient extraction of holes due to the low hole

mobility of Ir-S1. Zhen reported a solution-processed BHJSCs by employing Ir-S2

as the electron donor which gave a η of 2.0 % [135]. A bilayer device with Ir-S3
and C60 resulted in a η of 2.8 % with a high Voc value of 1 V [136]. Generally,

although the overall efficiencies of Ir(III) complexes are lower than organic active

materials, this class of materials tends to give high Voc value as compared to the

organic one. Future development of Ir(III) complexes with improved mobility

and wider absorption range will enable this class of materials to make an even

significant impact.
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It is believed that introducing appropriate organic materials with long exciton

lifetime is a very promising way to improve photovoltaic performance. High-

mobility phosphorescent materials with improved absorption matching the solar

spectrum are desired for next-generation devices. With the help of phosphorescent

materials purposely designed for photovoltaics, the device performance could be

greatly improved in the future.

1.4 Conclusion

The field of organic electronics is progressing rapidly. There are numerous new

materials being developed, and the research works in both OLEDs and organic solar

cells are actively underway in terms of material design and engineering of

nanostructures to optimize the optical properties (emission/absorption), carrier

mobility and efficiency, operational stability, and large-scale manufacturability.

Both organometallic and organic materials take important roles in both areas and

have the potential to significantly change the way that OLEDs and organic solar

cells are manufactured. They should open up a new revolution in the materials and

device aspects for energy conservation in the coming centuries.

Acknowledgments We thank the National Basic Research Program of China (973 Program)

(2013CB834702); the National Natural Science Foundation of China (project number 51373145);

the Science, Technology and Innovation Committee of Shenzhen Municipality

(JCYJ20120829154440583); Hong Kong Baptist University (FRG2/12-13/083 and FRG1/13-14/

053); Hong Kong Research Grants Council (HKBU203011); and Areas of Excellence Scheme,

University Grants Committee of HKSAR, China (project No. AoE/P-03/08). The work was also

supported by Partner State Key Laboratory of Environmental and Biological Analysis (SKLP-14-

15-P011) and Strategic Development Fund of HKBU.

References

1. Murawsk C, Leo K, Gather MC (2013) Efficiency roll-off in organic light-emitting diodes.

Adv Mater 25:6801–6827

2. Ameri T, Li N, Brabec CJ (2013) Highly efficient organic tandem solar cells: a follow up

review. Energy Environ Sci 6:2390–2413

1 Organometallic Versus Organic Molecules for Energy Conversion in Organic. . . 21



3. Tang CW, Vanslyke SA (1987) Organic electroluminescent diodes. Appl Phys Lett

51:913–915

4. Kalinowski J, Fattori V, Cocchi M, Williams JAG (2011) Light-emitting devices based on

organometallic platinum complexes as emitters. Coord Chem Rev 255:2401–2525

5. Ho CL, Wong WY (2013) Charge and energy transfers in functional metallophosphors and

metallopolyynes. Coord Chem Rev 257:1614–1649

6. Baldo MA, O’Brien DF, You Y, Shoustikov A, Sibley S, Thompson ME, Forrest SR (1998)

Highly efficient phosphorescent emission from organic electroluminescent devices. Nature

395:151–154

7. Gong X, Ostrowski TC, Bazan GC (2003) Electrophosphorescence from a conjugated

copolymer doped with an iridium complex: high brightness and improved operational

stability. Adv Mater 15:45–49

8. Chen Z, Bian Z, Huang C (2010) Functional IrIII complexes and their applications. AdvMater

22:1534–1539

9. Lee CW, Lee JY (2013) Above 30 % external quantum efficiency in blue phosphorescent

organic light-emitting diodes using pyrido[2,3-b]indole derivatives as host materials. Adv

Mater 25:5450–5454

10. King KA, Spellane PJ, Watts RJ (1985) Excited-state properties of a triply ortho-metalated

iridium(III) complex. J Am Chem Soc 107:1431–1432

11. Adachi C, Baldo MA, Forrest SR, Thompson ME (2000) High-efficiency red electropho-

sphorescence devices. Appl Phys Lett 78:170–175

12. Tanaka D, Sasabe H, Li YJ, Su SJ, Takeda T, Kido J (2007) Ultra high efficiency green

organic light-emitting devices. Jpn J Appl Phys 46:L10–L12

13. Zhu MR, Ye TL, He X, Cao XS, Zhong C, Ma DG, Qin JG, Yang CL (2011) Highly efficient

solution-processed green and red electrophosphorescent devices enabled by small-molecule

bipolar host material. J Mater Chem 21:9326–9331

14. Chou HH, Cheng CH (2010) A highly efficient universal bipolar host for blue, green, and red

phosphorescent OLEDs. Adv Mater 22:2468–2471

15. Tao YT, Wang QA, Yang CL, Zhong C, Qin JG, Ma DG (2010) Multifunctional

triphenylamine/oxadiazole hybrid as host and exciton-blocking material: high efficiency

green phosphorescent OLEDs using easily available and common materials. Adv Funct

Mater 20:2923–2928

16. Li HY, Zhou L, Teng MY, Xu QL, Lin C, Zheng YX, Zuo JL, Zhang HJ, You XZ (2013)

Highly efficient green phosphorescent OLEDs based on a novel iridium complex. J Mater

Chem C 1:560–565

17. Tsuboyama A, Iwawaki H, Furugori M, Mukaide T, Kamatani J, Igawa S, Moriyama T,

Miura S, Takiguchi T, Okada S, Hoshino M, Ueno K (2003) Homoleptic cyclometalated

iridium complexes with highly efficient red phosphorescence and application to organic light-

emitting diode. J Am Chem Soc 125:12971–12979

18. Su SJ, Cai C, Kido J (2012) Three-carbazole-armed host materials with various cores for

RGB phosphorescent organic light-emitting diodes. J Mater Chem 22:3447–3456

19. Tao Y, Wang Q, Ao L, Zhong C, Qin J, Yang C, Ma D (2010) Molecular design of host

materials based on triphenylamine/oxadiazole hybrids for excellent deep-red phosphorescent

organic light-emitting diodes. J Mater Chem 20:1759–1765

20. Grushin VV, Herron N, LeCloux DD, Marshall WJ, Petrov VA, Wang Y (2001) New,

efficient electroluminescent materials based on organometallic Ir complexes. Chem Commun

1494–1496

21. Tamayo AB, Alleyne BD, Djurovich PI, Lamansky S, Tsyba I, Ho NN, Bau R, Thompson

ME (2003) Synthesis and characterization of facial and meridional tris-cyclometalated

iridium(III) complexes. J Am Chem Soc 125:7377–7387

22. Wang RJ, Liu D, Ren HC, Zhang T, Yin HM, Liu GY, Li JY (2011) Highly efficient orange

and white organic light-emitting diodes based on new orange iridium complexes. Adv Mater

23:2823–2827

22 C.-L. Ho and W.-Y. Wong



23. Kido J, Hongawa K, Okuyama K, Nagai K (1994) White light‐emitting organic electrolumi-

nescent devices using the poly(N‐vinylcarbazole) emitter layer doped with three fluorescent

dyes. Appl Phys Lett 64:815–817

24. Kido J, Kimura M, Nagai K (1995) Multilayer white light-emitting organic electrolumines-

cent device. Science 267:1332–1334

25. Kido J, Shionoya H, Nagai K (1995) Single‐layer white light‐emitting organic electrolumi-

nescent devices based on dye‐dispersed poly(N‐vinylcarbazole). Appl Phys Lett

67:2281–2283

26. Tong QX, Lai SL, Chan MY, Tang JX, Kwong HL, Lee CS, Lee ST (2007) High-efficiency

nondoped white organic light-emitting devices. Appl Phys Lett 91:023503-1–023503-3

27. Tsai YC, Jou JH (2006) Long-lifetime, high-efficiency white organic light-emitting diodes

with mixed host composing double emission layers. Appl Phys Lett 89:243521-1–243521-3
28. Yang Y, Peng T, Ye KQ, Wu Y, Liu Y, Wang Y (2011) High-efficiency and high-quality

white organic light-emitting diode employing fluorescent emitters. Org Electron 12:29–33

29. Wang Q, Ma DG (2010) Management of charges and excitons for high-performance white

organic light-emitting diodes. Chem Soc Rev 39:2387–2398

30. Su SJ, Gonmori E, Sasabe H, Kido J (2008) Highly efficient organic blue-and white-light-

emitting devices having a carrier- and exciton-confining structure for reduced efficiency roll-

off. Adv Mater 20:4189–4194
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Chapter 2

Density Functional Theory in the Design
of Organometallics for Energy Conversion

Gemma R. Freeman and J.A. Gareth Williams

Abstract Theoretical methods based on density functional theory (DFT) and time-

dependent density functional theory (TD-DFT) are increasingly used to rationalise

the excited-state properties of metal complexes and to help guide the design of new

materials. This chapter provides a brief introduction of the background to such

methods, highlighting some of the features that need to be considered, such as the

ability of functionals to deal with charge-transfer states and the challenges associ-

ated with triplet-state calculations. Examples are drawn from recent studies on

(1) the ground-state and light absorption properties of ruthenium(II) complexes as

sensitisers for dye-sensitised solar cells (DSSCs) and (2) the triplet excited states of

luminescent platinum(II) complexes that are potential phosphors for organic light-

emitting diodes (OLEDs).

Keywords Time-dependent density functional theory (TD-DFT) • Metal

complexes • Phosphorescence • Iridium • Platinum • Ruthenium • Organic light-

emitting diode • OLED • Dye-sensitised solar cell (DSSC)

2.1 Introduction

Metal complexes and organometallics play a key role in many devices for energy

conversion, particularly those where light is involved. For example, in the new

generation of display screen equipment and energy-efficient lighting – organic

light-emitting diodes (OLEDs) – the use of complexes of heavy transition metals

as phosphorescent emitters allows large gains in efficiency through the harvesting

of otherwise wasted triplet states [1]. Meanwhile, in the reverse process of light-to-

electrical energy conversion, metal complexes that absorb light to generate charge-

transfer states are at the forefront of research into dye-sensitised solar cells (DSSCs)

[2]. Metal complexes with long excited-state lifetimes and that are strong excited-

state oxidants or reductants also attract attention in the field of ‘artificial photosyn-
thesis’ (AP) – the conversion of light-to-chemical energy, for example, in
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photocatalysed ‘water splitting’ to generate H2 for subsequent use as a

non-polluting fuel [3].

All of these applications require certain properties of the metal complexes to be

optimised. For example, in DSSCs and AP, the compounds need to absorb light

very strongly, preferably across the whole of the visible region of the spectrum and

into the near infrared (NIR). Moreover, they need to form the appropriate kind of

excited state (e.g. metal-to-ligand charge transfer, MLCT, in the case of DSSCs)

and with the correct directionality (i.e. charge transfer to one particular ligand,

normally the one bound to the semiconductor). Complexes for both applications

must also satisfy quite stringent requirements in terms of ground- and excited-state

redox potentials, since electron transfer is a key step. Similarly, in the field of

OLEDs, metal complexes are required that display phosphorescent emission from

triplet states with very high efficiency (i.e. high luminescence quantum yield) and

with well-defined and tunable emission maxima for use in red-green-blue (RGB)

displays [4].

These requirements have led to a large number of labour-intensive synthetic

projects around the world, whereby potential molecular materials are prepared in

the laboratory and their photophysical and electrochemical properties then studied.

Such projects have led to extensive empirical data. But theoretical methods are

increasingly important in allowing such data to be interpreted, making it more

useful in the informed design of new materials. The goal of such theoretical

methods should be to allow the properties of a possible molecule to be predicted

accurately and rapidly, so that synthetic effort can be directed specifically to those

systems likely to show the best results.

Whilst empirical molecular mechanics [5] and semiempirical methods [6] have

found utility in calculations on transition-metal complexes, the requirement for

suitable parametrisation has limited their use. More common are ab initio tech-

niques, in particular Hartree-Fock (HF) methods, which can provide reasonable

results for second and third row transition metals [7]. These, however, become

increasingly impracticable with increasing number of atoms, and density functional

theory (DFT) calculations are favoured for their similar accuracy at a reduced

computational cost as well as their inclusion of electronic correlation effects [8].

DFT is based on the Hohenberg-Kohn theorem, namely, that all ground-state

properties – including the ground-state energy – are uniquely determined by the

electron density ρ(r), where r represents spatial coordinates [9]. The density and

hence energy are optimised using variational procedures to determine the ground-

state geometry and properties. DFT can be used to calculate both closed- and open-

shell systems, although the molecules typically of interest in the field of this chapter

are closed shell, and we shall limit the ensuing discussion to these cases.

The electron density ρ(r) is obtained by summing over all occupied Kohn-Sham

(KS) orbitals ϕi(r):

ρ rð Þ ¼
X
i

ni
��ϕi rð Þ��2 ð2:1Þ
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where ni is the orbital occupancy. The KS orbitals can then be expressed in terms of

a linear combination of atomic orbitals χj or basis set, as in the wave function-based
techniques:

ϕi ¼
X
j

cijχj ð2:2Þ

The orbitals ϕi(r) and their energies are obtained by solving the KS equations,

which incorporate terms for the kinetic and electrostatic potential energy, as well

as a term VXC that describes electron exchange and correlation. Since an exact

mathematical expression for VXC is unknown, approximate functionals have to be

used. Indeed, the availability of increasingly complex but accurate exchange-

correlation functionals has been a key reason behind the rapid development and

wide uptake of DFT methods over recent years. Excited states are dealt with using

time-dependent DFT (TD-DFT), wherein the molecule is considered to be subject

to a time-dependent perturbation arising from an oscillating electrical field asso-

ciated with incident radiation. The electron density ρ(r, t) becomes time

dependent.

Accuracy has now reached the stage where DFT calculations may be used

almost routinely in combination with experimental studies of transition-metal

complexes. For example, in the field of organic light-emitting diodes (OLEDs),

the widely used emissive material aluminium tris(8-hydroxyquinoline) (Alq3), used

in the landmark report of Tang and VanSlyke [10], was studied by a number of

groups around the turn of the century, with reasonable correlation with experiment

[11–13]. Similarly, cyclometallated iridium(III) complexes – phosphorescent emit-

ters in contemporary commercial OLED display screens used in some mobile

phones, for example – have been extensively investigated using TD-DFT methods

[14]. The same methods have also been applied to related complexes with other

metal ions such as platinum(II) and gold(III) [15, 16]. There is also an increasing

interest in modelling DSSC dyes using theoretical methods, not just the light

absorption properties of the isolated molecules but also as semiconductor-adsorbed

species and their redox potentials [17].

In this chapter, following a brief overview of the principles, a selection of

examples will be presented of the application of DFT and TD-DFT methods to

metal complexes for use in DSSCs and OLEDs. This is a very active area, and

the aim is – of course – not to be comprehensive but rather to convey a flavour

of the activity and some of the challenges. A number of cyclometallated

complexes will be used as examples, reflecting not only the attractiveness and

increasing importance of such compounds but also the authors’ own research

interests.
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2.2 DFT Methods for Metal Complexes
and Organometallics

The way in which DFT is carried out on metal-containing molecules is essentially

no different from its application to small organic molecules. Nevertheless, there are

some commonly encountered issues, such as the choice of basis set for heavy metal

ions and the importance of charge-transfer states in the field, which raise chal-

lenges. Such points will be highlighted in specific cases in subsequent sections. At

this stage, it may be useful to briefly consider the approach in more general terms.

2.2.1 Choice of Functional

Since the ability to probe excited states is key to the applications in mind (absorp-

tion or emission of light), the chosen functionals should be able to deal well with

excitation energies. Functionals that employ generalised gradient approximations

(GGAs), such as PBE, systematically underestimate excitation energies and are

typically inappropriate [18]. The introduction of exact exchange helps to deal with

these deficiencies. The exact orbital exchange in DFT is the HF exchange energy

expression, evaluated using KS orbitals. Global hybrid (GH) functionals employ a

fixed amount of exact orbital exchange, α. Examples include B3LYP (α¼ 20 %)

[19, 20] and PBE0 (α¼ 25 %), which have emerged as the most popular of the

functionals [21].

Nevertheless, such GH functionals do systematically underestimate excitation

energies associated with through-space charge-transfer transitions. Ironically, it is

precisely such charge-transfer states that are particularly important in energy

conversion applications. In DSSCs, the formation of a charge-transfer state by the

sensitiser upon the absorption of light is the first step in charge separation, prior to

injection of an electron into the semiconducting material such as TiO2 [22]. Mean-

while, in phosphorescent OLEDs and LECs, it is well established that a high degree

of metal-to-ligand charge-transfer (MLCT) character is typically required in the

excited state, in order to promote the radiative decay of the triplet states by

introducing the spin-orbit coupling effect of the metal ion [23]. Range-separated

hybrid (RSH) or Coulomb-attenuated functionals are of interest in this connection

[24]. They have been shown to improve calculation of long-range, charge-transfer-

type excitation energies, but maintain a good approximation of localised excita-

tions. They work by varying the amount of the exact orbital exchange as a function

of the interelectron distance, r12; for example, CAM-B3LYP has an initial α of

19 %, increasing to 65 % at high r12 [25].
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2.2.2 Choice of Basis Sets

For complexes of low-atomic-weight metals, such as those of Al3+ and Zn2+, for

example, it is usual to use a standard, double-ζ quality, basis set such as 6-31G or

cc-PVDZ for all atoms in the molecule, as typically used for organic molecules. In

the case of complexes of heavy metals, particularly third row transition-metal ions

such as Ir(III) or Pt(II), it is more common to treat the metal using a different basis

set from the rest of the atoms, replacing the large number of core electrons of the

metal by an ‘effective core potential’ (ECP). Since these inner electrons are not

involved in bonding, very little loss of accuracy is incurred, but there is a large

decrease in calculation time. The more significant outer core [e.g. (5s)2(5p)6 in the

case of Ir(III)] and valence electrons [(5d)6 for Ir(III)] are still included. The Los

Alamos National Laboratory 2-double-ζ (LANL2DZ) basis set is popular for such
metals, which incorporates an ECP. Other variants include the Stuttgart 1997 ECP.

2.2.3 Potential Energy Surfaces and Optical Transitions

The first step in applying DFT methods to metal complexes is normally to optimise

the ground-state geometry. This process involves the evaluation of the energy of the

molecule by DFT and minimisation according to structure (bond lengths, bond

angles, torsions, etc.). For most molecules of interest in the field, the ground states

are normally singlet states with no unpaired electrons. The large ligand-field

splitting associated with second and third row transition metals ensures low-spin

configurations. Where a crystal structure of the molecule of interest is available, the

use of the atomic coordinates within the crystal as a starting point can help to reduce

the computational time. In some cases, however, crystal packing effects and

intermolecular interactions can influence molecular geometry, so some care should

be exercised when using this approach, in case a local rather than global minimum

is determined. Calculation of the vibrational frequencies of the optimised structure

normally provides evidence if this is the case, as revealed by negative (imaginary)

values, and this check is strongly recommended. Restarting the calculation from a

modified geometry will typically lead to the correct structure.

Having obtained the optimised (i.e. global energy-minimised) S0 structure,

TD-DFT can then routinely be applied to determine the energies and oscillator

strengths of spin-allowed (S0! Sn) transitions and the energies of spin-forbidden

transitions (S0! Tn) at the S0 geometry, corresponding to the process of light

absorption. (Note that the successful incorporation of spin-orbit coupling into

such calculations remains an elusively challenging task, such that oscillator

strengths for S0! Tn transitions are unlikely to be very meaningful in commercial

packages.) Jacquemin and co-workers have outlined the different methods that are

commonly used for the calculation of S0! S1 excitation energies, which are

illustrated in Fig. 2.1 [26, 27]. TD-DFT calculation of Evert-abso gives the energy
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of the lowest-energy absorption process: in principle, this should correspond to the

longest wavelength band in the absorption spectrum. The same calculation at the

S1 excited-state geometry, Evert-fluo, corresponds to fluorescence. This quantity is

smaller than Evert-abso due to the relaxation of the excited state (typically on a

timescale of picoseconds) prior to emission (typically a nanosecond timescale). The

difference between the two minima in the scheme of Fig. 2.1 is the adiabatic energy,

Eadia. It is occasionally used to calculate emission energies [28] but will generally

lead to values that are too high, owing to the typically shallower potential energy

surface (PES) of the excited state and smaller zero-point energy.

In order to model phosphorescence from the triplet state, the S0! T1 excitation
energy at the T1 geometry should be calculated. It is important to note that DFT

applies rigorously to the lowest state of any spin multiplicity; thus, the geometry of

the T1 state can be obtained directly, just as for the S0 state, and the TD-DFT

calculation then performed. It is, however, more likely than for the S0 that local

minima may inadvertently be found as opposed to the true minimum, owing to the

typically flatter profile of the PES. It is common practice to model triplet emission

by calculating the S0! T1 excitation energy at the S0 (as opposed to T1) geometry

[29, 30], since it saves on computational time, requiring only one geometry

optimisation. Such values will, however, normally be too high in energy, and

good correlation with experiment may be fortuitous through cancellation of errors.

Calculations of the S0! T1 excitation at the T1 geometry can, however, some-

times produce excitation energies that are implausibly low in energy or even

imaginary. This phenomenon has recently been discussed in small molecules and

ascribed to ‘triplet instabilities’ [31, 32]. It is a well-known deficiency of HF theory

[33, 34], and thus it is perhaps unsurprising that DFT functionals that incorporate

some degree of exact orbital exchange will suffer from similar difficulties with

Fig. 2.1 Jablonski diagram

representing a ground state

(GS) and an excited

electronic state (EES) and

the different possible

methods for calculating

excitation energies

(Reprinted with permission

from [27]. © 2012

American Chemical

Society)
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triplet states. The use of the Tamm-Dancoff approximation (TDA) is recommended

for calculating excitation energies with low triplet stabilities [35, 36]. The TDA

corresponds to setting B¼ 0 in the generalised eigenvalue equations (2.3);

i.e. allowing only excitation between occupied-virtual orbital pairs (given by the

eigenvector X) as opposed to conventional TD-DFT, where virtual-occupied

de-excitation contributions (Y) are also permitted. Since A is Hermitian, the

occurrence of imaginary excitation energies is precluded. To date, however, the

TDA has been little applied to metal complexes [37]:

A B
B A

� �
X
Y

� �
¼ 1 0

0 �1

� �
X
Y

� �
: ð2:3Þ

2.2.4 Modelling Solvent

DFT calculations are normally performed in the gas phase. Since such conditions

are difficult to reproduce experimentally and different solvents can have a profound

effect on the optical properties, it is often desirable to introduce solvent into the

calculations. The two main approaches for the estimation of solvent effects are

explicit and implicit models. The former treats every solvent molecule individually,

calculating their interaction with one another and the compound of interest. Though

occasionally applied to small molecule systems, it is computationally demanding

and not used routinely for larger systems such as metal complexes [38].

Implicit solvent models, on the other hand, describe the volume around the

compound of interest as a structureless continuum. For example, the polarisable

continuum model (PCM) [39] is often used in calculations of large molecules,

including third row transition-metal complexes [40–42]. This approach omits

specific solvent interactions but describes the polarity of the environment.

2.3 Examples in Light-to-Electrical Energy Conversion:
DSSCs

2.3.1 Background and Brief Guide to What Calculations
Can Offer

In a conventional inorganic semiconductor solar cell or a bulk heterojunction cell,

the materials are responsible for absorbing light as well as participating in charge

transport. In a DSSC, the two functions of light absorption and charge transport are

separated. A dye coated onto a semiconductor is used to absorb light and initiates

the transfer of an electron into the semiconductor, which functions as the charge

transporter. The basic design and components of a DSSC are shown in Fig. 2.2.

After the absorption of light to generate the excited state, the dye injects an electron
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into the semiconductor which subsequently flows around the circuit. The oxidised

dye is in turn reduced by electrons from the counter electrode, through the

intermedicacy of a redox electrolyte, typically I�/I3
�, which acts as an electron

shuttle.

The most successful and widely investigated dyes are based on ruthenium-

bipyridine complexes related to [Ru(bpy)3]
2+ (bpy¼ 2,20-bipyridine). This is

because their lowest-energy excited states are archetypal MLCT states: the absorp-

tion of light has already induced an initial charge separation in a well-defined

direction, with transient oxidation of the Ru(II) centre, and reduction of one of

the ligands (normally that on which the LUMO is based). If the ligand to which the

electron transfer occurs is attached to the semiconductor surface, then the electron

can move from the ligand onto the semiconductor, before the regeneration of the

ground state occurs though radiative or other non-radiative decay processes. Other

reasons for the success of such complexes relate to the suitability of their energy

levels (redox potentials) in the ground and excited state: the HOMO and LUMO

should be higher in energy than the valence band edge and conduction band edge,

respectively, of the semiconductor. The so-called N3 dye (Fig. 2.3) developed by

Grätzel and co-workers has become a benchmark compound in the area. The

carboxylate groups allow for binding to a TiO2 surface, and the σ-donating thiocy-

anate groups help to raise the energy of the metal d-orbitals and thus lower the

energy of the MLCT transition compared to [Ru(bpy)3]
2+, shifting the absorption

band towards the red.

Fig. 2.2 Simplified diagram showing the mode of action of a dye-sensitised solar cell (DSSC).

Key processes are (1) excitation of the sensitiser by light absorption, (2) injection of an electron

into the semiconductor and hence circuit, (3) reduction of the oxidised sensitiser by the reduced

form of the redox mediator and (4) reduction of the oxidised form of the mediator by incoming

electrons from the counter electrode
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Even from this very brief discussion, it is clear that TD-DFT calculations should

be able to help rationalise the performance of known dyes and inform the design of

new dyes by allowing:

1. The nature of the lowest-energy excited state to be deduced; e.g. is it MLCT as

required, or does it have undesirable ligand-centred π–π* or metal-centred (d–d)

character?

2. The location of the acceptor in the CT process (often the LUMO) to be identi-

fied; e.g. is it based on the ligand carrying the anchoring groups – through which

the complex will bind to the semiconductor – as desired, or on one of the other

ligands, which will lead to poorer performance?

3. The absorption spectrum to be deduced; e.g. does the spectrum extend to long

wavelengths and with the high extinction coefficients required for good efficien-

cies (determined by oscillator strengths)?

4. An assessment of other non-radiative decay pathways open to the excited state

that may compete with electron injection.

5. Frontier orbital energy levels/electrochemical potentials to be determined.

6. Interaction of the dye with the electrolyte to be assessed.

2.3.2 Redshifting the Absorption and Localisation
of the LUMO

Liao and co-workers have recently considered the simulation of the absorption

spectrum of the N3 dye, comparing results obtained using B3LYP and

CAM-B3LYP, and with a range of basis sets, either with or without a solvent

included [43]. They found that the inclusion of solvent (DMF) using a PCM led to

better agreement with the experimental data (Fig. 2.4). The lowest-energy bands

were found to have mixed MLCT/LLCT character, with excitations originating

from MOs localised mainly on the Ru and NCS ligands into the π* orbitals of the

bipyridines, as expected. Notably, B3LYP appears to underestimate the energy of

these bands, in line with the long-range CT assignment, whereas CAM-B3LYP

deals with this issue, but leads to an overestimation of the energy. Using

CAM-B3LYP with a PCM, and LANL2DZ for the Ru(II) ion, the use of basis

Fig. 2.3 The structure

of the benchmark Ru

(II) complex known as

the N3 dye
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sets that add a set of diffuse functionals on other atoms (e.g. 6-311 +G*) was found

to give improved results.

One of the limitations of dyes such as N3 is that the absorption (and hence the

incident photon conversion efficiency or IPCE) falls off rapidly in the red region of

the spectrum. Researchers are actively seeking to extend the absorption of such

dyes into the red and NIR regions. One way to achieve this is to increase the extent

of conjugation in one of the donor ligands and/or to append electron-rich sub-

stituents. For example, a number of complexes incorporating thiophene-appended

bipyridine ligands have been explored. Liu et al. carried out TD-DFT calculations

and an orbital analysis on a series of complexes including those of Fig. 2.5 [op.
cit]. Despite the redshift induced by thiophene pendants, the amount of photoin-

duced charge transfer (Δq) towards the bipyridine dicarboxylate (dcbpy) acceptor

from the rest of the molecules in the S1 state does not significantly increase as the

conjugation length in the ancillary ligand increases from T to TT to TTT. However,

a notable observation is that in some higher excited states Sn (n> 1), the thiophene-

appended ancillary ligand (AL) actually acts as an acceptor: increased conjugation

lowers the vacant orbitals on these units. Such an effect will clearly be detrimental

to the charge injection efficiency, as the electron should be transferred to the dcbpy.

Interestingly, the change of one of the two carboxylates to a CN unit ensures that the

bpy remains the acceptor, as shown in Fig. 2.6.

Fig. 2.4 Experimental UV-visible absorption spectra of N3 dye in DMF solvent (EXP) and

simulated spectra using TD-DFT: (1) B3LYP gas phase, (2) B3LYP with PCM, (3)
CAM-B3LYP gas phase and (4) CAM-B3LYP with PCM (basis set¼LANL2DZ for Ru,

3-21G* for other atoms in each case) (Reprinted with permission from [43]. © 2013 Elsevier)

38 G.R. Freeman and J.A.G. Williams



Another interesting example comes from the recent work by Gros and

colleagues, who have been exploring the utility of dithienylpyrrole (DTP) pendants

for redshifting the absorption of N3-like dyes [44, 45]. Complexes such as those

shown in Fig. 2.7 have been prepared. They show significantly enhanced extinction

coefficients compared to N3 and good coverage over the visible spectrum. The tris-

heteroleptic complex C4 with the thienyl-linked DTP, in particular, displays

significant absorption to long wavelengths> 700 nm. Nevertheless, these com-

plexes were found to display only low IPCE values, using either TiO2 or SnO2 as

the semiconductor, indicating that charge injection is inefficient. The possible

explanation is that this might be due to the localisation of the electron in the

MLCT state in the ‘wrong’ ligand � i.e. the DTP-appended bipyridine as opposed

to the dcbpy ligand was subsequently confirmed by TD-DFT study, supported by

transient absorption spectroscopy. The virtual natural transition orbitals of C1, for

example (Fig. 2.8), show the confinement of the excited electron on the metal- and

DTP1-appended ligand, with no participation of the dcbpy ligand. In the case ofC4,

although the lowest-energy transition does show the desired localisation of the

excited electron on the dcbpy ligand, other higher-energy transitions with much

higher oscillator strengths again suffer from the problem of localisation of the

electron on the DTP2 ligand, remote from the semiconductor surface.

Fig. 2.5 Structures of thiophene-appended variants of the N3 dye investigated by Liu et al. [43]

Fig. 2.6 Natural transition orbitals for the S0! S3 transition of TTT (left) and TTT-CN (right),
determined by TD-DFT using CAM-B3LYP. The circled groups D and A are the donor (metal/

thiocyanate) and acceptor (dcbpy), respectively, whilst AL indicates the thiophene-appended

‘ancillary’ ligands (Reprinted with permission from [43]. © 2013 Elsevier)
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2.3.3 Cyclometallation Versus Monodentate Thiocyanate
Ligands

Many of the most thoroughly investigated ruthenium-based DSSC dyes contain

monodentate thiocyanate ligands. As noted above, the thiocyanates raise the energy

of filled metal orbitals compared to [Ru(bpy)3]
2+ and also lower the symmetry,

leading to a broader absorption band. Nevertheless, the NCS ligands have

Fig. 2.7 Ru(II) complexes C1 and C4 incorporating dithienylpyrrole units studied by Gros and

co-workers [45]

Fig. 2.8 Natural transition orbitals for complex C1 at 488 nm, occupied (left) and virtual (right)
orbitals. A similar picture is obtained at 512 nm (Reprinted with permission from [45]. © 2014

Elsevier)
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drawbacks: they make it difficult to further tune the HOMO, and they can compro-

mise the long-term chemical stability of the complex, one of the biggest issues

limiting widespread uptake of the technology.

The past few years has witnessed increasing interest in cyclometallated ligands

in place of the thiocyanates. The archetypal cyclometallating ligand in the field is

2-phenylpyridine (ppyH), which binds as an anionic N^C ligand, forming a

5-membered chelate ring, isoelectronic with neutral bpy. The resemblance between

the electronics/MO energy levels of such complexes and their thiocyanate ana-

logues has been highlighted by Berlinguette and co-workers, using a combination

of experimental and DFT data [46]. It can be seen (Fig. 2.9) that the introduction of

the ppy ligand in place of a bpy in [Ru(bpy)3]
2+ has a similar effect to thiocyanate

ligand, actually destabilising the filled metal orbitals to a slightly greater extent and

leading to a pronounced long-wavelength tail in the absorption spectrum (Fig. 2.10)

[47]. A similar analysis has been carried out by Grätzel and co-workers [48]. Nota-

bly, modification of the phenyl ring of the cyclometallating ligand (e.g. introduction

Fig. 2.9 Energy level diagram and selected MOs for the N3 dye (left), [Ru(dcbpy)3]
2+ (centre)

and the cyclometallated complex [Ru(dcbpy)2(bpy)]
+. The positions of HOMO and LUMO energy

levels are from experimental measurements; other energy levels calculated by TD-DFT and

adjusted relative to the HOMO and LUMO (Reprinted with permission from [46]. © 2012

Elsevier)
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of different substituents) can be used to provide subtle control over the energy of

the HOMO [49]. Chen et al. have used a similar strategy with a ‘pseudo-
cyclometallate’ – an anionic N^N�-binding pyrazolylpyridine ligand [50].

There has been considerable interest in applying DFT methods to dyes bound to

the semiconductor surface, as opposed to studies on the isolated dye molecules in

vacuo. The methods employed for this purpose can be divided mainly into two

types. In one type, periodic DFT calculations with plane-wave methods are carried

out, where the TiO2 101 surface is created by cleaving the TiO2 anatase crystal

[51]. The other method treats the semiconductor as a ‘molecular’ species – a

nanoparticle (TiO2)n, with n typically in the range 16–82 (e.g. [52]). Although the

smaller nanoparticles do not necessarily allow all binding modes of the dye to be

identified, they offer computational advantages. Calculations on dye–(TiO2)n,

including TD-DFT calculations, are then carried out as isolated molecules in the

gas phase or in solvent.

Singh and co-workers have very recently applied such methods to a series of

cyclometallated Ru(II) complexes incorporating tridentate ligands (Fig. 2.11)

[53]. Complex M3 showed the best DSSC performance with an experimental

overall energy conversion efficiency, η, of 7.1 %. TD-DFT calculations on the

isolated complex showed that the presence of the cyclometallating ligand on one

side of the molecule leads to high directionality in the charge-transfer process; for

example, the most intense singlet transition in the low-energy region is mainly

HOMO–1!LUMO+1 in character: the former spans the metal (56 % contribu-

tion) and the two ligands, whilst the latter is almost exclusively on the terpyridine

ligand (Fig. 2.12). It is thanks to the electron-donating substituents on the

cyclometallated ligand, which raise HOMO–1, that M3 has the most redshifted

absorption bands and the highest η amongst the four complexes.

The complex was modelled on (TiO2)38 using plane-wave methods [op. cit]. The
bidentate bridging mode of binding via two carboxylates (Fig. 2.13b) was found to

be energetically more favoured than that through only one carboxylate group (Fig.

Fig. 2.10 Experimental

UV-visible absorption

spectra of the three

complexes of Fig. 2.9 in

MeCN at 298 K (Reprinted

with permission from

[46]. © 2012 Elsevier)
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2.13a). TD-DFT calculations on this assembly gave absorption data that were in

good agreement with those measured experimentally. Interestingly, the results

suggest that the complexes exhibit some degree of direct-charge transfer to TiO2

upon excitation.

Fig. 2.11 Structures

of the cyclometallated,

bis-terdentate Ru

(II) complexes studied by

Singh and co-workers [53]

Fig. 2.12 Frontier orbitals

of the complex M3 (Fig.

2.11), their energies in eV

and molecular orbital

composition (%)

(Reproduced from [53] with

permission of the PCCP

Owner Societies)
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2.3.4 Electrochemical Potentials and Interaction
with the Electrolyte

Theoretical methods are increasingly being applied to other aspects and processes

involved in the DSSC. The nature of the interaction of the metal-complex dye with

the redox electrolyte is of particular interest, since it determines the energetics and

kinetics of dye regeneration. On the basis of experimental results, Clifford

et al. proposed that dyes such as N3 – when used in DSSCs with the I�/I3
� redox

couple – undergo regeneration via a transient [dye+–iodide] intermediate complex,

formed by the reaction of the photogenerated dye cation with I� [54]. Subsequent

reaction with further I� forms I2
�. DFT methods have been applied to probe such

reactions by Schreckenbach and co-workers [55] and, independently, by Privalov

et al. [56]. The former authors used SDD small-core ECPs and VDZ basis sets for

the halogen with solvation effects included, whilst the latter study employed a

large-core ECP for iodine. Briefly, the theoretical results rule out the formation of

inner-sphere, 7-coordinate Ru(II) species containing I�, but do reveal that a number

of outer-sphere complexes are feasible. The results also indicate that the subsequent

reaction N3+I�+ I�!N3I2
� is the rate-limiting step, in line with experimental

conclusions.

Finally, we note that the ability to model accurate ground- and excited-state

oxidation potentials of dyes for DSSCs is also clearly valuable. Excited-state

oxidation potentials require accurate optimisation of the excited-state geometry.

In a study on donor-acceptor triphenylamine-based organic dyes, De Angelis and

co-workers have highlighted the need to use functionals with a large amount

(~50 %) of HF exchange for this purpose [57]. Such functionals are required to

avoid the formation of artificial minima in twisted geometries with a high degree of

charge transfer [58]. It is likely that the conclusions of this study will be equally

applicable to many metal-based dyes.

Fig. 2.13 Possible absorption configurations of the complex M3 on (TiO2)38 (Reproduced from

[53] with permission of the PCCP Owner Societies)
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2.4 Emission Properties of Metal Complexes

Phosphorescent organometallic complexes have been widely applied in the field of

phosphors for organic light-emitting devices (OLEDs), including white-light

OLEDs (WOLEDs) [1, 4, 59–62]. A wide range of different metals and ligands in

various combinations have been synthesised and studied both in solution and in

devices. Most of these synthetic targets are time consuming and potentially costly

to make, such that it is often desirable to be able to predict their emissive properties

prior to synthesis as well as to rationalise experimental properties in retrospect. The

knowledge of the nature of excitations taking place then allows for tailored design of

new complexes. For the design of a device of a specific colour, it is important to know

the energy of emission. The efficiency of emission must also be considered since

compounds exhibiting a very low quantum yield in solution, or no room-temperature

emission, are unlikely to be viable candidates for OLED applications. DFT and

TD-DFT are increasingly used to predict and rationalise these properties, selected

cases of which will be given in this section with platinum-based examples, after a

brief overview of the principles involved.

2.4.1 Calculation of Emission Energy

Generation of orbital plots for the S0! T1 excitation of a complex can be extremely

informative as to the nature of the excitation. They are also useful for suggesting

what effect substituent groups at certain positions of the ligand can have on the

emission energy. Such calculations for organometallic complexes incorporating the

arylheterocycle unit in Fig. 2.14 – common to many of the most successful

phosphors – show that the HOMO is generally located primarily on the metal and

cyclometallated aryl ring, with the LUMO based on the heterocyclic ring. This was

illustrated for a series of iridium(III) complexes by Hay [14]. Alteration of sub-

stituents on the aryl ring will therefore typically affect the energy of the HOMO

much more than the LUMO, the opposite being true of the heterocyclic ring.

Naturally, the observed effect will differ according to different positions of substi-

tution within the rings, particularly at the 5-position where conjugation through the

two rings may affect both frontier orbitals [63].

Fig. 2.14 Schematic

diagram of the typical

location of the frontier

orbitals in cyclometallated

arylpyridine complexes

{e.g. where M¼ Ir(III)

or Pt(II)}
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Electron-withdrawing groups usually stabilise molecular orbitals whilst

electron-donating substituents cause destabilisation. Knowledge of the position of

the frontier orbitals, which can be derived from TD-DFT calculations, therefore

allows control over the energy of emission obtained. For example, a compound with

a higher energy of emission could be produced by addition of an electron-

withdrawing group to the HOMO and/or an electron-donating group to the

LUMO (a redshift is achieved by the reverse) [64]. Whilst excitation energies

themselves can be produced by TD-DFT calculations, orbital plots are often more

informative since they allow deliberate design of complexes tuned towards a

particular wavelength of emission. Where excitation energies can be adversely

affected by triplet instabilities leading to an incorrect emission energy (vide

supra), orbital plots often provide a more reliable – albeit qualitative – way to

predict how the HOMO and LUMO will be affected by various substituent groups.

The emission of light accompanying the T1! S0 transition does not usually involve
purely HOMO and LUMO orbitals, but is rather made up of many small contributions

from various other orbitals. For this reason, when considering orbital plots, those plots

with the highest contribution to the excitation are normally presented alongside an

indication as to the degree of their involvement. Alternatively, density difference plots

can be used, which are generated by considering all the transitions, combining them

and taking occupied from unoccupied to give an idea of the net movement of the

electron upon excitation. Some examples follow in subsequent sections.

2.4.2 Efficiency of Emission

Experimentally, the efficiency of a compound’s luminescence is measured by its

quantum yield Φlum. This is determined by the relative rate constants for radiative

(kr) and non-radiative (Σknr) decay, as outlined in Equation 3 (where nE is the

number of photons emitted and nA is the number absorbed), assuming that the

emitting state is formed with unitary efficiency upon the absorption of light:

Φlum ¼ nE
nA

¼ kr
kr þ Σknr

: ð2:4Þ

In contrast to many purely organic molecules, for complexes with small ligands

and metals with high spin-orbit coupling (SOC) constants, intersystem crossing is

much faster than the rate of emission from the singlet excited state. Any observed

emission will then normally emanate from the triplet excited state, giving phos-

phorescence. The exception to this rule of thumb is if the excited state is isolated

away from the metal centre (e.g. when ‘extended’ ligands are used) [65–67].
Equation 2.4 makes clear that luminescence can be promoted either by increas-

ing the rate of radiative decay or decreasing the rate of non-radiative decay. In

phosphorescent metal complexes, the degree of metal character in the excited state

becomes important in determining the efficiency of emission through its effect on
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kr, since it is thanks to the SOC effect of the metal that the spin selection rule is

relaxed to promote triplet radiative decay. The rate constant for radiative decay will

therefore normally be higher for excited states comprising significant metal char-

acter. Meanwhile, the Franck-Condon principle states that transitions with a high

degree of orbital overlap will be more favourable than those with a lower degree of

overlap, thus proceeding at an increased rate [68, 69].

Non-radiative decay of the excited states of organometallic complexes can occur

through a number of different routes. The ‘energy gap law’ states that as the

excited-state energy decreases (within a series of structurally similar compounds

having a mutually common type of excited state), the rate of non-radiative decay of

an excited-state complex will increase exponentially through intramolecular energy

transfer into vibrations [70, 71]. Geometrical distortion of a compound in the

excited state relative to the ground state also facilitates non-radiative decay, as

illustrated schematically in Fig. 2.15. Diagram (a) illustrates the case where there is

little or no distortion between the S0 ground state and the T1 excited state and

(b) that where there is a large degree of distortion between the two states. Where

there is no distortion, relaxation of the excited state to the ground state results in the

emission of light (unless there is some other deactivating process). In (b), the

excited-state PES is shifted with respect to that of the ground state, giving a

crossing point between the two curves through which non-radiative decay can

occur.

Fig. 2.15 Simplified schematic diagram highlighting how non-radiative decay is facilitated by

distortion in the excited state
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2.4.3 Selected Examples for Electrical-to-Light Energy
Conversion (OLEDs)

2.4.3.1 Energy of Emission

A recent example of the utility of TD-DFT for understanding emission energies is

provided by the work of Nisic et al. on a pair of isomeric, styryl-appended Pt

(II) complexes (Fig. 2.16) [72]. It was found that irradiation of the complex with

UV light resulted in isomerisation of the trans (E) isomer to the cis (Z), a process
which was accompanied by a dramatic change in the absorptive and emissive

properties. Whilst the trans isomer was non-emissive at room temperature with

weak red emission at 77 K (λmax¼ 634 nm), the cis showed bright green

room-temperature emission. The analysis by TD-DFT (at the DFT-optimised T1
geometry in each case) showed a marked difference in the density difference plots

of the S0! T1 excitation between the two isomers. Whilst the cis isomer showed

almost no involvement of the pendant group in the excitation – and indeed displays

emission very much like that of the parent unsubstituted complex [73] – the plots

Fig. 2.16 Structures of the cis (top) and trans (bottom) isomers of the platinum complex studied

by Nisic et al. [72]. Density difference plots for the S0!T1 transition are shown at the T1
geometry, calculated by TD-DFT, using PBE0 in DCM. Published by The Royal Society of

Chemistry
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for the trans isomer show that the movement of electron density is predominantly

confined within the organic pendant itself (Fig. 2.16). Moreover, it is visually

apparent from the plots that the amount of metal character in the excited state of

the trans isomer is smaller than in the cis, providing an intuitively reasonable

explanation for the former’s low efficiency of emission.

As previously discussed, knowledge of the location of frontier orbitals allows for

the rational targeting of an emission energy and hence colour: electron-donating

groups destabilise molecular orbitals, whilst electron-withdrawing groups stabilise

them. Farley et al. reported the synthesis and TD-DFT studies of the platinum

(II) complex of 1,3-di(2-pyridyl)benzene and substituted derivatives (Fig. 2.17)

[74]. The frontier orbitals generated by TD-DFT clearly show that the 4-position of

the phenyl ring plays a large role in the HOMO, but almost none in the LUMO [75],

and indeed, increasingly electron-donating substituents at this position increasingly

redshift the emission. The reverse is true of the 4-positions of the pyridyl rings,

which show involvement in the LUMO but not in the HOMO. Experimentally,

electron-donating groups at these positions were found to blueshift the emission, in

line with the prediction [64]. Overall, by judicious choice of substituents at both of

these positions, the emission maxima in these systems can be tuned very simply

over a wide range from about 450 to 600 nm.

2.4.3.2 Efficiency of Emission

The inclusion of spin-orbit coupling (SOC) in TD-DFT calculations is very com-

plex and time intensive and so is not routinely attempted. Unlike singlet-singlet

transitions, SOC is necessary when considering the oscillator strengths of phospho-

rescent processes since this is essentially the factor which is making the formally

forbidden T1! S0 transition allowed. For this reason, the evaluation of kr using
TD-DFT remains far from routine. Tong and Che employed some of these tech-

niques in an attempt to understand the emission efficiencies of the five Pt

(II) complexes shown in Fig. 2.18 [15]. Experimental studies have shown that

C^N^C-coordinated Pt(II) complexes are generally weakly emissive at room

temperature and N^N^C analogues are moderately emissive, whereas N^C^N-

coordinated isomers are often highly intense emitters. The experimental quantum

yields for the five compounds are included in Fig. 2.18 [74, 76, 77]. Tong and Che

Fig. 2.17 Frontier orbitals for the Pt(II) complex of 1,3-di(2-pyridyl)benzene obtained using

B3LYP and a PCM for dichloromethane solvent
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sought to calculate the rates of radiative decay by looking at a combination of three

factors: (1) SOC matrix elements between the emissive triplet and singlet excited

states, (2) the energy ratio between those two states and (3) the oscillator strength of

the Sn! S0 transition with which the emissive triplet state undergoes SOC. The

value of kr calculated for each complex is shown in Fig. 2.18. For compounds 2,

3 and 5, the calculated values for kr correlate with the experiment, whereas 1 is a

better emitter than expected on the basis of the calculated kr. The authors reasoned
that the emission from 1 was instead emanating from the T2 state since kr was much

larger for that transition (109� 104 s�1) and the Stokes shift for the S0! T2
excitation at the T1 optimised geometry was more like the value obtained experi-

mentally than for the S0! T1 excitation. Consideration of the excited-state geom-

etries of compounds 2 and 3 showed that these compounds undergo significant

distortion at the T1 excited state, suggesting efficient non-radiative decay. The

complexity of considering d-orbital splittings was also underlined in this study,

which described how a compromise must be made between the need for large

splitting between occupied and unoccupied d-orbitals necessary to make

deactivating d–d excited states thermally inaccessible and the need for occupied

d-orbitals to be close in energy for efficient SOC [15].

Fig. 2.18 Structures of the complexes studied by Tong and Che, together with experimental

quantum yields Φlum, calculated phosphorescence energies E (in DCM) and calculated rate of

radiative decay kr for the T1!S0 process
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The influence of excited-state distortion has also been considered for a series of

Pt(II) complexes with imine-based N^C-coordinating ligands, of which two exam-

ples are shown in Fig. 2.19 [78]. Both complexes showed almost no emission in

solution at 298 K, despite the structural resemblance to numerous successful

emitters such as Pt(N^C-ppy)(acac). DFT and TD-DFT calculations were employed

in an attempt to rationalise the processes taking place that result in such efficient

non-radiative deactivation of the excited state. The S0! T1 excitation energy at the
S0 and T1 geometries was calculated. These showed very different energies from

those obtained experimentally, suggesting that the T1 excited-state geometries were

very different from the ground-state geometries. The calculated T1 geometry revealed

that the C¼N bond is substantially elongated compared to the ground state. It was

also noted that single-point singlet calculations at the T1 geometry gave quite

different SCF energies from the values calculated at the ground-state geometries

(Fig. 2.19), which again points to excited-state distortion. The application of this

technique does, however, rely heavily on small differences in computed energies and

so should be approached with some caution: inherent errors of up to about 0.3 eV are

considered quite normal for TD-DFT work, and the presence of triplet stabilities can

lead to a detrimental effect on the accuracy of triplet-state energies.

The synthesis, liquid crystal and luminescent properties of a series of ortho-

platinated complexes incorporating N^C-coordinated arylpyridines in conjunction

with β-diketonate ligands have been reported by Spencer et al. [79]. Such com-

plexes (i.e. those of the form [Pt(N^C)(O^O)]) generally form a lowest triplet

excited state located on the metal and cyclometallated ligand (as in Fig. 2.14), with

the diketonate acting as an ‘innocent’ ancillary ligand, with little effect on the

emission properties. However, it was observed that, in this instance, whilst Pt(ppy)

(acac) displayed the expected phosphorescence in solution at room temperature, Pt

(ppy)(hfac) showed no emission under the same conditions (the structures are

shown in Fig. 2.20). Moreover, two isomers of the tfac complex were formed, of

Fig. 2.19 Structures and properties of two imine-based N^C-coordinated Pt(II) complexes studied

by Pandya et al. λmax represent the experimentally measured emission in DCM at 298 K, S0! T1
the calculated excitation energy at the ground-state geometry, ΔC═N the change in the C═N bond

length between the S0 and T1 geometries and Δ geometry the difference between the energy of the

ground state at the S0 geometry and the single-point energy at the T1 geometry
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which the trans isomer emits at a higher energy than the cis, but with a significantly
lower quantum yield (here, trans/cis refers to the relative disposition of the CF3 group
and the pyridyl ring). S0ground-state geometries of the four complexes were

optimised using DFT, and the density difference plots for the S0! T1 excitation of

each complex at this geometry are shown in Fig. 2.21. It can be seen that the

non-emissive Pt(ppy)(hfac) shows a marked difference from the other three com-

pounds. Its density difference plot involves electron depletion from the aryl ring of

the ppy ligand and augmentation on the hfac ligand. In contrast, the other three

complexes display rearrangement of electron density on the ppy ligand upon

excitation, in line with excited states normally calculated in Pt(N^C)(O^O) com-

plexes, i.e. dPt / πN^C! π*N^C. The change in excitation shown for Pt(ppy)(hfac) was
attributed to the stabilisation of the orbitals by the electron-withdrawing CF3 groups

to such an extent that the LUMO is positioned on the O^O ligand instead. It was also

shown that this excitation has a lower orbital overlap, showing that the reduced

quantum yield could – at least in part – be due to a lower rate of radiative decay.

Moreover, by evaluating the first triplet excited-state geometry (T1) of each of

the four complexes, the researchers revealed another likely contribution to the

variation of emission efficiency amongst the four complexes. The comparison of

the S0 and T1 geometries (both calculated by DFT) for each of the four complexes

shows more significant excited-state distortion for some complexes than others.

Figure 2.22 shows the T1 geometry of each complex superimposed upon its

respective ground-state geometry, S0. Whilst Pt(ppy)(acac) undergoes virtually no

geometrical distortion upon excitation, all of the other three complexes do so, to

varying degrees. The largest change in geometry is shown by Pt(ppy)(hfac). The

significant distortion in the hfac complex is a likely reason for the increase in

non-radiative decay, which, combined with a decrease in radiative decay noted

above, accounts for the lack of emission displayed by this complex. Similar

reasoning may explain the difference in emission efficiencies between cis- and

Fig. 2.20 The structures of the four Pt(N^C)(O^O) complexes studied by Spencer et al. [79]
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Fig. 2.21 Density difference plots for the S0!T1 excitation of the four complexes of Fig. 2.20 at

the ground-state geometry: (a) Pt(ppy)(acac), (b) Pt(ppy)(hfac), (c) trans-Pt(ppy)(tfac) and (d) cis-
Pt(ppy)(tfac). Electron depletion shown on the left and accretion on the right (Reproduced from

[79] with permission from The Royal Society of Chemistry)
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trans-Pt(ppy)(tfac). The quantification of the extent of distortion by calculation of

the root-mean-square displacement of the atoms between the two states (S0 and T1)
shows that the extent of distortion increases in the order:

Pt ppyð Þ acacð Þ½ � < cis- Pt ppyð Þ tfacð Þ½ � < trans- Pt ppyð Þ tfacð Þ½ �
< Pt ppyð Þ hfacð Þ½ �:

Greater distortion in the T1 state of the trans isomer compared to the cismay lead to

a greater rate of non-radiative decay and thus to the observed less efficient emission

at room temperature.

2.5 Conclusions

In this short contribution, we have sought to provide an indication of how theoret-

ical methods based on density functional theory are being increasingly used to

probe ground- and excited-state properties of metal complexes relevant to their use

in energy conversion. Early work in this area at the beginning of the century tended

to focus primarily on using TD-DFT to obtain qualitative information about trends

in absorption energies and the orbital parentage of lowest-lying excited states. More

recently, studies have expanded to consider more explicitly factors such as triplet

states, phosphorescence, effect of solvent, structural distortion in the excited states

compared to the ground state and immobilisation of complexes onto semiconduc-

tors, to name but a few.

There remain major challenges: methods are still mostly used retrospectively to

rationalise behaviour and rarely to predict properties in advance of synthesis. In

particular, being able to predict the efficiency of emission is a complicated problem:

a detailed analysis would require a full treatment of spin-orbit coupling pathways

and evaluation of the coupling mechanisms between excited electronic states and

all vibrational modes – utterly unfeasible for molecules of this size. Nevertheless,

Fig. 2.22 Superimposed structures of the S0 ground state (planar) and T1 excited state (distorted)

for the complexes of Fig. 2.21: (a) Pt(ppy)(acac), (b) Pt(ppy)(hfac), (c) trans-Pt(ppy)(tfac) and (d)
cis-Pt(ppy)(tfac) (Reproduced from [79] with permission from The Royal Society of Chemistry)
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by using simple concepts such as those relating deactivation pathways to the degree

of structural distortion in the excited state, valuable deductions can be made.

As far as excited-state energies are concerned, there is often a good agreement

between theory and experiment for singlet states, and many studies have been able

to show a satisfactory match between experimental absorption spectra and those

simulated using TD-DFT. On the other hand, the analysis of emission is much less

common, as it requires knowledge of the relaxed excited-state geometry. For

phosphorescence from the triplet state, the situation should be aided by the fact

that DFT can be used to directly determine the lowest state of any multiplicity, thus

including the T1. But triplet instabilities can cause unexpected problems, particu-

larly in those excited states which have high orbital overlap. The recent implemen-

tation of the Tamm-Dancoff approximation into some of the commercial DFT

packages is likely to go some ways to dealing with these issues.

Clearly, the continual development of new and improved functionals and basis

sets, as well as faster computer power, renders the area one which is bound to enjoy

major advances over the next decade.
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Chapter 3

First-Row Transition Metal Complexes
for the Conversion of Light into Electricity
and Electricity into Light

Etienne Baranoff

Abstract Ruthenium and iridium complexes have been widely used as sensitizer

for dye-sensitized solar cells (conversion of light into electricity) and as highly

phosphorescent emitters for organic electroluminescence (conversion of electricity

into light). The high costs and limited availability of these platinoid metals have

motivated the search for alternatives based on first-row transition metals. First-row

transition metal complexes have also been used as alternatives to existing materials

as redox mediator. This chapter provides an overview of such materials used as an

active component of the aforementioned devices.

Keywords First-row transition metal complexes • Dye-sensitized solar cells •

Redox mediator • Photovoltaic • OLEDs • Light-emitting electrochemical cells •

Electroluminescence
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ppy 2-phenylpyridine

TADF thermally activated delayed fluorescence

TCO transparent conductive oxide

Voc open-circuit potential

3.1 Introduction

Our society is craving for energy. The current yearly global energy consumption is

roughly 570 exajoules, about 100 times the consumption of a century ago [1]. This

vast increase in energy use has been implicated in the fabulous technological

developments and overall significant improvement of our quality of life society

has witnessed over the same time period, at least from a material point of view.

However, this hides important disparities as half the population of the world lives

on less than $2.50 per day with no access to clean and reliable energy [2].

The key to this recent phenomenal technological development is the access to a

cheap source of energy, namely, the fossil fuels. This apparent golden energy glut

age is coming to an end. Not that the fossil fuels have disappeared, but they are

becoming less accessible. Consequently, they tend to become more expensive and

disproportionately so to the poorest people.

It is then clear that an affordable and plentiful energy source is required. An

obvious source of energy is the Sun, and research about the conversion of sunlight

into electricity, photovoltaics, is extremely important, both fundamentally and

technologically. About 89 petajoules of solar energy is absorbed by the Earth’s
surface every second, to be compared to the 18 terajoules utilized by human beings

in the same time. As such, a million square kilometres (0.2 % of the Earth’s surface)
of 10 % efficient solar panels in areas of good insolation would be sufficient to meet

the world’s present and near-future energy needs.

It is also necessary to improve the processes using energy; our society consumes

effectively only half of the energy produced [1]. One important area for improve-

ment is lighting. Artificial lighting accounts for about 20 % of the worldwide

electricity consumption. Lighting is mainly produced with incandescent sources,

where a heated material emits light as a blackbody radiator. However, most of the

emitted wavelengths are infrared, which is of little use for our visual perception.

Compact fluorescent bulbs are an improvement, yet they raise issues at the end of

life of the bulb due to the use and requirement to dispose of hazardous materials.

Organic electroluminescence has been shown to have internal efficiency of unity

and therefore constitutes a promising technology for future lighting systems.

In this chapter, we discuss the dye-sensitized solar cells as a low-cost photovol-

taic technology and the organic electroluminescence as an efficient lighting tech-

nology. These technologies have mainly used materials based on platinum-group

metals such as ruthenium, iridium and platinum. The high costs and limited

availability of these metals have stimulated research for alternatives based on the

more available first-row transition metals. First-row transition metal complexes

have also been used as alternatives to existing materials for other roles such as
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redox mediators for solar cells. We have limited ourselves to first-row transition

metal complexes used as an active component of the devices; therefore, this chapter

does not cover such materials as a starting material to obtain the active component.

3.2 Dye-Sensitized Solar Cells

3.2.1 Brief History

Among all the photovoltaic technologies, the dye-sensitized solar cell (DSC) is very

attractive due to low cost of fabrication and low embodied energy cost [3].

Moser reported the first sensitized photoelectrode in 1887 [4], but the operating

principle by injection of electrons from the photo-excited dye into the conduction

band of the n-type semiconductor substrates was proposed only in the 1960s

[5]. Chemisorption of the dye on the surface of the semiconductor followed soon

after [6, 7]. The key moment in the history of the DSC is the use of mesoporous thin

films to improve the surface area enabling high dye loading [8]. At the moment,

champion cells using ruthenium complexes exhibit around 11 % power conversion

efficiency under AM1.5 conditions [9].

3.2.2 Operating Principles

The dye-sensitized solar cell is made mainly of five components: (1) a mechanical

support coated with transparent conductive oxides (TCO), (2) a semiconductor film

of TiO2, (3) a sensitizer adsorbed onto the surface of the semiconductor, (4) an

electrolyte containing a redox shuttle and (5) a counter electrode to regenerate the

redox shuttle [10, 11]. Of interest for this chapter are the dye and the redox shuttle.

Polyimine ruthenium complexes fuelled the early successes of the DSCs and are

still commonly used, although they are being replaced with more efficient materials

such as organic dyes [12] and, more recently, perovskites [13]. For high-efficiency

liquid cells, the main redox couple used has been iodide/triiodide, I�/I3
�.

The operating principles of the DSCs are shown schematically in Fig. 3.1. First,

the sensitizer S absorbs a photon, resulting in the excited sensitizer S*, which

injects an electron into the conduction band of the semiconductor. At the cathode,

the redox mediator is reduced and then regenerates the oxidized dye, completing the

circuit. Under illumination, the cell is a regenerative and stable photovoltaic energy

conversion system.

All components should be compatible and optimized to obtain high conversion

efficiency. The conversion efficiency (η) of the device is function of the photocur-

rent density (Jph), the open-circuit potential (VOC), the fill factor ( ff) of the cell and
the intensity of the incident light (Pirr) (Eq. 3.1):
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ηglobal ¼
Jph � VOC � ff

Pirr

ð3:1Þ

VOC is related to the energy difference between the Fermi level of the solid under

illumination and the Nernst potential of the redox couple in the electrolyte, while

Jph reflects in part the light-harvesting ability of the sensitizing dye.

3.2.3 Archetypal Ruthenium Dyes

The first reported efficient dye was a trinuclear ruthenium complex [8], and, until

recently, the best photovoltaic performances (conversion efficiencies and long-term

stability) have been obtained with polypyridyl ruthenium complexes based on the

structure of N719 (Fig. 3.2), a doubly deprotonated version of the N3 dye [14]. The

role of the carboxylic acid groups is to bind strongly to the semiconductor surface,

while the –NCS groups finely tune the oxidation potential of the complex to

optimize the regeneration by the redox shuttle and to increase the light absorption

in the visible [15]. An optimized device gives a conversion efficiency of 11.18 %

(Table 3.1) [9], that is, >30 % improvement from earlier reports [14, 15].

As a single junction solar cell, the DSC should ideally absorb all photons below a

920 nm threshold for optimum conversion efficiency. N719 results in photon

collection only up to about 780 nm, leaving ample room for further improvement

of the device performances. N749 (black dye) was obtained by molecularly engi-

neering N719 to respond to this requirement [16]. N749 can harvest light up to

920 nm resulting in an enhanced photocurrent density, which translates into

improved conversion efficiency compared to other champion cells at that time.

In 2006, Chiba et al. reported an optimized device using the black dye with

improved efficiency of 11.1 % [17].

Fig. 3.1 Operating

principles and energy-level

diagram of the DSC; S/S+/

S*¼ sensitizer in the

ground, oxidized and

excited state; R�/R¼ redox

mediator
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Stability issues may arise from the monodentate thiocyanate ligands in the

previous dyes. The two –NCS of N719 have been replaced by a bidentate

cyclometallated ligand diFppy¼ 2-(2,4-difluorophenyl)pyridine to give the YE05

dye [18]. This modification does not significantly change the oxidation potential

(Eox¼ 1.08 V/NHE compared to 1.12 V/NHE for N719) allowing efficient regen-

eration by the I�/I3
� redox shuttle. The excited state oxidation potential is also well

placed for favourable injection of electrons into the TiO2 conduction band

(Eox*¼�0.76 V/NHE). Furthermore, YE05 possesses panchromatic absorption

with an additional absorption band at 490 nm and overall increased molar extinc-

tion coefficient compared to N719 (Fig. 3.3). This shift in design paradigm has

motivated a surge of research into cyclometallated ruthenium dyes [19] away from

traditional designs [10].

3.2.4 First-Row Transition Metal Complexes
as Sensitizing Dyes

There are multiple examples reported of dyes based on first-row transition metal

complexes. As most of them have been recently reviewed [20–22] and many are

Fig. 3.2 Archetypal ruthenium complexes for DSC

Table 3.1 Device performances of archetype ruthenium dyes

Dye Jph mA cm�2 Voc V ff η % Reference

N719 17.73 0.846 0.75 11.18 [9]

N719 17.0 0.73 0.68 8.4 [14]

N3 19.0 0.60 0.65 7.4 [14]

N3 18.2 0.72 0.73 10.0 [15]

N749 20.5 0.72 0.704 10.4 [16]

N749 20.9 0.736 0.722 11.1 [17]

YE05 17.0 0.80 0.74 10.1 [18]
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resulting in very poor device performance, only few selected examples are

discussed.

3.2.4.1 Iron Complexes

Iron is the most abundant transition metal in the Earth’s crust and is in the same

group as ruthenium, which makes it particularly attractive as an alternative to

ruthenium.

The first sensitization of TiO2 with iron complex was carried out in 1987 by

Vrachnou et al. [23]. The colourless ferrocyanide, 1 (Fig. 3.4), was adsorbed onto a

TiO2 electrode resulting in a pronounced orange absorption band with a maximum

at 420 nm and extending up to 700 nm. This transition is attributed to an Fe(II) to Ti

(IV) intervalence charge transfer (ICT). The incident monochromatic photon-to-

current conversion efficiency reaches 37 % at 420 nm, which was attributed to the

high roughness factor of the TiO2 layer. Due to the ICT character of the transition,

sensitization of the TiO2 occurs through a direct injection of an electron from the

iron centre to the Ti(IV) acceptor sites [24]. This direct injection mechanism,

termed metal-to-particle charge transfer (MPCT) [25], was later confirmed by

density functional theory (DFT) and time-dependent DFT (TDDFT)

calculations [26].

The complex [FeII(2,20-bipyridine-4,40-dicarboxylic acid)2(CN)2], 2 (Fig. 3.4),

as a sensitizer of TiO2 was reported by Ferrere and Gregg in 1998 [27]. Its structure

is similar to N3 with the two thiocyanate ligands replaced by two cyanide ligands

resulting in an oxidation potential of 0.213 V/ferrocene [28]. The UV-visible

absorption spectra of 2 (Fig. 3.5) resembles the one of N719 (Fig. 3.3) with an

intense bipyridyl-based π- π* transition at 318 nm and two main metal-to-ligand

Fig. 3.3 Absorption

spectra of YE05 (solid line)
and N719 (dashed line)
(Adapted with permission

from Ref. [18]. Copyright

2009 American Chemical

Society)
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charge-transfer (MLCT) bands at 430 and 635 nm with a shoulder at about 550 nm.

The MLCT bands are redshifted compared to N719, but their intensity is also

significantly lower. When adsorbed onto nanocrystalline films of TiO2 in the

presence of chenodeoxycholic acid (cheno) with an iodine-based liquid electrolyte

and platinum as counter electrode, under illumination a short-circuit photocurrent

of 290 μA cm�2 and an open-circuit voltage of 0.36 V are obtained without

optimization of the device [27]. Interestingly, the photocurrent action spectrum

(Fig. 3.5) shows “band-selective” sensitization. While the IPCE mirrors the absorp-

tion spectra of TiO2 films sensitized with ruthenium complexes, in the case of 2, the

injection of electrons into the TiO2 conduction band is much less efficient from the

lower-energy MLCT band.

Fig. 3.4 Iron(II) dyes with cyanide ancillary ligands

Fig. 3.5 Left: Absorption spectrum of 2 in DMSO (concentration¼ 8� 10�5 M in a 1 cm path

length cell). Right: (��-) Absorbance spectrum of 2 adsorbed on TiO2 in 0.5 M LiI in acetonitrile;

(—) photocurrent action spectrum of the same film; (—) is the action spectrum of an undyed TiO2

film (Adapted with permission from Ref. [27]. Copyright 1998 American Chemical Society)
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Meyer and co-workers have observed a similar phenomenon using Fe(bpy)

(CN)4
2�, 3 in Fig. 3.4 [25]. When adsorbed onto TiO2, 3 displays both MLCT

absorption band around 520 nm and MPCT absorption band at higher energy. As

such, 3 is a structurally intermediate complex between 1 and 2 and displays

absorption characteristics of both. However, based on the absorptance spectra,

injection from the MLCT band is less efficient than injection from the MPCT band.

Recent theoretical calculations shed some light on these results [29]. In general,

electron injection is in competition with the deactivation of the MLCT excited state

to the ligand field (LF) state. In contrast to ruthenium, the eg orbitals of iron are

lower in energy than the π* orbitals of the ligands due to the weak LF of iron.

Consequently, relaxation to the LF state is very favourable. Furthermore, there is a

lower driving force for the injection of electrons from the lower-energy MLCT

states, which favours the non-injecting LF pathway even more. It is then proposed

to improve the efficiency of iron-based dyes by increasing the energy of the LUMO

and LUMO+1 states to have better matching energy levels between the dye and the

TiO2. This modification should also blueshift the absorption, possibly resulting in a

ruthenium-like absorption spectrum.

3.2.4.2 Copper Complexes

Copper is about 105 times more abundant than ruthenium in the Earth’s crust and
can easily form photoactive polyimine complexes, which make them particularly

attractive as an alternative to ruthenium complexes.

Before the advent of the mesoscopic solar cell, copper complexes have been

used to sensitize high bandgap semiconductors [30]. A decade after this initial

work, the same group used complex 4 (Fig. 3.6) as a sensitizer for mesoporous

titania [31]. The complex uses two 2,9-diphenyl-1,10-phenanthroline substituted by

carboxylate groups, which act as anchoring groups. It displays a maximum absorp-

tion at 440 nm in methanolic solution with absorption coefficient of ~3,000 M�1

cm�1, extending up to about 620 nm, similar to the complex without carboxylate

groups. Such characteristics are much below ruthenium complexes, both in terms of

panchromaticity and intensity of absorption; this is one important inconvenience of

polyimine copper complexes for solar cell applications. Using a 475 nm cut-off

filter (Pirr ~ 300 mW cm�2), Jph ~ 0.6 mA cm�2, VOC ~ 0.62 V and ff of 0.6 have

been obtained, resulting in an overall efficiency of 7.4� 10�2 %.

Considering the position of the carboxylate, complex 5 was proposed as an

improvement of 4 [32]. The direct grafting of the anchoring groups onto the

polyimine ligand insures favourable interactions of the complex with the semicon-

ductor to give improved charge injection. Interestingly, the absorption characteris-

tics of 5 are also very much improved, with a maximum absorption at 450 nm and

an absorption coefficient of 6,400 M�1 cm�1. An optimized cell resulted in Jph ~ 3.9
mA cm�2, VOC ~ 0.63 V, for a claimed energy conversion efficiency of 2.5 % at

Pirr¼ 100 mW cm�2. (Using Eq. 3.1, it is apparent that these values imply a fill
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factor ff ~ 1, pointing to possible issues with the measurements or calculation of the

efficiency.)

From the structures of dyes 4 and 5, it is clear that the lability of copper

polyimine complexes is an issue as only complexes with two identical bidentate

ligands are easily accessible [33–35] unless bidentate bisphosphine ligands are used

[36]. This apparent disadvantage has been cleverly harnessed to prepare

heteroleptic copper complexes. The principle is based on an in situ stepwise

synthesis: The first step is to cover the semiconductor surface with the free

anchoring ligand, followed by ligand exchange with a homoleptic copper complex

(Fig. 3.7). With this strategy in hand, a whole new class of copper(I) sensitizers was

accessible and has been tested [37, 38]. Complex 6 (Fig. 3.6) shows very attractive

efficiencies from 1.57 up to 2.61 %, depending on measurement methodology.

Importantly, these efficiencies are compared with efficiencies from devices using

N719 as the sensitizer that are close to the best reported to date.

Theoretical calculations have been used to compare copper(I) and ruthenium

(II) sensitizers [39]. In particular, these studies anticipate that as copper

(I) complexes can be optimized to exhibit similar optical properties to ruthenium

(II) sensitizers, copper(I)-based sensitizers are promising sensitizers. It should be

noted that copper(I) complexes experience significant distortion in the excited state,

possibly influencing the dynamics of the interfacial electron transfer processes

[40]. It will be important to control this distortion to improve further the device

efficiencies.

Fig. 3.6 Copper(I) dyes for DSC
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3.2.5 Iodide/Triiodide as the Archetypal Redox Mediator

The redox mediator is another key component of the DSC for which transition

metal complexes have been explored.

Iodide/triiodide, I�/I3
�, has been the preferred redox couple as it results in the

overall best performing devices [41]. This is due to its peculiar properties. First, it

has generally very good solubility in organic solvent, which makes it suitable for

liquid electrolytes. Second, although having yellow to brown colour, its visible light

absorption has limited impact on the efficiency of the DSC [42]. Third, its standard

potential is well placed to provide the necessary driving force for rapid regeneration

of the sensitizer. Fourth, and arguably most important, are the very slow kinetics for

the recombination of electrons in TiO2 and triiodide.

A unique property of I�/I3
� is that regeneration of the sensitizer occurs sche-

matically in a two-step mechanism. Initially the dye is regenerated by I� and

produces the diiodide radical I2
•–, which disproportionate into I� and I3

�. The
redox potential of I�/I2

•– is at most 0.93 V vs NHE [43], compared to 1.1 V for N3,

resulting in driving force for dye regeneration >0.17 V. Electron transfer from the

TiO2 to I3
� is then a slow two-electron process, while it is catalyzed at the metallic

counter electrode due to dissociative chemisorption of iodine species.

Despite its interesting properties as redox shuttle, the couple I�/I3
� suffers from

some drawbacks. Mainly, the redox potential of I�/I3
� is 0.35 V vs NHE and is the

redox couple to be taken into account for the resulting VOC. This significant loss of

potential has considerable impact on the efficiency of the device, and increasing the

oxidizing strength of the electrolyte has been an important focus of the research of

alternative electrolyte. Also I�/I3
� results in corrosion of the metallic counter

electrode.

Redox shuttles for DSC, including iodine-free alternatives, have been reviewed

recently [41, 44–48]. Therefore, only selected examples are discussed.

Fig. 3.7 In situ stepwise synthesis of heteroleptic copper(I) complexes
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3.2.6 First-Row Transition Metal Complexes as Redox
Mediator

3.2.6.1 Iron Complexes

Ferrocene/ferrocenium (Fc/Fc+), 7 (Fig. 3.8), is an example of one-electron, outer-

sphere redox mediator. Regeneration is usually very fast, as, unfortunately, is the

recombination between electrons in the TiO2 and ferrocenium. Passivation of the

semiconductor interface significantly decreases the recombination rates [49, 50].

The redox potential of Fc/Fc+ is 0.63 V vs NHE, significantly lower than N3.

Ferrocene-based redox shuttles with more positive oxidation potential have been

developed through the introduction of chlorine substituents [50]. Compounds 8 and

9 display reversible oxidation at 0.81 and 0.94 V vs NHE, respectively. Interest-

ingly, 9 has similar oxidation potential to I�/I2
•–. This shift in potential results in an

increase of VOC, but device efficiency remains very low, below 1 %.

A 7.5 % efficiency energy-converting DSC using Fc/Fc+ as redox mediator was

reported in 2011 [51]. Developments underpinning this breakthrough are twofold.

First, the design of the organic sensitizer, Carbz-PAHTDTT, appears crucial with a

large donor unit and a long spacer unit. It is believed to significantly reduce the

kinetics of the recombination process by keeping the ferrocenium away from the

TiO2 surface; the dye itself acts as a passivation layer. Second, the electrolyte was

prepared in a glove box, excluding the presence of oxygen. Because of its instability

towards oxygen, ferrocenium decomposes into various ferric species, modifying the

composition of the electrolyte. It is possible that low efficiencies reported earlier are

due to such reaction with oxygen.

Following up on this promising result, systematic studies have been reported

with series of ferrocene derivatives having a range of oxidation potentials from

0.088 to 0.935 V vs NHE [52] and combining them with dyes having oxidation

potential ranging from 0.897 to 1.136 V vs NHE [53]. It was found that the

optimum driving force should be� 0.20–0.25 V.

3.2.6.2 Cobalt Complexes

Polyimine cobalt complexes, Co2+/Co3+, have been the most widely explored

family of transition metal complexes for use as redox mediator. As with

ferrocene-based materials, their redox potential can be easily tuned by modification

to the ligands coordinated to the central metal. Furthermore, Co3+ is generally in a

Fig. 3.8 Ferrocenium/

ferrocene-based redox

shuttles
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low spin state, while Co2+ is in high spin state, resulting in slow self-exchange rates.

Co2+ would effectively regenerate the oxidized dye, while Co3+ will be less

efficient in electron recombination. Finally, cobalt complexes have very low

absorption coefficient in the visible region, about 100 M�1 cm�1, which allows

for an increase of the useful light-harvesting capability of the device.

The first efficient cobalt-based redox shuttle for use in DSC, complex 10 in

Fig. 3.9, was reported in 2001 [54]. Using Z316 as the sensitizer, it resulted in

efficiency of 5.2 % at light intensity of 94 W cm�2. At standard AM1.5 irradiance

(1,000 Wm�2), the efficiency drops to 2.2 %, with a poor fill factor (0.46 compared

to 0.68 at low light intensity) pointing to issues with the diffusion of the

large complex compared to the iodide system [55]. The redox potential of 10 is

0.36 V vs SCE, and the VOC at high light intensity is 0.67 V for a photocurrent

Jph¼ 6.8 mA cm�2. A detailed electrochemical study of 10 has been reported [56].

A series of 14 cobalt complexes has been studied as possible alternatives to the

iodide system; variations were made to the core of the ligand (terpyridine,

bipyridine and phenanthroline) and on a range of substituents to tune the redox

potential [57]. The best system was tris(4,40-di-tert-butyl-2,20-dipyridyl)cobalt
(II/III) perchlorate, 11c. The efficiencies observed are however low, up to 1.6 %

only, which can now be ascribed to the sensitizer used, N3. It was recently shown

that insulation by bulky groups is necessary to obtain high-efficiency devices based

on ruthenium dyes with cobalt complexes as redox mediators [58].

This principle of insulating the dye by introducing bulky groups on the dye

originates from the development of organic dyes showing good efficiencies with

cobalt complexes as redox shuttles. In 2010, the D-π-A dye D35 with butoxyl

chains on the donor groups was used with simple tris-bipyridyl cobalt complex 11a,

and energy conversion efficiency of the DSC reached 6.4 % under full sunlight with

an important VOC of 0.9 V [59]. An increase of the pore size of the TiO2 film was

also important to improve the diffusion of the redox mediator.

While the redox potential of the cobalt complexes can be tuned simply by

grafting suitable substituents onto the ligands, it would increase the size of the

complex, resulting in lower diffusion. An approach to tune the properties of the

Fig. 3.9 Cobalt complexes 10–12
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complexes was therefore to change a pyridine ring to a pyrazole one [60]. As such,

the redox potential can be increased to 0.86 V vs NHE, resulting in VOC over 1 V,

with efficiency approaching 11 %.

Other designs with particular features have been explored in cobalt complexes

(Fig. 3.10). Complex 13 is neutral in its reduced state [61], while 14 is a low spin

cobalt(II) complex for fast dye regeneration [62]. Complexes 15 have a

pentadentate pyridyl-based ligand, which leaves one position available on the

cobalt [63]. This position can be used by components of the electrolyte such as

4-tBu-pyridine or N-methylbenzimidazole to fine-tune the properties of the

complexes.

3.2.6.3 Copper Complexes

Copper complexes offer a possible strategy to improve the electron transfer kinet-

ics, that is, increase the regeneration rate while slowing the recombination. Upon

oxidation of the copper(I) complex during the regeneration of the dye, the geometry

of the complex will significantly distort from the initial pseudo-tetrahedron.

The one-electron reduction potentials of 160, 172+ and 182+ (Fig. 3.11) are 0.29,

0.66 and �0.10 V vs SCE, respectively. As such, they are all more negative than the

potential ofN719 and have been tested as redox shuttles for DSC [64]. Devices based

on 17 are the most efficient (η¼ 1.4 %) among this series. High efficiency of 7 % has

been obtained with 17 as the redox mediator in a DSC using an organic dye,C218, as

the sensitizer [65]. Importantly, the efficiency is higher than the efficiency from

Fig. 3.10 Cobalt complexes 13–15

Fig. 3.11 Copper complexes 16–18
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devices using iodine redox shuttle, despite the very poor ff observed with the copper

complex, which bodes well for future improvements. This low ffwas attributed to the
very low electron transfer rates of the complex on the counter electrode [65].

3.2.6.4 Nickel Complexes

Recently, Ni(III)/(IV) bis(dicarbollide) complexes (Fig. 3.12) have been reported

and offer an alternative strategy to gated electron transfer [66, 67]. As shown in Fig.

3.12, upon oxidation and reduction, there is a rotation of one dicarbollide group

relative to the other one, resulting in the two carbon atoms of each dicarbollide

group to be either in a cis or trans conformation. To further limit the recombination

process, alumina was used to passivate the TiO2 electrode. While the oxidation

process (corresponding to regeneration of the sensitizer) is nevertheless very fast,

slightly faster than regeneration by I�, it was demonstrated that interception of the

injected electron by the Ni(IV) complex is 10 to 100 times slower than dye

regeneration [66]. Remarkably, with only one passivation cycle, VOC above 0.64

V are obtained.

A series of complexes with various substituents to tune the redox potential have

been prepared and studied [67]. Optimization of the redox potential resulted in VOC

of 0.77 V. However, in every case, the power conversion efficiencies are low, only

up to 2 %, due to low photocurrent density. One reason for such low Jph could be

due to the sensitizer used, N719. As seen with other transition metal-based redox

shuttle, the best results have been obtained with organic dyes or largely modified

ruthenium complexes, while N719 appears incompatible with these redox shuttles.

3.2.6.5 Manganese Complexes

As the latest addition to the list of redox shuttles based on first-row transition metal

complexes, the couple tris(acetylacetonato)manganese(III)/(IV), [Mn(acac)3]
0/1+,

was tested with both organic dyes and N719 [68]. Best efficiencies in this case were

Fig. 3.12 Redox-induced

rotation in nickel bis

(dicarbollide) complexes

(Adapted with permission

from Ref. [66]. Copyright

2010 American Chemical

Society)
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obtained with N719 at 10 % Sun intensity (4.5 % versus 3.8 % usingMK2 dye). At

full Sun, the efficiencies are identical (4.4 %). Recombination losses appear to limit

the conversion efficiency, and improvement is expected using bulkier substituents

and/or passivation of the TiO2 electrode.

3.3 Electroluminescence from Small Molecules

3.3.1 Brief History

Almost 50 years after the observation of electroluminescence from silicon carbide,

Bernanose and co-workers reported the first electroluminescence from organic

materials [69, 70]. They used acridine derivatives, and light emission was observed

upon application of an alternating current with voltage >400 V. A decade later,

Pope and co-workers reported electroluminescence from anthracene and from

tetracene (as an impurity of anthracene) [71].

In 1987, Tang and Van Slyke demonstrated electroluminescence from a

two-layer heterojunction using 1,1-bis((di-4-tolylamino)phenyl)cyclohexane

(TAPC) and tris(8-hydroxyquinolinato)aluminium (Alq3) (Fig. 3.13) [72]. For

the first time, devices could operate at a voltage below 10 V.

A second key development was made in 1998 by Forrest, Thompson and

co-workers with the use of platinum porphyrin PtOEP as a phosphorescent dopant

[73] followed by the use of the cyclometallated iridium complex Ir(ppy)3 (ppy¼ 2-

phenylpyridine) in 2000 [74]. The use of phosphorescent dopant enables 100 %

internal efficiency by harvesting both singlet and triplet excitons.

3.3.2 Operating Principles

In its simplest form, an OLED is made of a single film of organic material

sandwiched between two electrodes.

When the device is operated (Fig. 3.14), electrons are injected in the LUMO of

the material and holes in the HOMO. The charges then drift towards the other

Fig. 3.13 Historical compounds for modern OLEDs
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electrode. A hole and an electron may interact and recombine to create an exciton,

which will deactivate by emitting light.

To improve efficiency and stability of devices, multilayer architectures are

generally used. Additional layers can be injection layers (to facilitate the injection

of charges), charge-transporting layers (to balance charges in the emissive layer)

and charge blocking layers (to confine charges in the emissive layer).

The external conversion efficiency (ηext) of the device is function of the

outcoupling (ηout), the ratio of electrons to holes (γ), the fraction of luminescent

excitons (χ) and the photoluminescent quantum yield of the emitter (Φlum) (Eq. 3.2):

ηext ¼ ηout � γ � χ � Φlum ð3:2Þ

χ is a very important parameter. The recombination of holes and electrons statis-

tically produces 25 % of singlet excitons and 75 % of triplet excitons. With a

fluorescent emitter, only the singlet excitons can undergo radiative deactivation and

χ will be 0.25, resulting in low efficiency. It is possible to have fusion of two

non-radiative triplet states, resulting in a radiative singlet state and a ground state;

however, the maximum χ will be 0.625. Phosphorescent emitters can efficiently

produce light from triplet excitons, enabling the maximum value for χ¼ 1. Efficient

utilization of triplet excitons can also be achieved with processes such as thermally

activated delayed fluorescence (TADF) [75–77].

3.3.3 Archetypal Phosphorescent Materials

3.3.3.1 Cyclometallated Iridium Complexes

Cyclometallated iridium(III) complexes possess unique photophysical properties

such as high phosphorescence quantum yields, relatively short triplet excited

Fig. 3.14 Operating

principles of

electroluminescent devices
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state lifetime and wide emission colour tunability [78, 79]. As a result of these

characteristics, they have attracted considerable interest for virtually any applica-

tion requiring highly phosphorescent materials [80–83].

Tris-homoleptic cyclometallated iridium complexes are neutral complexes of

the type Ir(C^N)3. The archetypal complex is Ir(ppy)3 (Fig. 3.13), where the

coordination of the ppy ligand to the metal centre is as that found in 2,20-bipyridine
except that a nitrogen is replaced by an anionic carbon. The electronic absorption

spectrum of Ir(ppy)3 displays strong ligand-centred (LC, π- π*) and metal-to-ligand

charge-transfer (MLCT) transitions in the UV and visible, respectively. In degassed

solution in 2-MeTHF at room temperature, the excited triplet state shows strong

green phosphorescence at around 508 nm, with an excited state lifetime of 1.6 μs
and a photoluminescence quantum yield of 0.97 [84].

Bis-heteroleptic cyclometallated iridium complexes are of the form Ir

(C^N)2(Lanc), where Lanc is an ancillary ligand system, which can be a bidentate

ligand or a combination of two monodentate ligands and can be neutral or charged.

Bis-heteroleptic complexes are advantageous due to their ease of synthesis and due

to the extended possibilities to control the excited state properties of the complexes

compared to their tris-homoleptic counterparts [85]. Lanc such as acac

(acetylacetonate) and Pic (2-picolinate) are commonly used (Fig. 3.15).

When a neutral Lanc system is used, such as bpy (2,20-bipyridine), a charged

complex is obtained (Fig. 3.15). Ionic transition metal complexes (iTMCs) are

attractive for their use in light-emitting electrochemical cells (LECs) [86]. LECs

constitute an alternative to OLEDs due to their potential low-cost production.

The presence of mobile ions in the emissive layer allows for devices with simpler

architecture and the possibility of using air-stable electrodes allowing non-rigorous

encapsulation processes.

3.3.3.2 Cyclometallated Platinum Complexes

Cyclometallated platinum complexes are very similar to cyclometallated iridium

complexes as they show as well high phosphorescence quantum yields, relatively

short triplet excited state lifetime and wide emission colour tunability.

Fig. 3.15 Standard bis-heteroleptic cyclometallated iridium complexes
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Their structure and design rules are also similar to their iridium counterparts and

the same ligands can be used (complex 22 in Fig. 3.16) [87]. The main difference is

their square planar geometry leading to the possible formation of dimers through

Pt-Pt interactions. The emission of the dimeric species being redshifted compared

to the one of the monomeric complex and the amount of dimers formed being

function of the concentration of complex in the emissive layer, platinum complexes

can be used to prepare WOLEDs from a single complex. For example, with 23,

white emission is obtained from the combination of blue emission from the mono-

mers and orange emission from the dimers [88].

3.3.4 First-Row Transition Metal Complexes as Emitter
for Electroluminescence

3.3.4.1 Scandium

Since the report of the heterojunction for electroluminescence, Alq3 has attracted

interest as a basic molecular design to be modified in order to improve device

performance and vary the colour of emission. One research direction was to change

the central aluminium atom to other metal ions, keeping the hydroxyquinoline

(or similar N^O chelates) as ligand (Fig. 3.17).

Scq3 was used in a study of metal quinolate complexes, Mq3, where the impact

of the central atom on the performances of EL devices was compared [89]. The

device architecture was ITO/TPD/Mq3/Mg-Ag(10:1)/Ag, with TPD: N,N0-
diphenyl-N,N0-bis(3-methylphenyl)1,10-biphenyl-4,40-diamine. Along the series

with M¼Al, Ga, In and Sc, Scq3 was found to be the least efficient with EL

efficiency about 10 % of Alq3. One reason for low efficiency could be the structure

of Scq3, which forms mixture of monomers and oligomers in solution, resulting in

films with extremely low photoluminescence efficiency.

Scq3 was recently re-examined, and it was found that devices are now about

twice as efficient as Alq3-based devices with current efficiencies at 300 cd m�2 of

4.6 and 2.7 cd A�1 and power efficiencies of 2.6 and 1.2 lm W�1, respectively

[90]. Reasons behind the improved performances have been attributed to three

factors. First, Scq3 was prepared accordingly to a new synthetic methodology

resulting in anhydrous mononuclear complexes, which improved the photolumi-

nescence quantum yield [91]. Second, the cathode was changed to ytterbium as a

Fig. 3.16 Examples of

cyclometallated platinum

complexes
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metal with a lower work function of 2.59 eV than Mg-Ag alloy (3.7 eV [92]),

resulting in improved injection of charges. Third, it was claimed that Scq3 has

improved electron mobility over Alq3 [90].

Following these results, various scandium complexes have been studied using an

ytterbium cathode. Using donor and acceptor substituents on the quinolinate ligand,

complexes 25–27, the emitted colour could be tuned from blue to orange

[93]. Replacing the quinolate ligand with phenolate bearing benzimidazole, 28;
benzoxyazole, 29; and benzothiazole, 30, resulted in whitish emission (emitting

wavelength from about 400 nm to 700 nm) with various hues [94]. The broad

emission can be attributed to aggregation effects, as a pure layer of complex was

used as the emissive layer. Surprisingly, the replacement of the phenol fragment of

31 with a naphthol fragment, 32, does not result in a redshift of the emission, and

both complexes have very similar emission in the blue-green region of the visible

spectrum [95]. On the other hand, the naphthol group appears to have a drastic

detrimental effect on the performance of the device, which drops from power

efficiency of 6.49 lm W�1 for 31 to 0.16 lm W�1 for 32 [95].

3.3.4.2 Copper

An attractive alternative to iridium and platinum is copper. As early as 1999, Ma

and co-workers have reported the use of a tetranuclear copper(I) complex as the

active emitting species in an OLED [96]. The properties of the complex in solution

appeared promising (λem¼ 522 nm, Φ¼ 0.42 and τ¼ 9.8 μs in CH2Cl2 at RT);

however, an EL device with a simple bilayer architecture using polymeric PVK

host performed poorly, with a reported efficiency of 0.1 %, mainly due to the long

lifetime of the excited state. Although copper(I) readily forms coordination com-

plexes, which show phosphorescence in the visible [97, 98], their use in EL

applications has been hampered by their limited spectral coverage, mainly in the

green region of the spectrum, and the low quantum yield of photoluminescence

yielding poorly efficient devices.

Interest in copper complexes was renewed in 2004 when the Cu(N^N)(P^P)+

complexes 33 (Fig. 3.18) were reported to yield OLEDs with improved

Fig. 3.17 Scandium complexes used as electroluminescent emitters
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performances, that is, current efficiencies >10 cd A�1 at current densities below

1 mA cm�2 and luminance >1,000 cd m�2 at about 30 V [99]. Various concentra-

tions of 33, with R¼ n-butyl, in PVK were used with the overall device architecture

being ITO/PEDOT/33:PVK/BCP/Alq3/LiF/Al. With deeper HOMO and higher

LUMO energy levels than 33, PVK was a suitable host, which explains, in part,

the good performance. The same group also reported a study on the effect of the

counterion and of the cathode [100]. The same complex was used in a simpler

device architecture based on a single layer of a 75:25 % w/w mixture of the

complex in PMMA as the emissive layer sandwiched between ITO and silver

electrodes [101].

Complex 34 was stable enough to be sublimed under vacuum, and a multilayer

vacuum-processed OLED was prepared using 34 doped in CBP as the emissive

layer [102]. At a 6 wt% doping concentration, the device shows orange emission

with current efficiencies of 1.9 and 9.2 cd A�1 at 100 and 1 mA cm�2, respectively.

Furthermore, this complex has been used as the orange-emitting component for

white OLED using FIrPic as the sky-blue component [103, 104].

Complex 35 is an interesting homoleptic P^P complex. When doped at a

concentration of 12.5 wt% in PVK, whitish electroluminescence is observed, with

the EL spectrum covering 400 nm up to 750 nm. However, the turn-on voltage is

still very high (15 V) and the brightness poor (below 500 cd m�2) [105].

Charged copper(I) complexes have been the most utilized design for copper

OLED complexes, and multiple examples are found in the literature [106–113].

The rich coordination chemistry of copper(I) and its ability to bind to anionic

groups lead to the investigation of some interesting multinuclear complexes (Fig.

3.19), in addition to the aforementioned first example of copper complex for

EL. Complex 36 is a dinuclear “diamond-core” copper complex using a terdentate

P^N^P ligand [75]. It resulted in a device with maximum external quantum

efficiency (EQE) of 16.1 %, which is very promising when it comes to challenging

the high efficiency of devices using iridium complexes (>20 %). Uniquely, this

complex displays E-type delayed fluorescence, or thermally activated delayed

fluorescence (TADF): with triplet and singlet energy levels close in energy, the

triplet excited state is thermally activated to the higher energy singlet excited state,

and radiative deactivation occurs efficiently from the singlet state. This approach

allows for harvesting efficiently both the singlet and triplet excitons, even in cases

Fig. 3.18 Charged copper complexes used as emitter for electroluminescence
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where the radiative deactivation of the triplet state is not an efficient process and

would otherwise result in poor device efficiency.

Tetranuclear complexes such as 37 can be easily synthesized, isolated and

crystallized [114]. However, when the components used to make 37 are

co-evaporated to make the emissive layer of an OLED, the dinuclear complex 38

is formed in situ and acts as the emissive material to give a green emission [115].

A series of complexes based on 39, where PR3 represents various phosphine

ligands, has been found to be excellent emitters in solid state, up to 99 %

photoluminescence quantum yield for PR3¼ triphenylphosphine, with the maxi-

mum of emission wavelength ranging from 500 to 555 nm [116]. The complexes

also show TADF. Solution-processed devices with an emissive layer composed of

45 wt% of complex, 45 wt% of mCPy and 10 wt% PVK display high turn-on

voltage (>8 V) and limited performance.

A mononuclear three-coordinated copper(I) complex, (dtpb)CuBr with

dtpb¼ 1,2-bis(o-ditolylphosphino)benzene, 40 (Fig. 3.20), was reported to give

high luminescence quantum yield of 71 % when doped in amorphous films of

mCP. It seems that small distortion of the complex in the excited state limits the

non-radiative deactivation for this particular complex, when compared to other

three-coordinated complexes. A green OLED was prepared, and the maximum

current efficiency of 65.3 cd A�1 was measured at a current density of 0.01 mA

cm�2 [117]. The efficiency quickly drops at higher current densities.

Finally, copper phthalocyanine, CuPc, was used as an emitter for infrared

electroluminescence. To obtain improved efficiencies, the strategy is to use elec-

troluminescence from another material to sensitize the IR emission of CuPc.

Fig. 3.19 Neutral multinuclear copper complexes

Fig. 3.20 Other copper

complexes for

electroluminescence
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An ytterbium complex [118] and an iridium complex [119] have been used as

the sensitizer, and electroluminescence centred at 1,120 nm was observed from

the device.

3.3.4.3 Zinc

Zinc complexes for electroluminescence are generally based on N^O ligands,

similar to aluminium (and scandium, see above) complexes. An important differ-

ence is the possibility for the oxygen of the N^O ligand to bridge two zinc atoms,

resulting in multinuclear (usually binuclear) complexes in the solid state [120–

123]. The coordination sphere can also accommodate water molecules [124] or the

complex be found as a co-crystal of a mono-ligand dichloro zinc complex and a

protonated ligand [125]. This variety of structure likely has an impact on some

device performance. Unfortunately, the exact material in the emissive layer is not

always characterized.

The complex Znq2 was reported as early as 1993 [126]. Using a simple device

structure ITO/TPD/complex/MgIn, series ofMqx emitters were tested and a device

using the zinc complex was found to emit at 568 nm (yellow, compared to the

device usingAlq3 emitting at 519 nm, green) with high luminance of 16,200 cd m�2

at 20 V (compared to 15,800 cd m�2 at 22 V for Alq3).

Using the same device structure, the azomethine-zinc complex 43 (Fig. 3.21)

results in blue electroluminescence with EL peak at 462 nm [127]. Modification of

the alkyl bridge between the two nitrogen atoms leads to minor variations in colour

and maximum luminance.

The complex 44 was reported as a ZnL2 mononuclear complex resulting in a

greenish-white emission [128]. The CIE coordinates are (0.246, 0.363) and lumi-

nance reaches 10,190 cd m�2 at 8 V for a maximum luminous efficiency of 0.89 lm

W�1 at 173 cd A�1. The low driving voltage and, consequently, relatively high

efficiency have been attributed to excellent electron-transporting properties of

the complex. Although the emission is slightly blueshifted and the efficiency of

about 1 cd A�1 at high luminance is similar to a recently reported single-centre

Fig. 3.21 Examples of Zn complexes for electroluminescence
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iridium-based white emitter [129], the luminance of the device using 44 is 10 times

higher. The binuclear structure of 44 was reported few years later, and its electron

transport properties were studied [130]. In particular, it was found that 44 has better

electron transport properties than Alq3, which is primarily attributed to close

intermolecular π-π interactions of the ligands in the solid state.

The reasons behind the unusual whitish electroluminescence of 44 have been

explored recently [131]. It was found that the EL spectra vary significantly with the

thickness of the emissive layer (Fig. 3.22 a) and that, for a given thickness, the EL

spectra also depend on the viewing angle (Fig. 3.22 b). Photophysical studies also

show that blue fluorescence at room temperature and orange phosphorescence at

77 K can be observed in thin film. The whitish EL emission was then attributed to

microcavity effects and to dual emission fluorescence/phosphorescence. A white

OLED was also made using 44 doped with the red DCJTB (4-(dicyanomethylene)-

2-t-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran)[132].
Besides these key complexes, examples of zinc complexes with N^O ligands for

electroluminescence are multiple. Modifications encompass changes of the core

ligand and series of substituents on a given core ligand [133–140]. A study of the

mechanism of degradation in the device was also reported, pointing to reversible

(charge trapping) and irreversible (changes at the interfaces) [141].

3.4 Conclusions

Described herein are some of the most promising first-row transition metal com-

plexes to be used as low-cost alternatives of the ruthenium, iridium and platinum

complexes in DSC and electroluminescence arenas. Their use as redox mediators in

DSCs as potential replacements for the iodide/triiodide system was also described.

The complexes used in electroluminescence with a function different from the

Fig. 3.22 (a) EL spectra from devices using different thickness of 44 emissive layer; (b) EL
spectra from the device with 44 emissive layer 170 nm thick as a function of the viewing angle

(Adapted with permission from Ref. [132]. Copyright 2007 American Chemical Society)
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emissive dopant were not described due to the limited number of examples in the

literature, although dopant for charge-transporting layer has a rich patent literature.

In general, it can be seen that the device performance using such metal com-

plexes still has room for improvement in particular in terms of device efficiency

converting light into energy and energy into light. Furthermore, the stability of the

devices has not been widely addressed. Due to the lability of many of the complexes

presented, it is expected that this may be limited.

Nevertheless, the field of first-row transition metal complexes for energy appli-

cations has made tremendous progress over the past decade. Although it is very

unlikely that these materials will become the next champions of high-efficiency

devices, they are promising alternative to platinoid metals for low cost energy

applications and possibly when a single use is desired, such as point-of-care

diagnostic devices and on-site testing.
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Chapter 4

Ruthenium-Based Photosensitizers
for Dye-Sensitized Solar Cells

Jian He, Baohua Wang, Shuai Chang, and Tao Chen

Abstract Dye-sensitized solar cell (DSSC) is a type of excitonic solar cells with

photoanode sensitized by organic molecules, which serve as light harvester. Ruthe-

nium complex-based dyes are a significant class of molecules in the development of

DSSCs since 1991. Basically, ruthenium complex is composed of a ruthenium

metal center and ancillary ligands. They have been intensively studied because of

their excellent photovoltaic properties. In this chapter, we extensively summarize

the efforts made to the development of Ru-based dye molecules, such as the

approaches to change ancillary ligands of ruthenium complexes and tune the energy

levels of the lowest unoccupied molecular orbital and the highest occupied molec-

ular orbital. We also summarize the stability improvement of the dye molecules by

introducing hydrophobic ligands. Finally, alternative approaches to expand light

response of the Ru dye-sensitized devices including co-sensitization and plasmon-

enhanced light harvesting are discussed.

Keywords Ruthenium-based complex • Solar cells • Anchoring group • Co-

sensitization • Charge recombination • Electron injection • Photosensitizer •

Ancillary ligand • Deprotonation • Titanium dioxide

4.1 Introduction

Solar energy is undoubtedly one of the most attractive sustainable energy sources.

The conversion of solar energy into electricity by solar cell is featured as clean and

safe. Therefore, a great deal of efforts have been devoted to the development of

solar devices, among which dye-sensitized solar cell (DSSC) is one of the most

promising low-cost alternatives to the conventional silicon solar cells. In addition,

the production of colorful and semitransparent DSSCs is especially attractive in the

so-called building integrated photovoltaics (BIPV).
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Typically, DSSC possesses a sandwich structure with electrolyte sealed in

between the two electrodes (Fig. 4.1a). The photoanode is consisted of

dye-sensitized TiO2 nanoparticle network on FTO glass. Platinum sputtered on

FTO is usually used as cathode. When light illuminates from the photoanode side

and irradiates the dyes anchored on the TiO2 surface, electrons could be excited

from the HOMO (highest occupied molecular orbitals) of the dyes to the LUMO

(lowest unoccupied molecular orbitals) and injected to the conduction band of

TiO2, leaving the dyes oxidized. Then electrons will diffuse across the TiO2

nanocrystal mesoporous film and reach the photoanode FTO. The oxidized dye

will be regenerated by redox couple in the electrolyte, usually I�/I3
� redox couple

in nitrile-based solvents. The I� ions will reduce the dye to its ground state,

followed by transformation back to I3
�. On the other hand, the counter electrode

transfers electrons to the electrolyte reducing I3
� to I�.

The mesoporous TiO2 photoanode is critical in the device which can dramati-

cally improve the DSSC performance since the mesoporous TiO2 film can provide

much larger surface area than that of bulk TiO2 film for sufficient amount of dye

uptake. There are two common phases of TiO2 used in DSSCs: rutile and anatase.

Anatase TiO2 is a preferred photoanode material in DSSCs. Electron transport

process is slower in the rutile phase than that in anatase TiO2, which leads to low

PCE [1]. However, even in the anatase TiO2 nanoparticle network, the inherent

resistance of the mesoporous film is considerably large. The charge transfer process

in TiO2 mesoporous is usually regarded as a hopped process from one individual

TiO2 crystallite to another [2].

From the kinetic perspective, DSSC operates in a mechanism called electrons

competitive injection and transport (Fig. 4.1b). There are many charge transfer

processes in a working DSSC. Different transfer processes happen in different time

constants. The injection from dyes to TiO2 is the fastest and charge collection is fast

as well compared to the recombination processes. As a consequence, electrons are

generated and transferred efficiently from the photoexcited dyes to the TiO2 and

Fig. 4.1 (a) Schematic illustration of typical dye-sensitized solar cell structure; (b) working

processes and typical time constant of DSSC with Ru-based sensitizers; green lines stand for

charge transfer process with timescale for illustration, red lines stand for recombination process

(Reproduced with permission from Ref. [2]. Copyright © 2010, American Chemical Society)
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finally to the FTO, driving DSSC working in a favorable way. This lays the ground

for the operation of DSSCs.

There are several parameters that are used to characterize DSSCs. The open-

circuit voltage (Voc) is determined by the difference between the Fermi level of

TiO2 and the redox couple potential of the electrolyte. The light-harvesting ability

of the dye molecules is a determinant factor on the final short-circuit photocurrent

density (Jsc). In addition, the device quality is reflected by fill factor (FF), which is

affected by the cell’s internal resistance. The internal resistance is composed of

resistance of electrolytes, electrodes, and different interfaces such as FTO/TiO2,

TiO2/electrolyte, TiO2/dye, dye/electrolyte, and electrolyte/counter electrode.

The current density versus voltage (J-V ) curve can be obtained from experimen-

tal photoelectric measurement. Thus, one can get the Jsc and Voc. The maximum

output power can also be extracted by calculating the maximum area of the

inscribed square of the J-V curve. Since the intensity of the incident light (Pin) is

known, the overall light-to-electrical power conversion efficiency (η) can be

obtained. The FF of a cell can be calculated based on Eq. (4.1). The FF depends

highly on the quality of the solar cell:

η ¼ J �
sc V �

oc FF

Pin

ð4:1Þ

The method to evaluate the photoresponse of the solar cell is the incident

photon-to-current conversion efficiency (IPCE) spectrum. IPCE measures the per-

cent of incident photons that are converted into electrons as a function of the

wavelength of monochromatic illumination on the cell (Eq. 4.2). The photocurrent

value can also be calculated based on the IPCE result (Eq. 4.3). The IPCE of DSSC

sensitized with general Ru-based complex is about 80 % for wavelength from

300 to 650 nm and tails off at about 750 nm. This situation can be improved by

modifying ancillary ligands of the dye molecules as discussed in the following

sections:

IPCE ¼ Jsc λð Þ
eϕ λð Þ ¼ 1, 240

Jsc λð Þ A�cm�2½ �
λ nm½ �Pin λð Þ W�cm�2½ � ð4:2Þ

Jsc ¼ qe

Z λmax

λmin

Jphoton λð ÞIPCE λð Þdλ ð4:3Þ

To date, several classes of dye molecules have been developed to improve the

device efficiency [2–4]. Notably, solar cells sensitized with porphyrin- and

Ru-based molecules have reached efficiency around 12 % [5, 6]. Most recently,

perovskite-based light sensitizers have also been applied in the DSSCs to replace

the traditional organic molecules [7]. In this chapter, we pay special attention to the

Ru-based dye molecules for the solar cells, and the device structures are based

primarily on liquid electrolyte with I�/I3
� as redox couples.
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4.2 Fundamentals and Brief History of Ruthenium
Complex

From chemistry perspective, ruthenium-based dyes belong to a class of metal

complexes (organometallics) [2, 8]. Generally, metal complex dyes consist of a

central metal ion with ancillary ligands. There is at least one anchor group on the

ligand for linking the dye with the semiconductor surface and for facilitating

electron injection. The light absorption is usually attributed to the metal-to-ligand

charge transfer process (MLCT). The MLCT excited states of dπ6 coordination

compounds are the most efficient for light harvesting. An electron will be excited

from the metal d orbitals to the ligand π* orbitals when light irradiates the dye.

HOMO is commonly on the ruthenium center and electron-donating ligands

[9]. LUMO is usually on the polypyridyl ligand. Figure 4.2 presents a typical

calculated HOMO and LUMO distribution of the N749 (also known as black

dye) [10]. Ancillary ligands of Ru-based dyes can be tuned by different substituents

like heterocycle and aryl to improve the dye performance in DSSC. For efficient

charge injection, generally, the electron cloud should situate close to the supporting

semiconduction oxide in excited state.

In 1979, Ru-based dyes with carboxylated bipyridine ligands were used to

sensitize TiO2 for the first time [11]. Later in 1985, Desilvestro et al. used

Ru-complexes with three carboxylated bipyridine ligands to obtain the first efficient

DSSC with IPCE over 40 % in the wavelength of 450–500 nm [3]. However, the

breakthrough of DSSC is that Grätzel achieved an efficiency of 7.9 % in 1991 by

using a trinuclear Ru-complex and a new mesoporous TiO2 film as

photoanode [12].

By improving the trinuclear Ru-complex, Grätzel and coworkers synthesized a

series of mononuclear Ru-complexes including cis-(SCN)2 bis(2,2
0-bipyridyl-4,4-

0-dicarboxylate) ruthenium(II), also known as N3, which displays outstanding

photovoltaic properties [13]. DSSC with N3 (Fig. 4.3) can achieve an overall

Fig. 4.2 Electron flow and the HOMO and LUMO distributions of black dye (N749) (Reproduced
from Ref. [10] with permission from The Royal Society of Chemistry)
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solar-to-electric energy conversion efficiency of 10 %. After that, most Ru-based

dyes have only one ruthenium metal ion center with various ancillary ligands.

Changing ancillary properly can extend the absorption region of IPCE from visible

to near infrared (NIR) [14], increase effective electron injection, suppress dye

aggregation, tune HOMO and LUMO levels, increase thermal stability of DSSC

[15], and decrease recombination rate of electrons and holes.

To extend absorption region of NIR to 920 nm, Grätzel and coworkers designed

a kind of dye known as N749 by changing the ligands of Ru-complexes on the basis

of N3 [14]. The N749 has a ruthenium center attached with three thiocyanato

ligands and one terpyridine ligand substituted with three carboxyl groups. The π*
level of the terpyridine ligand decrease and the t2g metal orbital level increase,

which leads to the redshift in the MLCT band comparing to N3 [14]. Finally, DSSC

device with N749 has achieved efficiency of 10.4 % under AM 1.5G [16].

Similar to the synthesis of N749, N719 is designed on the basis of N3 as well.

N719, (Bu4N)2[Ru(dcbpyH)2(NCS)2], is the doubly deprotonated form of N3

exhibiting better power conversion efficiency [17]. This improvement shows the

deprotonation of the carboxylic acid groups in N3, which contributes to the

production of N719, enables the oxidation and reduction potentials of the dye in

electrolyte moving toward a more negative level.

The N3 and N719 dyes are widely used as reference dyes for DSSC in the

literature, and they are considered as standard dyes for designing new Ru-based

dyes. A variety of Ru-complexes have been synthesized by changing N3 or N749
ancillary ligands. Figure 4.3 shows the molecular structures of several classical

ruthenium-based dyes.

Fig. 4.3 Typical ruthenium-based dyes (a) N3; (b) N749; (c) N719; TBA tetra-n-butylammonium

(d) Z907; (e) K9; (f) C101

4 Ruthenium-Based Photosensitizers for Dye-Sensitized Solar Cells 95



4.3 Structural Optimization of Ru-Complex
for High-Performance DSSCs

Ancillary ligands attaching to the ruthenium center can significantly affect perfor-

mance of Ru-complex dyes when used as sensitizers in DSSCs. N3 and N719 dyes

are widely used as the basic dyes for optimization. Most of the developed ruthenium

complexes were obtained by changing N3 or N749 ancillary ligands.

4.3.1 Extend Absorption Spectrum with New Ligands

To harvest the light in the longer wavelength, ruthenium complex with a

tetradentate ligand was fabricated, which was coded as N886 (trans-[Ru(L)

(NCS)2], L¼ 4, 400-di-tertbutyl-40, 400-bis(carboxylic acid) -2, 20 : 60, 200 : 600,
2000-quarterpyridine). The N886 dye exhibits a panchromatic absorption spectrum

up to 900 nm. But the overall efficiency is rather low by 5.9 % because of the low

extinction coefficient, though the spectral response is spanned [18].

The dye HRS-q, formed by introduction of 2-thiophene-2-yl-vinyl into the

ancillary ligand of N719, increased the absorption spectrum by a 10 nm redshift

compared to N719. There was a 30 % increase in the extinction coefficient as well.

As a result, the dye HRS-q achieved 9.5 % efficiency while N719 was 8.9 % as a

reference [19].

When one of the bipyridyl ligands in Ru-complex is substituted with

alkylthiophene, ethylenedioxythienyl (EDOT), or carbazole, energy levels of ruthe-

nium center and LUMO of the ligands will change [20–22]. Substitution of

bipyridyl ligands with thiophene ligands raised ruthenium center energy level and

LUMO level of the ligands.

Changing ligands can tune the HOMO and LUMO levels of the dye to extend

absorption region to NIR. The HOMO must be low enough for redox couple to

regenerate the oxidized dye, while the LUMO should be high enough for efficient

electron injection into the conduction band of TiO2. Meanwhile, HOMO-LUMO

gap should be as narrow as possible to absorb longer wavelength light. Successful

example is N749 as mentioned. Nazeeruddin reported that dyes K9 and K23 can

generate high Jsc in DSSC when compared with Z907, which was due to the

increased absorption in NIR regions [23].

4.3.2 Increase Stability of the Dyes

Tridentate bipyridine-pyrazolate ancillary ligands and elongated π-conjugated sys-

tem in Ru-complexes was also investigated. One of these improved dyes showed

5.7 % efficiency as the reference dye N3 shows PCE of 6.0 %. However, the dye is
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rather stable in superior thermal and light soaking conditions. It was concluded in

the report that “the concomitant tridentate binding properties offered by the

bipyridine-pyrazolate ligand may render a more stable complication, such that

extending the lifespan of DSCs is expected” [24].

In most of the highly efficient ruthenium-based dyes, thiocyanate ligand (SCN)

was widely used. However, thiocyanate is chemically unstable comparing to other

parts in Ru-complexes. Many efforts have been made to replace thiocyanate with

more stable ligands. Cyclometalated ruthenium complexes without thiocyanate

ligands, [Ru(C^N^N)-(N^N^N)] type, were an example achieving comparable

photocurrent and absorption spectrum to N719. It was reported by Grätzel, which

exhibited an IPCE of 83 % and conversion efficiency of 10.1 % at AM 1.5 G [25].

Attachment of hydrophobic ligands to Ru-complexes may increase the stability

as well. The anchoring states of dyes to TiO2 tend to break in trace amount of water,

and the dye molecules will desorb from the surface. Attaching hydrophobic chains

to ruthenium center as ligands can retard desorption of the dye from TiO2 surface.

Thus, it can make DSSC more stable in a long term [26, 27]. Introduction of two

hydrophobic alkyl chains on the bipyridyl ligand will increase the thermal stability,

which was demonstrated by Z907, an amphiphilic heteroleptic Ru-complex. It was

reported that DSSC with Z907 and hexadecyl phosphonic acid coadsorbing

maintained 7 % efficiency for as long as 1,000 h aging test at 80 oC [15]. In another

report, the Z907 dye was compared with the reference dyeN719 for a long-term test

in a DSSC device. N719 showed much poorer stability than Z907 [27]. In addition,

the hydrophobic chains enhance the interaction between the dye and the hole-

conducting polymer. Consequently, the wettability of the TiO2 increases [28].

4.3.3 Facilitate Dye Regeneration by Cyclodextrin
(CD) Ligand

Cyclodextrin (CD) unit attaching the ancillary ligand of ruthenium tris-bipyridyl

core may facilitate dye regeneration by CD moiety binding I�/I3
� redox couple into

CD cavity. A supermolecular complex [Ru(dcb)2(a-CD-5-bpy)]Cl2(1-a-CD)

(dcb¼ 4,40-dicarboxyl-2,20-bipyridine, a-CD-5-bpy¼ 6-mono [5-methyl

(50-methyl-2,20-bipyridyl)]-permethylated a-CD) was fabricated. The device char-

acterization showed larger Jsc, Voc and PCE than the dye without CD unit [29].

Thus, it was concluded that CD unit may facilitate dye regeneration.

4.3.4 Retard Charge Recombination

Proper modification of ancillary ligands of ruthenium complexes can decrease

recombination rate effectively. We will introduce the mechanism to retard
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recombination first. As the excited electrons in the LUMO of the dye are injected to

TiO2 rapidly, the dye is left with positive charge density. The positive charge

density is distributed over the metal ruthenium, even to the thiocyanate (NCS)

ligand. So there is a charged space in the interface between dye and TiO2, retarding

charge recombination between injected electrons and the left positive charges [30].

It was observed that the triarylamine moiety connecting with a conjugated link

helped to increase the extinction coefficient. This is the result of faster intramolec-

ular hole transfer from the ruthenium center to the donor and longer-lived charged

separation between the injected electrons in TiO2 and oxidized donor group of the

dye. Dyes with triarylamine moiety achieved 3.4 % overall efficiency in solid-state

dye-sensitized solar cells while N719 was only 0.7 % in the same condition

[31]. Liquid electrolyte DSSC with this kind of dye achieved efficiency of 10.3 %

[32]. The results showed that charge recombination between electrons in TiO2 and

holes in dye can be retarded by introduction of triarylamine donor groups.

4.3.5 Extend the π-Conjugated System to Enhance Light
Harvesting

Increasing the conjugation length of the ligand helped to extend the π-conjugated
system of the bipyridine to enhance light harvesting. An example is that introducing

3-methoxystyryl into the ligand obtained the Z910 dye. Devices sensitized with

Z910 reached an efficiency of 10.2 %. [33].

Introducing the tri(ethylene oxide) methyl ether (TEOME) into the 2,2-
0-bipyridine ligand generates a novel ion-coordinating dye, K51. The outstanding

ion-coordinating ability made the dye suitable for nonvolatile electrolyte or hole-

transporting material with efficiency of 7.8 % and 3.8 %, respectively [34].K60 dye

was obtained by extending the π-conjugated system in ion-coordinating dye, which

achieved 8.4 % device efficiency [35].

When Ru-complex is with conjugated electron-rich units in its ancillary ligands,

its molar extinction coefficient will increase. One example is the production of

C101. Conjugated electron-rich units include alkylthiophene, alkyl furan, alkyl

selenophene, and alkyl thieno[3,2-b]thiophene. In the DSSC device test, C101

achieved 11 % overall efficiency under AM 1.5G using acetonitrile-based

electrolyte [36].

Organic antenna groups which modified Ru-complexes also increased the

extinction coefficient. One of these dyes coded as JK56 achieved 83 % IPCE and

9.2 % energy conversion efficiency under AM 1.5G [37, 38].
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4.4 Anchoring of Dye Molecules Toward
the Surface of Semiconducting Oxide Nanostructures

The connection between the dye molecules and semiconducting oxide is critical for

both efficient charge injection and device stability in terms of the dissociation of

dye molecules. First, the effect of the position and the number of carboxyl groups

attached to the phenanthroline ligand as anchors were investigated. It was found

that two carboxyl groups attached to phenanthroline ligands are necessary for

effective electron injection from dyes to TiO2 [40, 41]. Phosphonic acid groups

were used to substitute carboxyl groups. But the dye performed worse in photovol-

taic property, but with better stability.

It is of great importance that the dye attaches to TiO2 intimately for efficient

electron injection. Much effort has been made in the anchoring of the dyes onto the

oxide surface. According to the attaching force, anchoring can be classified as six

modes: covalent attachment which is formed by directly linking groups of interest

or linking agents, electrostatic interactions, hydrogen bonding, hydrophobic inter-

actions, Van der Waals forces, and physical entrapment inside the pores or cavities

of hosts. Among these modes, covalent attachment is suitable for dyes applied in

DSSC [42]. This mode provides the possibility of the intimate adsorption of the dye.

Such mode requires the dye having at least one anchoring group to react with the

surface hydroxyl groups of TiO2 forming chemical bonds.

The standard anchoring group in the dye molecule is carboxylic acid groups,

which can be seen in Fig. 4.3 of classical ruthenium-based dyes. In 1979, it was

found that dehydrative coupling of carboxylic acid groups with surface TiO2

formed ester-type linkages [43]. The p* orbitals of the dcb ligand would promote

excited electrons to inject to the conduction band of TiO2 (Fig. 4.5a). However, the

linkage is easily hydrolyzed in the presence of trace water affecting the stability of

DSSC.

It is worth noting that electron injection into SnO2 or ZnO is not as efficient as

the injection into the TiO2. This is because the conduction band of TiO2 is

composed mainly of unfilled d orbitals while that of SnO2 or ZnO show mainly

s orbitals character (Fig. 4.5b) [43].
Generally speaking, the carboxylic acid groups attach on TiO2 via three different

ways: unidentate mode, bidentate chelating mode, and bidentate bridging mode

(Fig. 4.4) [39, 44]. FT-IR was used to identify the modes of anchoring. The last two

Fig. 4.4 Binding modes for

carboxylate acid group on

TiO2 (Reproduce with

permission from Ref.

[39]. Copyright © 2003,

American Chemical

Society)
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modes, bidentate chelating mode and bidentate bridging mode, perform better than

unidentate mode, showing better stability and electron injection efficiency [39].

In addition, there are other anchor groups like sulfonate (-SO3
�) and silane (SiX3

or Si(OX)3). Carboxylic acid group derivatives were also adopted including ester,

acid chloride, acetic anhydride, carboxylate salt, and carboxylate amide.

Phosphonic acid binding groups were first developed by Pechy and coworkers in

1995. They found that a ruthenium complex with a single phosphonic acid attached

to TiO2 much stronger than N3 with carboxylic acid groups, and it showed better

stability in the presence of trace water, but showed lower PCE [45]. In 2004, dye

Z955 with phosphonic acid linkers achieved high efficiency more than 8 % under

AM 1.5G [46].

Fig. 4.5 (a) A schematic illustration depicting a novel, high extinction coefficient sensitizer

bound to a TiO2 nanocrystallite and photoinduced electron and hole-transfer mechanisms. This

sensitizer is unique in that the extended conjugation on the dithiolene-containing ligand is in the

3 and 30 positions (Reproduced with permission from Ref. [43]. Copyright © 2008, American

Chemical Society) (b) Orbital diagrams for ester-type binding to the surface of metal oxides. (1)
For TiO2, the overlap of the extended p system and the Ti 3d orbitals are thought to aid in electron
injection. (2) When carboxylates are rotated in such a way as to minimize orbital overlap, the

injection yields are thought to suffer. (3) Similar effects are proposed for SnO2 as the Sn s orbitals
have less efficient orbital mixing with the carboxylate p system (Reproduced from Ref. [9] with

permission from The Royal Society of Chemistry)
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To illustrate the effect of carboxylic acid groups and phosphonic acid groups, we

compare Z955 (with phosphonic acid groups) to Z907 (with carboxylic acid

groups). As mentioned in this chapter, changing ligands affects dye photovoltaic

property significantly. Compared to Z907, the novel dye Z955 has a blueshift of the
absorption maxima, better stability in device test and slower charge recombination

kinetics, but a lower efficiency [46]. Deprotonation of the phosphonic acid groups

produced carboxylic acid. N719 is the product deprotonated from N3. And N719

shows better photovoltaic property, which is a similar case [17].

Density functional theory (DFT) calculations were also used to investigate

absorption of pyridine to TiO2 surface via carboxylic acid and phosphonic acid

groups [47]. The result showed that the absorption formed by phosphonic acid

groups is stronger than that formed by carboxylic acid groups. As seen from

Fig. 4.6, one phosphonic acid has three bonds to TiO2 surface while carboxylic

acid has two bonds. As a consequence, dyes with phosphonic acid groups show

better stability when anchoring onto TiO2. However, the quantity of the electronic

interactions of the π* level (π* level of the link ligands) with the TiO2 conduction

band decides the electron injection rate from dyes to TiO2. Carboxylic acid groups

have more interaction of the π* level with the conduction band of TiO2 than

phosphonic acid groups. It was concluded that the rate of surface electron injection

via the carboxylic acid groups can be two times as fast as via the phosphonic acid

groups.

Besides the protonation of the carboxylic acid groups, their position on the

bipyridyl moiety may also affect dye’s performance. The majority of ruthenium-

based dyes with bipyridyl groups employ 4,40-sustituted derivatives, while

Ru-complex with carboxylic acid groups with 3,30-substituted bipyridyl shows a

decreased efficiency in DSSC [48].

The electron injection from ruthenium dyes to TiO2 through carboxylic acid

groups should be extremely fast in a femtosecond to picosecond. The process is

affected by LUMO level of the dye and the conduction band level of TiO2. And the

conduction band level is modified by the redox electrolyte (Fig. 4.7) [49]. Hence the

choice of electrolyte is of great importance for efficient electron injection as well.

Fig. 4.6 Geometry-optimized structures for (a) pyridine phosphonic acid adsorbed on anatase in

monodentate binding mode (PM), (b) pyridine phosphonic acid in bidentate mode (PB), (c)
isonicotinic acid in monodentate mode (CM), and (d) isonicotinic acid in bidentate mode

(CB) (Reproduced with permission from Ref. [47]. Copyright © 2005, Elsevier)
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4.5 Alternative Ways to Improve the Light-Harvesting
Efficiency of Ru-Complex

4.5.1 Sensitization with Multiple Dye Molecules

An ideal dye in DSSC should absorb all light throughout the solar spectrum

efficiently and the excited electrons should inject into the conduction band of

TiO2 swiftly. Unfortunately, such dye is difficult to be obtained. Specifically, the

LUMO of the dye approximates the conduction band of TiO2, which is a way to

narrow down the band gap, while the electron injection rate will also decrease in

this regard [50]. However, a fact is that there have been different kinds of dyes

which possess strong absorption in specific wavelength regions. Thus, combination

of different dyes to sensitize TiO2 anode is a promising way to span the spectral

response of the devices. However, co-sensitization is not simply combining differ-

ent complementary dyes. That won’t work because electrons may transfer between

the dyes [51]. The combination of different dyes is artistic and the mechanism is

worth being investigated. This chapter focuses on the co-sensitization using

ruthenium-based dyes.

Experimentally, one method to co-sensitize TiO2 is using a mixed dye solution.

Another way is immersing TiO2 in a different dye solution sequentially. N749 and

an organic dye (coded as D131) were used for co-sensitization in a mixed way and

the DSSC device achieved an overall efficiency of 11 % [52].

A new method and structure for co-sensitization was developed in 2004 using a

Ru-polypyridyl dye and a Ru-phthalocyanine dye (Fig. 4.8b) [53]. In this device

structure, Ru-polypyridyl dye was first used to sensitize TiO2. Then a thin layer of

metal oxide like Al2O3 was deposited onto the dye monolayer. Finally,

Ru-phthalocyanine dye was attached to the metal oxide layer. The structure can

be described as TiO2/Ru-polypyridyl dye/Al2O3/ Ru-phthalocyanine dye. The

metal oxide layer is placed in between the two different dye monolayers. Such

Fig. 4.7 (a) Equilibration of Fermi levels between a TiO2 particle and the I3
�/I� redox electrolyte

in the dark. (b) Band bending in an array of sintered spherical TiO2 particles. The maximum band

bending is 40 meV. The band bending could assist in the channeling of electrons to the contact

(Reproduced from Ref. [49] with permission from The Royal Society of Chemistry)
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structure allowed layered coverage nanoparticles of both dyes rather than a com-

peting absorption on TiO2 limited surface sites.

There is another unique co-sensitization method with one kind of dye on TiO2

surface and the other dye with highly photoluminescent chromophores unattached

to TiO2. The dye resides in the electrolyte or the solid hole conductor will transfer

energy to the sensitizing dye on TiO2 as it undergoes Forster resonance [55, 56].

4.5.2 Plasmon-Enhanced Light Harvesting of Ru-Complex

Metal NPs, especially Au and Ag, can cause collective oscillation of surface

electrons under the external electromagnetic wave. This type of collective oscilla-

tion is defined as localized surface plasmon resonance (LSPR); the resonance

frequency is dependent on the band structure of the metallic materials and the

shape and size of the metal nanoparticles (NPs) [57, 58]. A striking feature of LSPR

is that the optical cross sections of the metal NPs are usually much larger than their

geometric cross section [59]. For example, the optical cross section of 100 nm

AgNP can be ten times more than the geometric cross section at the plasmon

resonance frequency. On the other hand, the cross section of Au or Ag is normally

105 times of dye molecules. Therefore, the proper use of plasmonic effects is

regarded as a promising pathway to increase light absorption in the solar cells.

The plasmon-enhanced light harvesting has been demonstrated in various solar

Fig. 4.8 (a) Incident photon-to-current conversion efficiency as a function of the wavelength for

the standard ruthenium sensitizers N3 (red line), the black dye N749 (black curve), and the blank

nanocrystalline TiO2 film (blue curve). The chemical structures of the sensitizers are shown as

insets (Reproduced with permission from Ref [54]. Copyright © 2009, American Chemical

Society). (b) Charge transfer processes in multilayer co-sensitized nanocrystalline TiO2 films

(S¼RuL2(CN)2, S2¼RuPc). Appropriate selection of sensitizer dyes allows vectorial, multistep,

electron transfer processes, resulting in a suppression of interfacial charge recombination and a

significantly improved photovoltaic device performance relative to single-layer co-sensitization

devices (Reproduced with permission from Ref. [53]. Copyright © 2004, American Chemical

Society)
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cells such as amorphous silicon-based solar cells [60, 61], gallium arsenide solar

cells [62], organic solar cells [63–65], and DSSCs [66–68]. Generally, there are

three mechanisms for the improvement of light utility in DSSCs [69]:

(1) Scattering of light by metallic nanoparticles to increase the effective optical

path length. In this approach, metal NPs are usually embedded in the absorber

layer of DSSCs, in which light can acquire an angular spread and thus lead to

increased optical path length (Fig. 4.9a).

(2) Excitation of localized surface plasmon resonances of metallic nanoparticles.

Due to the strong field enhancement of metal NPs, the use of metal NPs can

significantly increase the light absorption when dye molecules reside in the

vicinity of the metal NPs (Fig. 4.9b).

(3) Coupling to propagating surface plasmon polariton modes. Patterned periodic

metal NPs on the electrodes are usually applied to convert light into surface

plasmon polariton (SPP) (Fig. 4.9c), which enables the electromagnetic wave to

penetrate into or reflect back into the solar cells, depending on the 3D geometric

parameters [70]. The generation of SPPs at the electrode can efficiently trap and

guide light in the absorber (active) layer of the solar cells, which thus increase

the light utilization of DSSCs.

4.5.2.1 Bare Metal Nanoparticles in Ru-Based DSSCs

A straightforward method to introduce plasmon effect into DSSCs is simply

incorporating “bare (without additional surface coating layer)” metal NPs into

TiO2 network. Nahm et al. reported that blending AuNPs (diameter at ~100 nm)

with commercial P25 NPs as photoanode in DSSCs can lead to the enhancement of

light utility [71]. It is found that appropriately incorporating concentration of the

metal NPs is vital for the performance improvement. In this case, the mass ratio of

0.05 in the Au/TiO2 film shows the highest absorption at the plasmon band,

Fig. 4.9 Plasmonic light-trapping mechanisms for solar cells. (a) Light trapping by scattering

from metal nanoparticles in the solar cell, causing an increase in the effective optical path length in

the cell. (b) Light trapping by the excitation of localized surface plasmons in metal nanoparticles

embedded in the active layer, which increases the optical density around the metal nanoparticles.

(c) Light trapping by the excitation of surface plasmon polaritons at the electrode, in which a

patterned metal nanoparticle structure couples light to surface plasmon polariton or photonic

modes that propagates electromagnetic wave to different directions
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indicating that stronger extinction as a result of the LSPR-generated field enhance-

ment prevails over the prolonged optical path lengths from light scattering. And this

optimal incorporation of AuNPs significantly improves the absorption of N719-
sensitized photoanode from 70.1 to 82.6 %. However, a higher addition of AuNPs

would be detrimental to absorption at the photoactive materials, and it is proved by

experiment that both the IPCE and photocurrent of the device dropped when the

Au/TiO2 mass ratio was increased to 0.07.

The position of metal NPs in the DSSCs is also an important parameter for

plasmon-enhanced light harvesting. Hou et al. performed a comparison by embed-

ding AuNPs into anode and on top of TiO2 anode film [72]. It is observed that the

embedded AuNPs in anode show significantly improved light absorption at 500–

600 nm, which is corresponding with the plasmon band of spherical AuNPs, while

those on top of the anode show less improved light absorption for in that case only a

very small amount of dye molecules can utilize the LSPR-increased optical density.

This is especially useful in guiding the design of plasmon-enhanced solar cells.

Owing to the thin anode films, the PCE of a conventional N719-sensitized DSSCs is

0.94 %, while it was remarkably improved to 2.28 % with AuNPs incorporation.

A similar approach is used by Lin et al. to investigate the plasmon effect of

AgNPs in DSSC anode films adsorbed by dye N3 [73]. It should be noted

that AgNPs also possess excellent plasmonic properties, the plasmon band of

spherical AgNPs located at round 430 nm [57]. Sandwiched structure composed

of TiO2/AgNPs/TiO2 for DSSCs has been demonstrated to enhance the light

absorption and reduce the reflectance, which leads to a 23 % enhancement in the

photocurrent density. A detailed investigation shows that the sandwiched structure

is the most efficient one when compared with the incorporation of the Ag on the top

of TiO2 NPs or the anode with only TiO2/TiO2 in bilayer structure.

4.5.2.2 Encapsulated Metal Nanoparticles in Ru-Based DSSCs

In the application of naked metal NPs in the anodes, due to the electrical conduc-

tivity of metal NPs, they can trap both electrons and holes and thus act as recom-

bination sites. To reduce this negative effect and enable charge carriers to quickly

transport to the collecting electrode, anode films are usually fabricated to be

relatively thin (no more than 5 μm ) in comparison to the typical thickness of

DSSC anodes (ca. 12 μm or even thicker); thus only small amounts of dye

molecules allow to be adsorbed, which seriously limited the overall performance.

Another potential threat is that the NPs may suffer from the corrosion of I�=I�3
liquid electrolyte. Therefore, appropriate protections are required. In this regard,

coating the metal NPs with semiconducting or insulating materials before

employing them into the TiO2 anode layer of the devices has been demonstrated

to be an effective route to make full use of the light trapping by LSPR and light

scattering.

The shell thickness is an important parameter since the intensity of LSPR-

generated electric field is sensitively dependent on the distance from the metal
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cores. Pioneering work in this area was done by Hupp’s group, who systematically

investigated the shell thickness-dependent light harvesting by using atomic layer

deposition (ALD) of TiO2 onto transparent-conductive-oxide-supported AgNPs to

finely control the thickness of TiO2 layer and thus the distance between N3 dye

molecules and Ag cores (Fig. 4.10a) [68]. It is observed that with the thickness

increase, the light extinction of dye molecules becomes weaker and weaker. The

comparison on the IPCE among the dye only cell, silver only cell, and dye and

silver and TiO2 cell (Fig. 4.10b) was made, and it has been found that the dye- and

silver-based DSSCs show greatly enhanced IPCEs. At an optimized distance, the

IPCE is increased from 0.2 to 1.4 % in a prototype DSSC.

Although the ALD provides an excellent platform for studying the distance-

dependent plasmon-enhanced DSSCs, it is not applicable for 3D anodes of DSSCs.

Therefore, a colloidal synthesis of core-shell structures which are then incorporated

into TiO2 anode is more feasible. Qi et al. reported on a very thin shell of TiO2

(ca. 2 nm) coating on the Ag core for enhancing light harvesting in N3 dye-based

DSSCs; this method was proved to maximize the effect of LSPRs as well as

maintain the stability of metal NPs to some extend in the work [66]. Due to the

high extinction coefficient of AgNPs, the addition of AgNPs can reduce the

thickness of the anode in that the optical density is increased in the device

(Fig. 4.11a, b). In addition to the increased optical density and the optical path

length, the decreased film thickness can also reduce the recombination probability

due to the decreased electron transport path length (Fig. 4.11c, d). The other

advantage of using TiO2 as coating material is that it is compatible with TiO2

anode and serves as medium for the charge transport (Fig. 4.11e, f).

The Tang group used a simple hydrothermal method to produce

Au@TiO2 hollow submicrospheres with tunable shell for plasmon enhancers

[67]. In this method, the AuNPs were firstly synthesized; they were then distributed

in the growth solution of TiO2 spheres. Herein the TiO2 sphere can also serve as a

media for charge transport. Using classic dye N719, the PCE is 7.06 % once the

TiO2 hollow submicrospheres were used as anode materials, which is significantly

higher than that made of bare TiO2 electrode with a PCE of 6.25 %.

Besides TiO2, SiO2 can also be efficient coating materials. Snaith and coworkers

encapsulated AuNPs with a layer of SiO2 to overcome the major problems (surface

Fig. 4.10 (a) Scheme of solar cells composed of AgNPs and atomic layer deposited TiO2 layer

and dye and (b) photos of dye on transparent conducting glass substrate, AgNPs on transparent

conducting glass substrate, and dye adsorbed on amorphous TiO2 with 2.0 nm in thickness

(Reproduced with permission from ref [68]. Copyright 2009 American Chemical Society)
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corrosion and surface-induced recombination). In this work, I�=I�3 electrolyte-based
DSSCs and N719 as sensitizer were used for the DSSCs [74]. Similarly, Sheehan

et al. reported that the use of Au@SiO2@TiO2 (core-multiple shell structures) can

also improve the device efficiency by incorporating them into the TiO2 anode

network [75].

From the above discussion, both SiO2 and TiO2 are good coating materials for

preventing the corrosion of metal NPs and demonstrating the effectiveness LSPR.

Obviously, the electrical conductivity of SiO2 and TiO2 is clearly different; SiO2 is

insulator while TiO2 is wide band gap semiconductor. How the electrical properties

influence the device performance is a significant problem that needs to be resolved

for rational application of plasmon effect in solar cells. Here, the Kamat group

performed a comparative study in the use of Au@TiO2 and Au@SiO2 for DSSCs

[76]. When Au@SiO2 was present as intermediary, the influence was mainly

limited to LSPR effect, resulting in better charge separation and higher photocur-

rent. The apparent Fermi level of the composite film was not affected by such LSPR

effect. While Au@TiO2 is different, herein Au is capable of accepting electrons

from the neighboring TiO2/dye particles and undergoing Fermi level equilibration.

Such Fermi level equilibration and shift of the apparent Fermi level to more

negative potential were reflected as an increase in the open-circuit voltage of the

DSSC (Fig. 4.12).

Fig. 4.11 (a) Device structures of conventional DSSCs and (b) plasmon-enhanced DSSCs, in

which plasmon-enhanced DSSCs require thinner film and less material to achieve the same PCE.

(c) Illustration of photogenerated electron collection in conventional DSSCs and (d) plasmon-

enhanced DSSCs. (e) Mechanisms of plasmon-enhanced DSSCs using Ag@TiO2 NPs and (f) Ag
NPs (Reproduced with permission from Ref. [66]. Copyright 2011 American Chemical Society)
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In literature, most of the studies focus on the utilization of spherical Au and Ag

NPs for the improvement of light harvesting in DSSCs. The plasmon bands of them

concentrate on 530 and 430 nm, respectively, which are overlapping with (or close

to) the absorption peak of conventional Ru-based dye molecules. However, there is

plenty of room at the longer wavelengths, for most of the Ru-based dye molecules

show significantly reduced absorption coefficient over the longer wavelength

(Fig. 4.13a). Rodlike Ag and Au nanostructures have longitudinal plasmon absorp-

tion that can be tuned from visible, to NIR, and to the IR region by simply

manipulating the aspect ratios of the rod, providing a unique opportunity for

utilizing the low energy range of the solar spectrum. Our group has performed

the investigation of using encapsulated Au nanorods (NRs) to increase the

low-photon energy sunlight harvesting in DSSCs (Fig. 4.13b and c) [77]. Different

from the conventional synthesis of spherical Au and Ag NPs, AuNRs are

Fig. 4.12 (a) Charging effect (Au@TiO2) versus plasmonic effect (Au@SiO2) of metal core

oxide shell particles. (b) Schematic drawing depicting the layered structure of a mesoscopic TiO2

film incorporating core-shell particles typically employed for high-efficiency DSSC (Reproduced

with permission from Ref. [76]. Copyright 2012 American Chemical Society)

Fig. 4.13 (a) Solar irradiance spectrum, absorption of AuNR@Ag2S (2 nm in shell thickness) and

N719 dye solution in acetonitrile and t-butanol and Ag2S-encapsulated Ag nanoparticles,

AgNP@Ag2S; (b) schematic illustration of a Au nanorod stabilized by hexadecyltrimethy-

lammonium bromide (CTAB) and a two-step chemical process toward AuNR@Ag2S; (c) device
configuration of the plasmon-enhanced DSSCs, in which dye molecules were not included for

clearness; (d) TEM image of AuNR@Ag2S with Ag2S thickness of 2 nm
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synthesized using cetyltrimethylammonium bromide (CTAB) as a morphological

controlling surfactant. Owing to the long aliphatic tail of CTAB, it is difficult to

encapsulate AuNR surface with a thin and dense layer of TiO2 or SiO2 to introduce

AuNRs into DSSCs. We developed a simple method to coat AuNR surface with

Ag2S to introduce plasmonic AuNRs into DSSCs. In the plasmon-enhanced solar

cells, the enhancement in the photocurrent generation is more prominent in the

plasmonic absorption band of the Au nanorod. To make a detailed comparison, we

integrated the IPCE at 600–720 nm and the whole IPCE spectra for the DSSCs with

various concentrations of AuNR@Ag2S (with shell thickness of 2 nm). The value of

IPCE (600–720 nm)/IPCE represents the contribution from the 600–720 nm regions

to the overall IPCE. As a result, the values significantly change to 9.2 % and 11.7 %

with the increase of AuNR@Ag2S, clearly demonstrating the improved conversion

of low energy sunlight into photocurrent. In addition, the Ag@Ag2S selectively

enhances photocurrent generation at around 430 nm, which is an absorption band of

Ag@Ag2S (Fig. 4.13a).

4.6 Conclusions

Ruthenium complex-based dyes play an important role in DSSC. The investigation

of the dye molecules not only boosts the device efficiency but also generates some

new fundamental understanding of the Ru-complex from both physical and chem-

ical perspectives. In the whole category of the dye molecules, the structures are

usually composed of a ruthenium as the metal center and various ancillary ligands,

in which N3 and N719 are considered as standard dyes for designing new

ruthenium-based complexes by changing ancillary ligands. As some general rules

for the molecular design, some points about ancillary ligands are highlighted

herein:

1. 4,40-Dicarboxylate-bipyridine ligand on Ru-complexes is favorable for ruthe-

nium complexes anchoring to TiO2 intimately, because of which electron injec-

tion from the dye to TiO2 is highly efficient and fast. The anchoring mode is the

result of reaction between carboxylic acid and TiO2 surface forming chemical

bonds. In addition, there is a charged space between the dye and TiO2 retarding

recombination between injected electrons and dye cations. Thus electrons effec-

tively transfer to FTO.

2. The attachment of cyclodextrin unit to the ancillary ligand of ruthenium tris-

bipyridyl core could facilitate the dye regeneration.

3. Attachment of hydrophobic chains to ruthenium center can retard desorption of

the dye from TiO2 surface. Otherwise, the anchoring dyes on the TiO2 surface

tend to break in trace amount of water, and the dyes will desorb from the surface.

4. Thiocyanate (SCN), which is chemically unstable compared to other parts in

Ru-complexes, is widely used in ruthenium-based dyes. Efforts have been made

to replace it with other ligands. Cyclometalated ruthenium complexes without
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thiocyanate ligands, such as [Ru(C^N^N)-(N^N^N)] type, are an example of

achieving comparable photocurrent and absorption spectrum compared to the

state-of-the-art dye molecules.
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Chapter 5

All-Polymer Solar Cells Based
on Organometallic Polymers

Tsuyoshi Michinobu

Abstract Bulk-heterojunction (BHJ) solar cells using n-type semiconducting

polymers, instead of the conventional fullerene derivatives, are known as

all-polymer solar cells. Their significant advantages include designable structures

of both p-type and n-type semiconducting polymers. In this chapter, recent

advances in all-polymer solar cells are introduced. Particular attention is focused

on the development of high-performance n-type semiconducting polymers.

However, organometallic polymers have generally been employed as p-type semi-

conductors in BHJ solar cells. Therefore, there are a few examples of all-polymer

solar cells based on organometallic polymers. In order to solve this problem, a

novel method of inverting the semiconducting feature is applied to produce prom-

ising Pt-polyyne polymers with potentially n-type energy levels. The main chain

alkynes of the precursor Pt-polyyne polymers are modified by the high-yielding

transformation into tetracyanobutadiene units through a [2 + 2] cycloaddition-

retroelectrocyclization with tetracyanoethylene (TCNE). All-polymer solar cells

composed of the p-type poly(3-hexylthiophene) (P3HT) and n-type Pt-polyyne

polymer are successfully fabricated, and the photocurrent generation is

demonstrated.

Keywords Bulk-heterojunction solar cells • Charge-transfer • Cycloaddition-

retroelectrocyclization • Organometallic semiconducting polymers • Pt-polyyne

polymers

5.1 Introduction

Bulk-heterojunction (BHJ) solar cells using organic semiconducting polymers offer

an emerging technology for alternative energy sources due to many advantages,

such as lightweight, excellent flexibility, and processability [1–3]. The active layer

of these devices is composed of a mixture of p-type and n-type semiconductors. The
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most common semiconductor combination is the p-type regio-regular poly

(3-hexylthiophene) (P3HT) and n-type fullerene derivatives, as represented by the

[6,6]-phenyl-C61 or C71-butyric acid methyl ester ([60]PCBM or [70]PCBM) [4].

An initial approach to improve the power conversion efficiency (PCE) from the

chemistry viewpoint was based on the pursuit of novel p-type semiconducting

polymers. A popular established molecular design was donor-acceptor alternating

conjugated polymers, which possess both a longer wavelength absorption and good

crystallinity in the thin-film states. To date, the best PCE of BHJ solar cells is

approaching 10 % [5, 6]. It is said that this value is close to the threshold for the

compensation of commercialization costs [7].

All-polymer solar cells are another approach of which their success mainly relies

on the development of high-performance n-type semiconducting polymers [8, 9].

This approach actually dates back to the pioneering work by Friend and Holmes in

the 1990s [10, 11]. They initially employed the poly( p-phenylenevinylene) deriv-
ative (MEH-PPV) 1 as a p-type semiconductor and cyanated PPV derivative

(MEH-CN-PPV) 3 as an n-type semiconductor (Fig. 5.1). A mixture of these two

polymer blends successfully generated photocurrents. Later, the replacement of

MEH-PPV by a polythiophene derivative 2 further improved the photovoltaic

properties. Thus, the overall PCE of 1.9 % was reported under a simulated solar

spectrum.

Fréchet et al. revisited the initial n-type semiconducting polymer of MEH-CN-

PPV in 2009 for the evaluation of all-polymer solar cells [12]. This work stimulated

other researchers, and some key components of the n-type semiconducting poly-

mers have been found. For example, it was shown that arylenediimide derivatives

are one of the most promising acceptor units. Alkyl chains substituted at the imide

nitrogen atoms enable one to control the solubility and crystallinity of the

arylenediimide-containing polymers. Marder et al. reported the selection of

perylenediimide-containing polymers 4 with oligo(dithienothiophene) structures

as the comonomer unit (Fig. 5.2) [13]. These polymers displayed n-type semicon-

ducting performances suitable for application in the BHJ solar cells. In combination

with the p-type semiconducting polythiophene derivatives with the extended side

chain π-systems, the device based on these two polymer blends exhibited the PCE
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Fig. 5.1 Polymer structures of p-type semiconductors (MEH-PPV1 or 2) and an n-type semicon-

ductor (MEH-CN-PPV 3) employed in initial studies
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of 1.5 %. Tajima and Hashimoto also reported all-polymer solar cells using similar

polymer combinations of the naphthalenediimide-carbazole copolymer 5 and high-

performance p-type semiconducting polymers [14]. The optimization of processing

solvents and additives produced nanoscale phase-separated structures with p-type

and n-type semiconducting domains, which eventually led to a dramatic increase in

the PCE to 3.68 %. The excellent n-type semiconducting performance in the

all-polymer solar cells was also observed for the naphthalenediimide-selenophene

copolymer 6 [15]. The best short circuit current density and external quantum

efficiency were achieved when a thiazolothiazole copolymer donor was employed.

Another promising electron-accepting structure is the benzothiadiazole unit. The

corresponding dibromo derivative, 4,7-dibromo-2,1,3-benzothiadiazole, is usually

employed as a synthetic intermediate, and this molecule can be prepared in two

steps from the commercially available o-phenylenediamine in high yields on a

multigram scale. Its potent electron-accepting feature further led to the design of the

benzobis(thiadiazole) unit, and these chromophores have been successfully inte-

grated into conjugated polymers for potential applications in polymer solar cells.

One of the initial reports about the n-type semiconducting polymer using this unit

was the benzothiadiazole-fluorene copolymer 7 (Fig. 5.3) [16]. Lam et al. fabricated

polymer nanofibers of the p-type P3HT and n-type polymer 7. Simple thermal

annealing produced the optimized blend morphology, which displayed an enhanced

short circuit current by a factor of 10 as compared to the simple blended films. Ito

et al. also reported the excellent phase separation of the polymer blends when 8with
the additional thiophene units was employed as an n-type semiconductor [17].

Additionally, they carefully investigated the effect of the molecular weights of

8 on the phase separation. A higher molecular weight 8 exhibited the better PCE of

2.7 % due to the formation of smaller phase-separated structures on the length scale

of exciton diffusion. Furthermore, the appropriate selection of comonomer struc-

tures realized the control of the polymer energy levels. An n-type polymer 9 with
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Fig. 5.2 Examples of some high-performance arylenediimide-based n-type semiconducting

polymers
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extended π-conjugated systems possessed a narrow bandgap with elevated highest

occupied molecular orbital (HOMO) and lowered lowest unoccupied molecular

orbital (LUMO) levels as compared to the counter polymers [18]. Although the

blend films of P3HT and 9 showed a sufficient miscibility as deduced from the

surface roughness and P3HT crystallinity, the PCE was limited to 1.2 %.

Inspired by MEH-CN-PPV, other cyano-containing acceptor polymers have also

been pursued. The substitution pattern of the cyano groups was changed from

MEH-CN-PPV. Thus, the use of 10 as an n-type semiconducting polymer in the

all-polymer solar cell displayed a PCE of 0.8 % (Fig. 5.4) [19]. The donor-acceptor-

type copolymer 11 with the dicyanofluorene unit was prepared, and its space-

charge-limited current measurements suggested the electron mobility 1–2 orders

higher than the corresponding hole mobility [20]. This result clearly indicated the

intrinsic n-type nature of this polymer. Accordingly, the polymer was evaluated as

an n-type semiconductor in the all-polymer solar cells, which eventually showed

the PCE of 0.07 %. As compared to the cyano-free derivatives, the introduction of

cyano acceptors explicitly enhanced the n-type semiconducting characters of the

conjugated polymers.
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5.2 p-Type Pt-Polyyne Polymers

Organometallic polymers have been a hot topic of contemporary optoelectronic

materials due to the combined features of polymers and transition metals [21–23].

The advantages of using polymers include straightforward processing and mechan-

ical properties, whereas the transition metals generally show useful electrical,

optical, and magnetic properties. Both kinds of features can be readily integrated

into single polymer structures when organometallic polymers are appropriately

designed. However, among the many kinds of organometallic polymers, the semi-

conducting characters of the Pt-polyyne polymers have mainly been investigated.

This was probably due to their high synthetic accessibility. The desired

π-chromophores can be readily introduced into the main chain, and the efficient

polymerization based on the dehydrohalogenation reaction between the dichloro-

platinum monomers and diethynyl comonomers usually produces high molecular

weight Pt-polyyne polymers in excellent yields.

The first class of the Pt-polyyne polymers studied for photovoltaic applications

was the one with the simple p-phenylene spacer 12 (Fig. 5.5) [24]. The blended film
with C60 revealed the photocurrent generation through photoinduced electron

transfer from 12 to C60. It was subsequently found that the replacement of the

p-phenylene unit by other aromatic spacers significantly improved the photovoltaic

performances. For example, Reynolds and Schanze reported the Pt-polyyne poly-

mer with the thiophene spacer 13 [25]. Detailed photophysical observations

suggested the involvement of the triplet excited state of 13 for the enhanced

PCEs. A further important finding arose from the combination of the donor-

acceptor structure and Pt-polyyne polymers. As mentioned above, the thiophene-

benzothiadiazole-thiophene unit is an excellent charge-transfer chromophore.

When this unit was employed as a π-spacer of the Pt-polyyne polymers, an intensely

colored polymer 14 with a low bandgap of 1.85 eV was produced [26]. Despite the

absence of any annealing treatment, the blended film of 14 and PCBM showed high

PCEs, which are almost comparable to the best value of the annealed P3HT/PCBM

systems.
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Fig. 5.5 Initially reported p-type Pt-polyyne polymers for BHJ solar cells
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The success of the benzothiadiazole-containing polymer 14 initiated the

development of new Pt-polyyne polymers as a p-type semiconductor in BHJ solar

cells with an n-type semiconductor of PCBM. Luscombe and Jenekhe synthesized a

variety of Pt-polyyne polymers with different acceptor units. The pyrido[3,4-b]
pyrazine and thieno[3,4-b]pyrazine moieties were newly examined as an alternative

acceptor unit to 2,1,3-benzothiadiazole, as represented by 15 (Fig. 5.6) [27].

However, the careful optimization of the polymer solubilities and device fabrica-

tion conditions did not lead to any improvement in the photovoltaic performances.

The original Pt-polyyne polymer 14 was a better photovoltaic material. Thus, the

other possible molecular design starting from 14 was the exchange of the thiophene

units adjacent to the 2,1,3-benzothiadiazole acceptor. It is generally known that

fused thiophene structures offer an effective strategy to produce high-mobility

semiconductors. The introduction of thieno[3,2-b]thiophene units into the

Pt-polyyne polymers afforded a more structurally rigid main chain polymer 16,
and accordingly, higher hole mobilities and significantly improved on/off ratios

were observed in the thin-film transistor performances [28]. Therefore, the PCEs of

16 with PCBM were more than two times greater than those of the devices based on

14 and PCBM. It is also well known that (ethylenedioxy)thiophene (EDOT) is a

stronger donor than thiophene. Consequently, 17 with the EDOT moieties

displayed a bathochromically shifted λmax at 621 nm in THF and a narrower optical

bandgap of 1.93 eV as compared to 14 [29]. However, due to the difficulties in the

energy level match and limited formation of the triplet excited state in 17, the
photovoltaic performances were not remarkable.

Wong et al. further expanded the series of the Pt-polyyne polymers. Various

types of aromatic spacers were introduced into the main chain between the alkyne

units. New Pt-polyyne polymers containing the bithiazole-oligo(thienyl) units 18

were prepared, and they showed sufficient solubilities in polar organic solvents due

to the two nonyl groups (Fig. 5.7) [30]. The photovoltaic activities as p-type
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semiconductors were comprehensively investigated. This study revealed that both

the photovoltaic responses and PCEs increased as the number of thienyl rings

increased. The optimized PCE was 2.7 %, and the best external quantum efficiency

reached 83 %. Interestingly, these performances are comparable to that of the

P3HT-based devices. A similar linear dependence of the thienyl ring number on

the photovoltaic performances was also reported for the Pt-polyyne polymers

containing the fluorene-oligo(thienyl) units 19 [31]. The polymer bandgaps

gradually deceased as more thienyl rings were introduced. This feature was directly

related to the carrier mobilities. Both the hole and electron mobilities, determined

by the space-charge-limited current method, increased with the increasing thienyl

ring numbers. Accordingly, 19 (m¼ 3) showed the best PCE of 2.9 % with

the external quantum efficiency up to 83 %. In place of the fluorene unit, the

electron-rich phenothiazine or electron-deficient 9,10-anthraquinone moieties

were examined. The phenothiazine-containing Pt-polyyne polymers 20 served as

a good p-type semiconductor as expected from the energy levels [32]. Surprisingly,

the 9,10-anthraquinone-containing Pt-polyyne polymers 21 also showed the pho-

tocurrent generation, although the PCEs were limited. It was shown that the

presence of the thienyl units dramatically improved the p-type semiconducting

character [33]. The moderate photovoltaic properties of the Pt-polyyne polymers

with the phenanthrenyl-imidazole moiety 22, with the Zn(II) porphyrin 23, and with

the triphenylamine-benzothiadiazole-triphenylamine (D-A-D) unit 24 were also

reported [34–36].

5.3 Other Organometallic Polymers

In addition to the mainstream Pt-polyyne polymers, other types of organometallic

polymers were also examined as semiconductors in photovoltaic devices. In this

section, these polymers are briefly introduced.

Sargent and Manners reported the photoconductive properties of poly

(ferrocenylmethylphenylsilane) 25 when it was mixed with PCBM in the solid

state (Fig. 5.8) [37]. However, the authors were suspicious about the semiconduct-

ing feature of this polymer. Main chain Ru(II) metallo-polymers have been applied

to BHJ solar cell devices. Lin et al. examined three kinds of benzodiazole acceptor

units in 26 [38]. As compared to the counter benzoselenodiazole and benzoxa-

diazole derivatives, the benzothiadiazole-based polymer 26 displayed a better

photovoltaic performance mainly because of the higher short circuit currents.

Li and Peng also reported similar polymers 27 [39]. It was suggested that the

substitution of electron-withdrawing fluorine atoms at the benzothiadiazole unit

significantly improved the optical and electrochemical properties. These features

led to one of the highest PCE of 2.66 % among the reported metallo-supramolecular

polymers.
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The complexation with metal ions at the side chains of conjugated polymers

results in a significant change in the optical and electric properties. For example,

Chen et al. prepared conjugated polymers comprised of the indacenodithiophene

unit [40]. The absorption spectrum of this polymer exhibited a noticeable redshift

upon formation of the cyclometalated Pt(II) moieties, producing 28 (Fig. 5.9). This

redshift enabled an efficient solar light absorption especially in the longer wave-

length. Accordingly, the blended films of 28 and PCBM produced a sufficiently

high PCE of 2.9 %. Chan et al. also reported the Re(I) complexation with highly

conjugated polymers [41]. The precursor polymers were intrinsically low bandgap

polymers, but a further bandgap narrowing occurred upon complexation with Re

(I) pentacarbonyl chloride. For example, the precursor polymer film of 29 showed a

λmax at 664 nm, while the λmax of the 29 film shifted to 921 nm. Additionally, the

hole mobilities of the polymer/PCBM (1:4) thin films were determined by the time

of flight measurements. Interestingly, the mobility of 29/PCBM was in the range of

10�6 cm2 V�1 s�1, which is one order of magnitude higher than the precursor

polymer blended film. Kimoto et al. investigated the benzothiadiazole-based con-

jugated polymer as a p-type semiconductor in BHJ solar cells with PCBM [42].

It was found that the open circuit voltage was clearly enhanced from 0.46 to 0.52 V

upon complexation with Sn(II), forming 30.

Fig. 5.8 Organometallic polymers containing ferrocene and Ru(II) units in the main chain for

p-type semiconductors in BHJ solar cells
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Overall, both the Pt-polyyne polymers and other organometallic polymers

reviewed above were used as p-type semiconductors in photovoltaic devices. This

fact indicates the intrinsic p-type character of the metal-containing materials.

However, there are a few examples of using metal-containing materials in the

role of other than p-type semiconductors in electronic devices. Schanze

et al. synthesized the C60 end-capped Pt-acetylide triad molecule 31 (Fig. 5.10)

[43]. Electrochemical and optical spectroscopy measurements suggested that intra-

molecular photoinduced electron transfer occurs both in solutions at room temper-

ature and in a low-temperature solvent glass. A single-layer photovoltaic device

was fabricated by spin coating this molecule onto a PEDOT-PSS deposited ITO

followed by LiF/Al deposition. Although the PCE was limited to 0.05 %, the

incident photon-to-current efficiency (IPCE) curve agreed with the absorption

spectrum, reaching the maximum response in the UV region. Very recently, the

Hg-polyyne polymer 32 was examined as a cathode interlayer of inverted polymer

solar cells [44]. With this interlayer, the device performances were significantly

improved. The authors highlighted the importance of the intermolecular interac-

tions, such as the Hg-Hg interaction and π-π stacking for this polymer. The potent

electron transport properties of 32 were demonstrated for the electron-only devices.

However, there are, to the best of my knowledge, no reports on n-type semicon-

ductors of metal-containing materials used in photovoltaic devices.
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5.4 n-Type Pt-Polyyne Polymers

In this section, a new approach to invert the energy levels or possibly the semicon-

ducting features of Pt-polyyne polymers is introduced. As described above,

Pt-polyyne polymers are good p-type semiconductors. In order to construct n-type

energy levels, the introduction of electron-accepting units is required.

Cyanated acceptor molecules are known to form charge-transfer complexes, as

represented by 7,7,8,8-tetracyanoquinodimethane (TCNQ) with tetrathiafulvalene

(TTF). This feature was indeed applied to the semiconducting polymer doping

techniques to create metallic polymers in which cyanated acceptor molecules were

employed as p-type dopants. The charge-transfer complexes usually have a low

energy absorption. Therefore, another reactivity of the cyanated acceptor molecules

was overlooked. When the smallest and compact acceptor molecule, tetracya-

noethylene (TCNE), was added to the N,N-dimethylaniline-substituted buta-

1,3-diyne 33, the solution color quickly changed at room temperature, and the

formed intense color was due to the formation of the charge-transfer complex

(Fig. 5.11) [45]. However, the X-ray crystal analysis finally revealed the chemical

structure of the product, and the proposed reaction mechanism was a [2+ 2]

cycloaddition-retroelectrocyclization reaction, yielding the 1,1,4,4-tetracyanobuta-

1,3-diene derivative 34 [46]. A literature search suggested that this reaction signifi-

cantly depends on the substituents of the alkyne moiety [47–50]. The reactions

proceed faster and in higher yields as the electron density of the alkyne increases.

From the viewpoint of pure organic chemistry, special attention has been paid to the

pursuit of effective electron-donating substituents as well as the extension of the

applicable molecular size. Diederich et al. successfully found that the TTF and

ferrocene are effective substituents for the reaction with TCNE [51]. Also, linear

and dendritic macromolecules were quantitatively functionalized by the acceptor

CH3 CH3PBu3

Pt Pt
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N N
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Fig. 5.10 Other types of organometallic semiconducting materials
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addition [52, 53], and in some cases, super-acceptor molecules rivaling the

benchmark compounds of TCNQ and F4TCNQ were produced [54].

The cyanated products usually show intense charge-transfer bands, which are

ascribed to intramolecular donor-acceptor interactions. Consequently, they

are promising photovoltaic materials, and there are indeed some reports on the

photovoltaic applications of the organic TCNE or TCNQ adducts. Blanchard

et al. synthesized the TCNE adduct 35 by a [2 + 2] cycloaddition-

retroelectrocyclization (Fig. 5.12) [55]. This D-A-D-type molecule displayed a

well-defined charge-transfer band at 569 nm in CH2Cl2 and a relatively low

oxidation potential at 1.05 V (vs. SCE). Based on the calculated energy levels, a

bilayer heterojunction solar cell using 35 as a p-type semiconductor in combination

with C60 was fabricated, and the maximum PCE of >1.0 % was achieved. These

charge-transfer chromophores were also examined as photosensitizers in

dye-sensitized solar cells. Ohshita et al. synthesized 36 by the postfunctionalization

of the precursor disilanyleneethynylene polymer [56]. It was found that this poly-

mer was adsorbed onto TiO2 electrodes, although it does not possess any carboxylic

acid groups. The authors postulated that the adsorption was due to the formation of

Si–O–Ti bonds. Later, Michinobu and Satoh revealed that the tetracyanate units

are effective anchoring groups to the TiO2 surface [57]. Small molecular weight

dipolar D-A molecules 37–40 were synthesized by a [2 + 2] cycloaddition-

retroelectrocyclization between aniline-substituted alkynes and TCNE or TCNQ.

All reactions rapidly proceeded at room temperature in a “click chemistry” fashion

due to the powerful electron-donating substituents. When TiO2 electrodes were

immersed into the solutions of these D-A molecules, the color of the electrodes
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Fig. 5.11 Reaction between 1,4-bis[4-(N,N-dimethylamino)phenyl]-1,3-butadiyne 33 and TCNE,
yielding a charge-transfer chromophore: (left) erroneous charge-transfer complex and (right)

donor-substituted 1,1,4,4-tetracyanobuta-1,3-diene 34 obtained in practice
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clearly changed. This fact indicated the dye adsorption onto TiO2. The photovoltaic

properties of the dye-adsorbed TiO2 electrodes were evaluated, and 40 was the best

photosensitizer among the examined dyes.

Metal acetylides are also appropriate precursors for the reaction with cyanated

acceptors. Bruce has worked on these reactions of electron-rich alkynyl-metal

complexes with TCNE, TCNQ, and some related acceptors. He started this research

program in the 1980s using Ru-acetylides [58]. Since then, this chemistry has

expanded to a variety of metallo-polyynes (M¼ Fe, Au, Os, Pd, Pt, Ru, Rh, W)

[59]. Among them, the Pt-acetylides have received particular attention due to the

synthetic versatility as well as the excellent semiconducting character of the

corresponding linear polymers. The reactions of small molecular weight

Pt-acetylides with TCNE and TCNQ were comprehensively investigated [60–62].

Most products were unambiguously characterized by X-ray crystallography. The

reactions of the Pt-acetylides with additional donor units, such as aromatic amines,

gave the corresponding TCNE or TCNQ adducts in satisfactorily high yields

(>90 %). In contrast, in the absence of other effective donor groups, the reaction

yields were moderate. This result suggested that the Pt moiety definitely activates

the alkyne, but it is a weaker activator than aromatic amine units. It should be noted

that the reaction of the Pt-acetylides with TCNE or TCNQ did not cause any

noticeable side reactions under the optimized conditions.

The systematic studies of the small molecular weight Pt-acetylides raised the

applicability of this reaction to Pt-polyyne polymers. A pioneering study by

Sonogashira et al. was reported in the proceedings of a domestic conference [63].

The polymer reactions of the precursor Pt-polyyne polymers 12 and 42 were

performed by adding TCNE in CH2Cl2 at room temperature, yielding the brown-

colored polymers 41 and 43, respectively (Fig. 5.13). The added amount of TCNE

(TCNE/Pt) was estimated to be 1 for 41 and 0.6 for 43. The lower added amount in
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43 was explained by a steric reason. The 31P-NMR, IR, and UV-vis absorption

spectra as well as thermal degradation temperatures were measured. However, no

further detailed analyses of the products were performed probably because of the

limited analytical techniques in the 1980s.

Recently, Michinobu et al. revisited this postfunctionalization method of the

Pt-polyyne polymers in order to prepare n-type materials. As an improved structure

of 12, the hexylthiophene unit was introduced into the Pt-polyyne polymer [64].

Since the thiophene unit is a stronger donor than the phenyl group, the reactivity of

the main chain alkynes was enhanced. Thus, the thiophene-containing Pt-polyyne

polymer 44 was reacted with TCNE or TCNQ (Fig. 5.14). Thanks to the activation

of both Pt and the thiophene moieties, the reactions of both TCNE and TCNQ

quantitatively proceeded. It should be noted that the TCNE adduct 45was identified

by 1H NMR, while the addition pattern of TCNQ was regio-random. Thus, the 1H

NMR of the TCNQ adduct 46 was complicated. However, both products displayed

well-defined low-energy absorptions ascribed to the intramolecular charge-transfer.

The optical bandgaps of 45 and 46 were 1.83 and 1.22 eV, respectively, which are

quite low when compared to that of the precursor polymer 44 (2.78 eV). Addition-

ally, the cyanated Pt-polyyne polymers exhibited very low reduction potentials

originating from the cyano-acceptor units. The onset potentials of the first reduction

were detected at �0.82 V (vs. Fc/Fc+) for 45 and �0.49 V for 46. Overall, it was

demonstrated that there is a linear correlation between the optical bandgaps and

electrochemical bandgaps.

Furthermore, the promising acceptor units of benzothiadiazole or diketopyrro-

lopyrrole were added to the repeat unit of the thiophene-containing Pt-polyyne

polymers. The donor-acceptor-type Pt-polyyne polymers 47 and 48 are typical

p-type semiconductors, and they also serve as precursor polymers for the postfunc-

tionalization with TCNE (Fig. 5.15). Due to the conjugative linkage of the
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thiophene ring with electron-accepting benzothiadiazole or diketopyrrolopyrrole

moieties, the reactivity of the main chain alkynes of 47 and 48 was reduced [65].

Accordingly, the added amount of TCNE was 40 % for 49 and 70 % for 50. Despite
the limited added amount of TCNE, the resulting Pt-polyyne polymers showed

significantly broadened absorption spectra as compared to the corresponding pre-

cursor polymers. Therefore, the optical bandgaps of the TCNE-adducted polymers

(1.47 eV for 49 and 1.28 eV for 50) became narrow as compared to those of the

precursor polymers (1.87 eV for 47 and 1.79 eV for 48). The HOMO and LUMO

levels associated with the electrochemical redox potentials were also varied. The

LUMO levels of the TCNE-adducted polymers (�4.18 eV for 49 and �4.49 eV for

50) were significantly lower than those of the precursor polymers (�3.14 eV for 47
and �3.36 eV for 48). This result explicitly indicates the energy level decrease of

the Pt-polyyne polymers in terms of the TCNE addition. In other words, 49 and 50

would serve as n-type semiconducting materials in electronic devices. A similar

decrease and further control of the energy levels were demonstrated for the purely

organic semiconducting polymers [66, 67].

The donor-acceptor-type Pt-polyyne polymers 47–50 were employed as the

active components of BHJ solar cells. In order to get insights into the energy

level decrease, both precursor and cyanated Pt-polyyne polymers were initially

evaluated as p-type semiconductors in the BHJ solar cells. Thus, the device

configuration was ITO/PEDOT:PSS/polymer:[70]PCBM(1:2 to 1:4 wt/wt)/TiOx/

Al. The current density-voltage (J-V) and IPCE curves, evaluated under AM 1.5G

light illumination at 100 mW cm�2, suggested a clear photocurrent generation for

all devices (Fig. 5.16). Both the open circuit voltage and short circuit current of the

devices based on the precursor Pt-polyyne polymers were better than those of the

devices based on the cyanated Pt-polyyne polymers. For example, the device based

on 47:[70]PCBM showed the open circuit voltage of 0.59 V, short circuit current of

3.97 mA cm�2, and fill factor of 0.40, which lead to the PCE of 0.94 %. In contrast,

all the photovoltaic parameters of the device based on the corresponding cyanated

derivative 49:[70]PCBM were reduced. This result reasonably indicates the
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decrease in the p-type performance of the Pt-polyyne polymers by the TCNE

addition, which also agrees with the decrease in the energy levels.

Based on the above result, the all-polymer solar cells based on P3HT as the

p-type semiconductor and cyanated Pt-polyyne polymers as the n-type semicon-

ductor were fabricated. The weight ratio of the P3HT/Pt-polyyne polymer was 1:1.

Unfortunately, the device based on 50 as the n-type semiconductor did not provide

any photocurrents. However, the device containing 49 produced the J-V curve with

the PCE of 0.00079 % and weak IPCE photocurrents in the range of the absorption

bands of this polymer (Fig. 5.17). This result can be explained by the difference in

the LUMO levels of the Pt-polyyne polymers. The diketopyrrolopyrrole-containing

polymer 50 possesses a deeper LUMO level, resulting in an energy level mismatch

with P3HT. The limited performances of the all-polymer solar cells were also

suggested by the surface morphologies of the active layers. Atomic force micros-

copy (AFM) measurements of the active layers comprising P3HT and the cyanated

Pt-polyyne polymers (49 or 50) provided no nanoscale phase separation images.

It is expected that the optimization of the blend ratio of the p-type and n-type

semiconducting polymers improves the photovoltaic properties.

5.5 Conclusions

Organometallic semiconducting polymers, which were applied to photovoltaic

devices, are described. The construction of n-type semiconducting polymers has

been elusive because of the intrinsic p-type character of the organometallic poly-

mers. However, recent efforts in developing purely organic n-type semiconducting

materials have opened the way to n-type organometallic polymers. The use of

fullerene or other electron-accepting units, such as benzothiadiazole and diketopyr-

rolopyrrole, is one promising approach, and an efficient photoinduced electron

transfer was demonstrated in some cases. In contrast, the postfunctional cyanation

of the Pt-polyyne polymers is a new method of constructing n-type materials.

0.05

0.04

0.03

0.02

0.01

0

−0.01

0.005

0.004

0.003

0.002

0.001

0C
ur

re
nt

 d
en

si
ty

 (
m

A
 c

m
−

2 )

IP
C

E

300 400 500 600 700

Wavelength (nm)Voltage (V)

800 900 1000

a b

−0.5 0 0.5 1

Fig. 5.17 (a) J-V and (b) IPCE curves of all-polymer solar cells based on P3HT and 49.
(Reproduced from ref. [65] by permission of John Wiley & Sons, Ltd)

5 All-Polymer Solar Cells Based on Organometallic Polymers 131



The energy levels of the cyanated Pt-polyyne polymers were significantly low, as

demonstrated by the application to the all-polymer solar cells with the p-type

semiconducting P3HT. However, the effective n-type semiconducting perfor-

mances of the cyanated polymers have not yet been achieved. Therefore, the

development of high-performance n-type semiconducting polymers containing

metal elements is still challenging. In the future, we will see further improvements

in the cyanated organometallic polymers for use in all-polymer solar cells. Energy

level match and nanoscale phase separation between two types of semiconducting

polymers are the next subjects to be solved.
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34. Zhan H, Wong WY, Ng A, Djurišić AB, Chan WK (2011) Synthesis, characterization and

photovoltaic properties of platinum-containing poly(aryleneethynylene) polymers with

phenanthrenyl-imidazole moiety. J Organomet Chem 696:4112–4120

5 All-Polymer Solar Cells Based on Organometallic Polymers 133



35. Zhan H, Lamare S, Ng A, Kenny T, Guernon H, Chan WK, Djurišić AB, Harvey PD, Wong
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55. Leliège A, Blanchard P, Rousseau T, Roncali J (2011) Triphenylamine/tetracyanobutadiene-

based D-A-D π-conjugated systems as molecular donors for organic solar cells. Org Lett

13:3098–3101

56. Ohshita J, Kajihara T, Tanaka D, Ooyama Y (2014) Preparation of poly(disilanylenetetracya-

nobutadienyleneoligothienylene)s as new donor-acceptor type organosilicon polymers.

J Organomet Chem 749:255–260

57. Michinobu T, Satoh N, Cai J, Li Y, Han L (2014) Novel design of organic donor-acceptor dyes

without carboxylic acid anchoring groups for dye-sensitized solar cells. J Mater Chem C

2:3367–3372

58. Bruce MI, Rodgers JR, Snow MR, Swincer AG (1981) Cyclopentadienyl-ruthenium and –

osmium chemistry. cleavage of tetracyanoethylene under mild conditions: X-ray crystal

structures of [Ru{η3-C(CN)2CPhC¼C(CN)2}(PPh3)(η-C5H5)] and [Ru{C[¼C(CN)2]

CPh¼C(CN)2}(CNBu
t)(PPh3)(η-C5H5)]. J Chem Soc Chem Commun 17:271–272

59. Bruce MI (2013) Reactions of polycyano-alkenes with alkynyl- and poly-ynyl-Group 8 metal

complexes. J Organomet Chem 730:3–19

60. Onitsuka K, Takahashi S (1995) Synthesis and structure of s-cis- and s-trans-μ-butadiene-
2,3-diyldiplatinum complexes by the reaction of μ-ethynediyldiplatinum complexes with

tetracyanoethylene. J Chem Soc Chem Commun 31:2095–2096

61. Onitsuka K, Ose N, Ozawa F, Takahashi S (1999) Reactions of acetylene-bridged diplatinum

complexes with tetracyanoethylene. J Organomet Chem 578:169–177

62. Tchitchanov BH, Chiu M, Jordan M, Kivala M, Schweizer WB, Diederich F (2013) Platinum

(II) acetylides in the formal [2+2] cycloaddition-retroelectrocyclization reaction: organodonor

versus metal activation. Eur J Org Chem 2013:3729–3740

63. Sonogashira K, Morimoto H, Takai Y, Takahashi S (1981) Reactions of metal poly-yne

polymers with free phosphines, coordinated phosphines, carbon monoxide, and tetracya-

noethylene. Symp Organomet Chem Jpn 28:64–66

64. Yuan Y, Michinobu T (2012) Construction of donor-acceptor chromophores in platinum

polyyne polymer by [2 + 2] cycloaddition of organic acceptors. Macromol Chem Phys

213:2114–2119

65. Yuan Y, Michinobu T, Oguma J, Kato T, Miyake K (2013) Attempted inversion of semicon-

ducting features of platinum polyyne polymers: a new approach for all-polymer solar cells.

Macromol Chem Phys 214:1465–1472

66. Michinobu T (2008) Click-type reaction of aromatic polyamines for improvement of thermal

and optoelectronic properties. J Am Chem Soc 130:14074–14075

67. Michinobu T, Seo C, Noguchi K, Mori T (2012) Effects of click postfunctionalization on

thermal stability and field effect transistor performances of aromatic polyamines. Polym Chem

3:1427–1435

5 All-Polymer Solar Cells Based on Organometallic Polymers 135



Chapter 6

Transition-Metal Complexes
for Triplet–Triplet Annihilation-Based
Energy Upconversion

Xinglin Zhang, Tianshe Yang, Shujuan Liu, Qiang Zhao, and Wei Huang

Abstract In recent years, significant progress has been achieved in the field of

triplet–triplet annihilation (TTA)-based energy upconversion, in which transition-

metal complexes as the sensitizers play a key role. These complexes are different

from organic fluorophores because the triplet excited states, instead of the singlet

excited states, are populated with a high intersystem crossing (ISC) efficiency upon

photoexcitation. Meanwhile, the long-lived triplet excited states in the microsecond

range are observed for these complexes. All these properties are favorable when

transition-metal complexes, including Ir(III), Pd(II), Pt(II), Ru(II), Zn(II), Re(I),

Cu(I), and Au(III) complexes summarized herein, are used as sensitizers for TTA

upconversion. Moreover, some examples of organic sensitizers and the applications

of TTA upconversion systems are also summarized.
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6.1 Introduction

Energy upconversion, by which incident photons of low energy (long wavelength)

are converted into photons of high energy (short wavelength), has attracted much

attention due to its potential applications in solar cells [1], photocatalysis [2], and

bioimaging [3, 4]. Currently, well-established approaches to upconversion include

upconversion with two-photon absorption (TPA) dyes [5], lanthanide-doped

upconversion nanoparticles [6], and triplet–triplet annihilation (TTA) [7]. TPA

upconversion suffers from some fundamental drawbacks. For instance, a coherent

laser with a high power density (typically 106 W cm�2) is necessary for the

excitation, which is far beyond the energy of normal light sources [8]. Moreover,

tailoring the molecular structures of TPA dyes to achieve a specific upconversion

wavelength and simultaneously maintaining a high TPA cross section are difficult.

The upconversion process with rare earth materials has been developed with

advantages of excitation at 980 nm, large anti-Stokes shift, high penetration

depth, sharp emission bandwidths, as well as high resistance to photobleaching

[9]. However, just as TPA upconversion, its excitation requires a coherent laser

with a high power density. Meanwhile, the absorption of the rare earth ions

(typically, the absorption cross section of Yb3+ is 1.2� 10�20 cm2 at 980 nm) is

usually weak, resulting in a low overall upconversion quantum yield. Another

approach is based on TTA, which can be performed by low power (a few mW

cm�2) and incoherent excitation sources, even solar light can be used as the

excitation source. Though this technology was first introduced by Parker and

Hatchard in the 1960s [10], it has developed very slowly for decades due to the

low efficiency resulting from the poor intersystem crossing (ISC) yields of the

organic sensitizers.

Most recently, the field of TTA-based upconversion has experienced a signifi-

cant development by introducing various transition-metal complexes as sensitizer

conjunct with appropriate acceptors spanning across the visible-to-near-infrared

spectral region. And these combinations have successfully generated upconverted

photons that can now be easily discerned with the naked eye [11]. Meanwhile, the

excitation and emission wavelengths of TTA upconversion are tunable simply by

independent selection of the triplet sensitizer and the acceptor.

Herein, the mechanism of TTA-based upconversion has been introduced. Next,

the research progress of transition-metal complexes as sensitizers, including irid-

ium(III), palladium(II), platinum(II), ruthenium(II), zinc(II), rhenium(I), copper(I),

as well as gold(III) complexes, has been summarized. In addition, some examples

of organic sensitizers as well as the applications of TTA-based upconversion are

also presented.
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6.2 TTA-Based Upconversion

Compared with other upconversion methods, mixing the sensitizer (donor) and the

annihilator (acceptor) together is a unique characteristic of the TTA-based

upconversion. Tunable excitation and emission wavelengths thus can be achieved

simply by independent selection of the sensitizer as well as the annihilator during

the upconversion processes. To get a full understanding of these processes, we

should clarify the mechanism of TTA-based upconversion.

6.2.1 Mechanism

As illustrated in Fig. 6.1, the singlet excited state of the sensitizer will be firstly

populated via selective excitation at long wavelength (S0! *S1). Then with ISC in

which the heavy atom (usually transition-metal atom) effect is often required, the

triplet excited state of the sensitizer will be populated (*S1! *T1). Herein, it is
worth mentioning that the direct excitation from the ground state into the triplet

excited state of the sensitizer (S0! *T1) is forbidden. Since the lifetime of the

triplet excited state is much longer, it is favorable for the energy transfer from the

triplet sensitizer to the triplet annihilator via the triplet–triplet energy transfer

(TTET) process. The energy transfer between the two triplet states is usually a

Dexter process, which requires the contact of two molecules [12].

Sensitizer

*S1
*T1

*T1

GS 

hn1
hn2

ISC 

TTA
TTET 

*S1

Annihilator

Fig. 6.1 Generalized Jablonski diagram illustrating processes involved in TTA-based

upconversion between the sensitizer molecule and the annihilator molecule. Solid lines represent

radiative processes. Dashed lines represent non-radiative processes. GS is ground state (S0).
*S1 is

the singlet excited state. *T1 is the triplet excited state. ISC is intersystem crossing. TTET is

triplet–triplet energy transfer, and TTA is triplet–triplet annihilation. hν1 is the photon energy of

excitation. hν2 is the photon energy of emission
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The triplet excited annihilator molecules collide with each other and the singlet

excited state of the annihilator will be produced. The upconverted radiative fluo-

rescence, the energy of which is higher than the excitation light, can be observed

when the singlet excited state of annihilator molecules decays to the ground state.

All these processes can be generalized by Eq. (6.1):

S S0ð Þ þ hv1 ! S �S1ð Þ
S �S1ð Þ ! S �T1ð Þ
S �T1ð Þ þ A S0ð Þ ! S S0ð Þ þ A �T1ð Þ
A �T1ð Þ þ A �T1ð Þ ! A �S1ð Þ þ A S0ð Þ
A �S1ð Þ ! A S0ð Þ þ hv2

ð6:1Þ

where S, A, S0,
*S1, and

*T1 represent the sensitizer, annihilator, ground state, singlet
excited state, and triplet excited state, respectively. h is Planck’s constant, and ν is
the frequency of light, ν2> ν1.

6.2.2 Sensitizer and Acceptor

The TTA-based upconversion involves the energy transfer from a sensitizer to an

acceptor, the photophysical parameters of which are crucial in these processes.

Apart from the ability of light absorption in the visible-to-near-infrared spectral

region, which will utilize low energy for excitation, the sensitizer should have a

high ISC efficiency near unity as well as a long lifetime of excited triplet state on

the order of several microseconds or longer.

The transition-metal complexes can strongly enhance the spin–orbit coupling

with singlet–triplet ISC efficiencies near unity and have a long-lived excited triplet

state. These properties of transition-metal complexes are desirable for the sensi-

tizer. Long-lived excited triplet state will lead to a further diffusion distance and

increase the collision probability between the sensitizer and the acceptor in TTET

process, which requires that the energy level of the triplet acceptor must be lower

than that of the sensitizer.

In addition, the twofold triplet excited state energy level should be higher than or

equal to the singlet excited state energy level of the acceptor, so that TTA process

can be achieved. It is favorable to produce intense upconverted fluorescence

emission for the efficient radiative decay of the singlet excited state of the acceptor,

i.e., the acceptor with near-unity fluorescence quantum yield, because this value

ultimately contributes to the overall upconversion quantum efficiency. Moreover,

the annihilator molecule is chosen in consideration of its singlet excited state lying

above that of the sensitizer’s singlet manifold which means “up” in the conversion.

Therefore, upconverted fluorescence can be observed from the sample when these

design rationales are met and conditions are appropriate.
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6.2.3 Upconversion Quantum Yield

TTA-based upconversion consists of the processes of excited-photon absorption,

ISC, TTET, TTA, and the fluorescence emission of the acceptor. There are several

calculation methods for upconversion quantum yield [7, 13–15].

As we know, TTA plays a key role in the upconversion processes. In order to get

a maximum efficiency of TTA, we need to understand the mechanism of this crucial

process. The acceptor molecules at the triplet excited state will collide with each

other, producing the singlet excited state of the acceptor following the spin–

statistics law as shown in Eq (6.2):

3A1�þ3A1 �$5 AAð Þ2 �$5A2�þ1A0
3A1�þ3A1 �$3 AAð Þ1 �$3A1�þ1A0
3A1�þ3A1 �$1 AAð Þ0 �$1A0�þ1A0

ð6:2Þ

The spin manifold of the triplet encounters of the acceptors is governed by the spin–

statistics, which has been reviewed by Saltiel et al. [16, 17]. When two excited

triplets interact, the spin multiplicities in a diffusion-controlled environment result

in nine encounter-pair spin states which are composed of three distinct sublevels,

namely, five quintet, three triplet, and one singlet, and are produced with the equal

probability. As we see, spin–statistics forecasts that singlet product represents 1/9

(or 11.1 %) of the TTA events:

ФUC ¼ Фq �ФTTA �ФF ð6:3Þ

According to the report of Schmidt et al., upconversion quantum yield can be

calculated by Eq. (6.3) [14]. In their difinition, two absorbed photons can

be converted into one upconverted photon. If the quantum yield is defined as the

ratio of output to input photons, the maximum is 50 %. Then the upper limit, based

on the spin–statistics probability of forming the singlet excited annihilator (1/9),

would be just 5.55 %, given that both the quantum yield of fluorescence and the

efficiency of TTET from the sensitizer to the emitter are unity.

However, the triplets (and likely also the quintets) formed upon annihilation

can be recycled, which are involved in the TTA again until they decay via the

singlet pathway [17, 18]. Furthermore, the quintet state of polyaromatic organic

compounds is often inaccessible [19]. The theoretical efficiency of the TTA step

increases to 40 % if these recycling effects are taken into account [15]. In the

experiments, the upconversion quantum yield (ФUC) can be determined by

Eq. (6.4):

ФUC ¼ 2Фstd

Astd

Aunk

� �
Iunk
Istd

� �
ηunk
ηstd

� �2

ð6:4Þ
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where ФUC, Aunk, Iunk, and ηunk represent the upconversion quantum yield,

absorbance, integrated photoluminescence intensity of the samples, and the refrac-

tive index of the solvents, respectively. Since two photons are required to generate

one upconverted photon, the equation is multiplied by a factor of 2 to keep

the maximum quantum yield as a unity [7]. To date the highest value was reported

to be 27.2 % [20].

Recently, Zhao and coworkers proposed that the light-harvesting ability of the

sensitizer should be taken into account. It is more meaningful when overall

upconversion yield η is evaluated by Eq. (6.5) [11]:

η ¼ ε�ФUC ð6:5Þ

where ε is the molar extinction coefficient of the upconversion materials andФUC is

the upconversion quantum yield determined with Eq. (6.4). TTA-based

upconversion with a large η values is more likely to be ideal for practical use.

6.3 Transition-Metal Complexes as Sensitizers

Transition-metal complexes are best candidates as sensitizers in the processes of

TTA-based upconversion because the triplet excited states are populated with a

high ISC efficiency when excited by light. And long-lived triplet excited states in

the microsecond range are favorable for TTET process. Up to now, many kinds of

transition-metal complex, such as iridium(III), palladium(II), platinum(II), ruthe-

nium(II), zinc(II), rhenium(I), copper(I), and gold(III) complexes, have been suc-

cessfully used as the sensitizers.

6.3.1 Ir(III) Complexes

In 2006, Castellano et al. used Ir(ppy)3 (Ir-1, ppy¼ 2-phenylpyridine) as the

sensitizer for TTA-based upconversion [21]. The energy level of triplet excited

state of Ir-1 was calculated to be 2.48 eV. Pyrene (A-1) and its derivative 3,8-di-

tert-butylpyrene (A-2) were selected as the triplet annihilators due to the appropri-

ate energy level of T1 state (ca. 2.09 eV). In deaerated dichloromethane solution,

upconverted singlet fluorescence at shorter wavelengths (360–420 nm) from the

acceptors was observed with the excitation of 450 nm laser. However, the lifetime

of T1 excited state of Ir-1 was only 1.55 μs, which was very short for the TTET

process and disadvantageous to TTA upconversion.

Therefore, Ir(III) complexes with long-lived triplet excited states are expected.

Zhao et al. designed and synthesized a series of visible-light-harvesting

cyclometalated Ir(III) complexes (Ir-2 ~ Ir-5) [22]. At room temperature, the emis-

sion lifetimes can be up to 75.5 and 73.6 μs for Ir-4 and Ir-5, respectively.
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Meanwhile, the energy levels of the T1 states of Ir-4 and Ir-5 (ca. 2.06 eV) are

higher than that of the acceptor 9,10-diphenylanthracene (DPA, A-3), which is

1.77 eV. With the excitation at 445 nm, the upconversion quantum yields were up to

21.3 % and 23.4 % for Ir-4 and Ir-5, respectively. However, no upconversion was

observed under the same experimental conditions for Ir-2 and Ir-3, because of their

shorter lifetimes of the T1 states (0.77 μs for Ir-2 and 0.68 μs for Ir-3) than those of
Ir-4 and Ir-5 as well as the poor absorption at the excitation wavelength. Moreover,

it was demonstrated that transition-metal complexes with a long-lived triplet

excited state could be used as triplet sensitizers for TTA upconversion even if the

phosphorescence is weak. And these Ir(III) complexes were further used as singlet

oxygen sensitizers for photooxidation of 1,5-dihydroxynaphthalene [23].
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Besides, naphthalimide (NI) moiety was also introduced into the ligands to

enhance the absorption of cyclometalated Ir(III) complexes. Two neutral (Ir-6)

and cationic (Ir-7) complexes have been synthesized [24]. By contrast, Ir(III)

complex with a naphthal ligand (Ir-8) and the model complex (Ir-1) were also

prepared. In deaerated toluene solution, these complexes were used as triplet

photosensitizers and DPA as an acceptor for TTA upconversion (λex¼ 445 nm)

with quantum yields of 14.4 % and 7.1 % for Ir-6 and Ir-8, respectively, whereas

the upconversion was negligible for Ir-1 and Ir-7. The high upconversion quantum

yield of Ir-6 was attributed to the strong absorption of the complex at the excitation

wavelength and the long-lived T1 excited state (9.30 μs). The poor absorption of

Ir-1 at 445 nm and the short-lived T1 excited state (1.34 μs) were responsible for the
inefficient TTA upconversion. Similarly, for Ir-7, it could not be excited efficiently

at 445 nm due to the weak absorption, in spite of a longer lifetime of T1 excited state
(16.45 μs).

The above examples are based on the short excitation wavelength of 445 or

450 nm. TTA upconversion with a longer excitation wavelength is very important.

Ir(III) complexes with 3-(2-benzothiazoly)-7-diethylaminocoumarin as the C^N

cyclometalated ligands and either 6-piperidine naphthalimide-phenanthroline

(Ir-9) or 9-aminophenanthroline (Ir-10) as the ancillary N^N ligand were prepared

and used as sensitizers for TTA upconversion in the presence of DPA under the

excitation at 473 nm. Upconversion quantum yields were 19.3 % and 12.7 % for

Ir-9 and Ir-10, respectively [25]. Besides, pyreno[4,5-d]imidazole C^N ligand,
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which was used to access the long-lived T1 excited state, and a coumarin-derived

N^N ligand, which could enhance the absorption in visible range, were used

simultaneously to prepare Ir(III) complex (Ir-11). In deaerated dichloromethane

solution, upconversion quantum yield up to 23.7 % was observed with Ir-11 as the

sensitizer and DPA as the acceptor [26].
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Cationic Ir(III) complexes as sensitizers for TTA upconversion with green

excitation wavelength were also obtained, in which boron-dipyrromethene

(Bodipy) units were attached to the 2,20-bipyridine ligand via �C�C� bonds at

either the meso-phenyl (Ir-12) or 2-position of the π core of Bodipy (Ir-13) [27]. Ir-
12, with excitation of 473 nm laser (5 mW) and perylene (A-4) as an acceptor in

deaerated acetonitrile solution, exhibited TTA upconversion emission with

ФUC¼ 1.2 %. However, for Ir-13, the link of the π core of a visible-light-harvesting
chromophore (Bodipy) to the Ir(III) coordination center was a very effective way to

maximize the ISC effect. With the excitation of green laser (λ¼ 532 nm), blue

emission in 445–470 nm range of perylene (acceptor) was observed, and the

upconversion quantum yield was 2.8 % [27].

A-4A-3A-2A-1 A-9A-8A-7A-6A-5

Similarly, naphthalenediimide (NDI) was also connected to the ligand of Ir(III)

complex (Ir-14) via �C�C� bond to enhance the absorption in the visible region
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and to access long-lived triplet excited states [28]. Ir-14 showed strong absorption

(ε¼ 11,000 M�1 cm�1 at 542 nm), and the lifetime of the NDI-localized triplet

excited state was up to 130.0 μs. Using perylene as an acceptor and Ir-14 as the

sensitizer, TTA upconversion was observed upon the excitation at 532 nm

(5.6 mW) with an upconversion quantum yield of 6.7 % [28].

6.3.2 Pd(II) Complexes

Pd(II) complexes can be excited with longer wavelength, such as green, red, or even

near-infrared (NIR) light. Pd(II) complexes with porphyrin derivatives as ligands

are appropriate candidates for TTA upconversion with the absorption in the green

or longer wavelength range.

In 2006, Baluschev et al. reported the upconversion photoluminescence excited

by ultralow (10 W cm�2) intensity from incoherent sunlight for the first time. The

fluorescence of DPA was observed when a solution of DPA and 2 wt% PdOEP

(Pd-1, OEP¼ octaethylporphyrin) was excited with wavelength of 550 nm and the

external efficiency was 1 % [29].

To expand the excitation window for TTA upconversion, the ability to combine

sensitizers (Pd-2 and Pd-3) with single acceptor rubrene (A-5) was demonstrated.

The integral upconverted fluorescence of the acceptor by simultaneous excitation at

two wavelengths (λ¼ 695 nm for Pd-2 and λ¼ 635 nm for Pd-3) was slightly more

intense than the sum of the integral fluorescence for each single emitter/sensitizer

system [30]. Then, A-6 as an acceptor with the sensitizer Pd-2 for TTA

upconversion, a single-mode continuous-wave diode laser (λ¼ 695 nm) was used

as the excitation source, and the anti-Stokes shift was about 0.7 eV. The

upconversion process has an external quantum yield of 4 % [31].

The couples PdOEP/DPA (λex¼ 532 nm, 50 mW cm�2), Pd-3/(A-7)

(λex¼ 635 nm, 70 mW cm�2), and Pd-2/(A-8) (λex¼ 695 nm, 150 mW cm�2)

were used for TTA upconversion in deaerated toluene solutions, and the

corresponding fluorescence of the acceptors was observed [32]. Besides, anthra-

cene(A-9) as the energy acceptor and PdOEP as the triplet sensitizer in degassed

toluene have been investigated for TTA upconversion recently [33]. The anthryl

TTA quantum efficiency was up to 40 %, while the upconversion quantum yield

was limited to 10 %, as the singlet fluorescence yield of anthracene is ca. 25 %. It is

worth noting that the anthryl fluorescence was observed with incident irradiance as

low as 0.6 mW cm�2 (λex¼ 547 nm) [33].

In 2008, upconverted yellow fluorescence from rubrene was observed with

selective excitation (λex¼ 725 nm) of the red-light-absorbing triplet sensitizer

PdPc(OBu)8 (Pd-4, Pc(OBu)8¼ octabutoxyphthalocyanine) in deaerated toluene

[34]. The energy level of triplet sensitizer is 1.24 eV and that of rubrene is 1.14 eV,

which met the requirements of TTET process.
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With Pd-5 as the sensitizer and rubrene as the acceptor in deaerated toluene, the

yellow emission of the rubrene was observed under excitation at 785 nm with low

intensity (100 mW cm�2), and the upconversion quantum yield was 1.2 % [35].

Moreover, in deoxygenated solutions, red-light-absorbing Pd(II) complexes with

Schiff base ligands (Pd-6~Pd-8) as sensitizer and A-10 as the acceptor, the

upconversion quantum yields were estimated to be 2.0 %, 6.2 %, and 2.0 % for

Pd-6 (λex¼ 635 nm), Pd-7 (λex¼ 635 nm), and Pd-8 (λex¼ 605 nm), respectively.

ForPd-8, withA-11 as the acceptor, yellowupconverted emissionwas generated [36].

Recently, TTA-based upconversion with the sensitizer (Pd-3)/acceptor (A-12)

couple was reported [37]. And a new Pd(II) complex (Pd-9) was synthesized and

can be used as the sensitizer [38]. In addition, TTA upconversion with Pd

(II) complex (Pd-1) as sensitizer was observed in polyfluorene [39] and P

(EO/EP) matrix [40], and the influence of temperature on upconversion in rubbery

polymer blends was also investigated [41].
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6.3.3 Pt(II) Complexes

Compared with Ir(III) and Pd(II) complexes, there are a lot of Pt(II) complexes used

as triplet sensitizer, which include Pt(II) porphyrin complexes; N^N Pt(II)

bisacetylide complexes; C^N Pt(II)(acac) complexes (C^N¼ cyclometalating

ligand; acac¼ acetylacetonato); Pt(II) Schiff base complexes; N^N^N, N^C^N,

and C^N^N cyclometalated Pt(II) complexes with functionalized acetylide ligands;

and tributyl-phosphine Pt(II) bisacetylide complexes.

6.3.3.1 Pt(II) Porphyrin Complexes

Pt(II) porphyrin complexes, such as PtOEP (Pt-1, OEP¼ octaethylporphyrin),

based on the capability of visible-light absorption and population of triplet excited

state upon photoexcitation, have been widely used in luminescent oxygen sensing

and photodynamic therapy. PtOEP was firstly used as sensitizer for TTA

upconversion in a blue-emitting polymer matrix (PF2/6). When a system consisting

of PF2/6 blended with 6 wt% PtOEP excited at 532 nm, the delayed fluorescence

from the singlet state of the conjugated polymer matrix was observed. Meanwhile,

the upconversion fluorescence was demonstrated to be a result of TTA

upconversion [42]. Moreover, upconversion fluorescence was also observed in

ladder-type pentaphenylene [43], spirobifluorene-anthracene copolymer [44],

when doped with PtOEP. In 2010, PtOEP as a sensitizer and anthracene as an

emitter were accumulated into the water-soluble G2 POSS-core dendrimer. TTA

upconversion luminescence from visible light to UV light in aqueous solutions was

observed with the excitation of 537 nm [45].

Pt(II) porphyrin complex PtTPBP (Pt-2, TPBP¼ tetraphenyltetrabenzo-

porphyrin) with an absorption in longer wavelength (red light) region is also used

as a sensitizer for TTA upconversion. In 2008, with selective excitation of PtTPBP

at the wavelength of 635� 5 nm, the green (A-13) and yellow (A-14) upconverted

fluorescence of the acceptors were observed in deaerated benzene [46].
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In the same way, blue-green upconverted emission (peaked at ca. 490 nm) from

2-chloro-bis-phenylethynylanthracene (A-15) sensitized by the red-light-absorbing

PtTPBP at 635.5 nm was investigated in N,N-dimethylformamide (DMF) [47]. With

perylene as an acceptor and PtTPBP as the triplet sensitizer, red-to-blue upconversion
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with anti-Stokes shift of 0.8 eV has been achieved in deaerated benzene. Perylene

fluorescence centered at 451 nm was measured with selective excitation at 635 nm of

PtTPBP [48]. Similarly, TTA upconversion could be achieved with the combination

of PtTPBP (or PdTPBP) and perylene-DIPE (A-10) [49].

Recently, a Pt(II) porphyrin complex PtTPTNP (Pt-3, TPTNP¼ tetraphenylte-

tranaphtho[2, 3]porphyrin) with the longer wavelength absorption was used as

sensitizer for TTA upconversion. With rubrene(A-5) or PDI (A-16, perylenediimide)

as the triplet acceptors, yellow fluorescence could be observed with the excitation of

690 nm, and the overall efficiency was in the range of 6–7 % [50].

6.3.3.2 N^N Pt(II) Bisacetylide Complexes

N^N Pt(II) bisacetylide complexes are also used for TTA upconversion because of

their efficient ISC process and tunable photophysical properties, such as absorption

wavelength and phosphorescence quantum yields, by variation of the acetylide

ligands.
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A dbbpy Pt(II) bis(coumarin acetylide) complex (Pt-4, dbbpy¼ 4,40-di-
tert-butyl-2,20-bipyridine) and dbbpy Pt(II) bis(phenylacetylide) complex (Pt-5)

were used as sensitizers for TTA upconversion with DPA as the acceptor. The

upconversion quantum yields were 14.1 % and 8.9 % for Pt-4 (λex¼ 474 nm) and

Pt-5 (λex¼ 403 nm), respectively [51].

In addition, naphthalenediimide derivative was chosen as acetylide ligand.

Connected to Pt(II) center via acetylide, N^N Pt(II)bisacetylide NDI complex

(Pt-6) was excited with 532 nm laser (5 mW) in the presence of perylene. Strong

blue emission of perylene was observed in deaerated toluene, and the upconversion

quantum yield was determined to be 9.5 % [52].

Moreover, N^N Pt(II) bisacetylide complex with the rhodamine fluorophore

(Pt-7) was used as triplet sensitizer for TTA upconversion with perylene as the

triplet acceptor. The upconversion quantum yield was 11.2 % [53]. Difluoroboron

(BF2)-bound phenylacetylide attached to the Pt(II) center of N^N Pt(II) bisacetylide

(Pt-8) was also used as a sensitizer, and the upconversion quantum yield with DPA

as the emitter was 8.9 % when excited with 445 nm laser in deaerated toluene [54].
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N^N Pt(II) bisacetylide complexes with ethynylpyrene (Pt-9) or 4-ethynyl-

1,8-naphthalimide (Pt-10) that showed long-lived triplet excited states (73.6 μs
for Pt-9 and 118.0 μs for Pt-10) were used as triplet sensitizers for TTA

upconversion. With DPA as an acceptor, upon excitation with 445 nm laser

(5 mW) in deaerated acetonitrile solution, the upconversion quantum yields of

14.2 % and 18.1 % were observed for Pt-9 and Pt-10, respectively [55]. A dbbpy

Pt(II) bisfluorescein acetylide complex (Pt-11) was used as the triplet sensitizer for

TTA-based upconversion with the acceptor DPA. When excited by blue laser

λex¼ 473 nm (5 mW), the upconversion quantum yield was 10.7 % [56].
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In order to investigate the influence of ligands on photophysical properties of

N^N Pt(II) bisacetylide complexes, a series of fluorene-containing aryl acetylide

ligands were used to the synthesis of N^N Pt(II) bisacetylide complexes, where aryl

substituents on the fluorene were phenyl (Pt-12), naphthol (Pt-13), anthranyl

(Pt-14), pyrenyl (Pt-15), 4-diphenylaminophenyl (Pt-16), and 9,9-di-n-
octylfluorene (Pt-17). For Pt-12, Pt-16, and Pt-17, their T1 excited states were

assigned as metal-to-ligand charge-transfer state (3MLCT), whereas those of Pt-13,

Pt-14, and Pt-15 were assigned as the intraligand state (3IL) [57]. Upon 445 nm

laser excitation, the fluorescence of DPA could be observed when Pt-13 and Pt-15

were used as sensitizers for TTA upconversion. The upconversion quantum yield
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was up to 22.4 % with Pt-15. The high upconversion quantum yield was attributed

to its intense absorption in visible region and long-lived T1 excited state [57].

In addition, Pt-18 containing fluorene moiety showed much longer lifetime of

triplet excited state (138.1 μs) than Pt-19 with carbazole moiety (23.0 μs). Upon
473 nm excitation, both of them were used as triplet sensitizers, and upconversion

quantum yields were up to 24.3 % and 14.7 % for Pt-18 and Pt-19,

respectively [58].
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6.3.3.3 C^N Pt(II)(acac) Complexes

C^N Pt(II)(acac) complexes (C^N¼ cyclometalating ligand, acac¼ acetylacetonato)

with different C^N ligands were used as triplet sensitizers for TTA upconversion.

C^N cyclometalated Pt(II) complexes (Pt-20, Pt-21 and Pt-22), in which the thiazo-

coumarin ligands were directly connected to Pt(II) center, were used as sensitizers for

TTA upconversion. With 473 nm laser excitation, the upconversion quantum yields

were 15.4 %, 5.3 %, and 2.8 % for Pt-20, Pt-21, and Pt-22, respectively. The reason

of the remarkably high quantum yield was that Pt-20 showed intense absorption in

visible region, while other complexes showed the blue-shifted absorption [59].
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C^N Pt(II)(acac) complexes (Pt-23 ~Pt-25) with naphthalimide (NI) moiety

were also used as sensitizers. With DPA in solution, Pt-24 was an efficient

sensitizer with an upconversion quantum yield of 14.1 % due to its light-harvesting

ability and long-lived 3IL excited state [60].
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6.3.3.4 Pt(II) Schiff Base Complexes

Pt(II) Schiff base complexes containing pyrene subunits (Pt-26 and Pt-27) were

used as sensitizers for TTA upconversion. The upconverted blue fluorescence of

DPA was observed when excited by 532 nm laser in deaerated acetonitrile solution

with the upconversion quantum yield of 9.9 % for Pt-26 and 17.7 % for Pt-27 [61].

Moreover, red-light-absorbing Pt(II) complexes with Schiff bases (Pt-28 and

Pt-29) were also investigated as sensitizer. With A-10 as the acceptor in deoxy-

genated solution, the upconversion quantum yields were estimated to be 1.6 % and

2.0 % for Pt-28 and Pt-29 (λex¼ 635 nm), respectively [36].
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6.3.3.5 N^N^N, N^C^N, and C^N^N Cyclometalated Pt(II) Complexes

with Functionalized Acetylide Ligands

Using N^N^N cyclometalated Pt(II) complex (Pt-30) with acetylide ligand as the

sensitizer and DPA as the acceptor, upconverted blue fluorescence of DPA in the

400–470 nm region (λex¼ 514.5 nm) was observed in deaerated dichloromethane

solution [62]. For a long-wavelength excitation, N^C^N cyclometalated Pt

(II) complex with acetylide ligands connected to the Bodipy moiety (Pt-31) was

synthesized and used as triplet sensitizer for TTA upconversion. When excited with

a red laser (λex¼ 635 nm, 20 mW), an upconversion quantum yield of 5.2 % was

observed with perylene as the acceptor in deaerated methanol solution [63].
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Besides, several C^N^N cyclometalated Pt(II) complexes with different aryl

acetylide ligands were prepared, where aryl substituents were phenyl (Pt-32),

pyrenyl (Pt-33), or naphthalimide (Pt-34) [64]. Excited at 445 nm in deaerated

dichloromethane solution, upconversion quantum yield was 19.5 % with Pt-34 as

the triplet photosensitizer and DPA as the acceptor. No upconverted luminescence

of DPA was observed for Pt-32 and Pt-33 under the same condition because of their

poor absorption at the excitation wavelength [64].

6.3.3.6 Tributyl-Phosphine Pt(II) Bisacetylide Complexes

A series of Pt(II) bis(phosphine) bis(aryleneethynylene) complexes with Bodipy

chromophore attached to the Pt(II) centers (Pt-35 ~Pt-40) were designed for TTA

upconversion. With perylene as the acceptor and Pt-35 ~Pt-38 as the sensitizers,

the upconversion quantum yields (λex¼ 589 nm) were determined to be 19.0 %,

3.0 %, 3.5 %, and 14.3 %, respectively. Moreover, with the excitation at 635 nm in

the presence of PBI (A-17, perylenebisimide, T1¼ 1.15–1.2 eV), the TTA

upconversion quantum yields were 5.8 % and 5.6 % for Pt-36 and Pt-37, respec-

tively. The higher upconversion quantum yields compared with perylene

(T1¼ 1.53 eV) as the triplet acceptor may result from the larger driving force of

the TTET between the triplet photosensitizer (Pt-36 and Pt-37) and the triplet

acceptor PBI. However, Pt-39 and Pt-40 showed absorption in the UV range and

cannot be used as sensitizers [65].
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Recently, with DPA as the acceptor, Pt-44 was used as the sensitizer for TTA

upconversion (λex¼ 445 nm, 5 mW) in deaerated toluene and the upconversion

quantum yield was up to 27.2 %. The upconversion quantum yields were 17.1 %

and 13.6 % when perylene was used as the acceptor for Pt-42 and Pt-43, respec-
tively. And no upconversion was observed for Pt-41 under the same condition [20].

6.3.4 Ru(II) Complexes

In 2004, Castellano et al. reported that [Ru(dmb)2(bpy-An)]
2+ (Ru-1, dmb is

4,40-dimethyl-2,20-bipyridine and bpy-An is 4-methyl-40-(9-anthrylethyl)-
2,20-bipyridine) produced a reasonable anti-Stokes fluorescence in deaerated

acetonitrile solution. However, the quantum yield for the process could not be

measured because the method of standardization was unclear. Meanwhile, as a

contrast, delayed fluorescence intensity was ~2.9-fold higher in the intermolecular

system of [Ru(dmb)3]
2+ (Ru-2) and anthracene than that for complex Ru-1 as the

sensitizer with the excitation at 450� 2 nm [66].

Ru-2 was also used as the sensitizer with two different acceptors DPA and

anthracene for TTA upconversion. Excited by a commercial green laser pointer

(λex¼ 532 nm, 5 mW), DPA yielded visible upconverted fluorescence due to its

high singlet fluorescence quantum yield (0.95) relative to anthracene (0.27)

[67]. Moreover, DMA (A-18, 9,10-dimethylanthracene) was selected as the accep-

tor with the sensitizer Ru-2 in DMF, and upconverted and downconverted DMA

excimer photoluminescence were observed as the white light at the excitation of

514.5 nm [68]. A record anti-Stokes shift of 1.38 eV for sensitized TTA was

demonstrated by Castellano et al. with the Ru-2 and DPA for upconversion,

which is the largest anti-Stokes shift, to the best of our knowledge, for every

reported TTA-based upconversion. It should be noted that it was the Ti–Sapphire

laser where the 860 nm light pulsed that played the critical role in this experiment

[69]. Ru(II) polyimine complexes (Ru-3 ~Ru-6) with a long-lived 3IL excited state

or a 3MLCT/3IL equilibrium were used as sensitizers for TTA upconversion. With

DPA as the acceptor, the upconversion yields (λex¼ 473 nm) were 0.9 %, 4.5 %,

9.8 %, and 9.6 % for Ru-3, Ru-4, Ru-5, and Ru-6, respectively [70].
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Ru(II) complexes with non-emissive excited state can be used for TTA

upconversion. For example, Zhao et al. reported that Ru(II) polyimine–coumarin

complexes (Ru-7 ~Ru-9) with non-emissive 3IL excited state were used as sensi-

tizers and DPA as the acceptor in deaerated acetonitrile solution, and the

upconversion yields (λex¼ 473 nm) were 0.4 %, 1.3 %, and 2.7 % for Ru-7,
Ru-8, and Ru-9, respectively [71].

In order to increase the ability of visible-light absorption, a series of Ru

(II) complexes (Ru-10 ~Ru-13) were designed, prepared, and used as triplet

sensitizers for TTA upconversion. With DPA as the acceptor, the quantum yield

(λex¼ 473 nm) of Ru-11 was 15.2 %. Due to the relative low absorption at

excitation wavelength, the upconversion quantum yields were 0.95 %, 2.7 %, and

11.3 % for Ru-10, Ru-12, and Ru-13, respectively [72].
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In addition, Bodipy chromophore was introduced to a ligand of Ru(II) complex

to extend the excitation wavelength. Two Ru(II) complexes (Ru-14 and Ru-15)

containing a Bodipy chromophore were designed by linking to the Ru(II) center

directly with conjugated and nonconjugated ways. Both Ru-14 and Ru-15 were
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used as sensitizers with perylene as the acceptor for TTA upconversion, and

upconversion quantum yields (λex¼ 532 nm) were 1.2 % and 0.7 %, respectively.

Meanwhile, the 1O2 quantum yields of the triplet photosensitizers were determined

to be 0.93 for Ru-14 and 0.64 for Ru-15. The higher quantum yield for Ru-14 was

attributed to the favorable ISC resulting from π-conjugation between the coordina-

tion center and Bodipy [73].

6.3.5 Zn(II) Complexes

Zinc tetraphenylporphine (Zn-1, ZnTPP) was the first Zn(II) complex used as the

triplet sensitizer with perylene and coumarin 343 (A-19, C343) as the acceptors for

TTA upconversion. For the acceptor perylene, the triplet state (1.53 eV) is lower

than that of the sensitizer (1.56 eV). TTET occurred with a high efficiency, and the

upconversion was observed when excited at 532 nm in degassed benzene. However,

for coumarin 343, the triplet state (2.06 eV) lies at a higher energy than that of the

sensitizer Zn-1, resulting in a different energy transfer mechanism. Ground-state

C343 complexes with the ZnTPP triplet formed a triplet exciplex and then

underwent TTA with another ZnTPP triplet to produce the fluorescent state of the

acceptor in a three-center process [74].

Zn–Ru complex (Zn-2) was synthesized as the sensitizer with different accep-

tors of PDI (A-20) and tetracene (A-21) for TTA upconversion. When excited at

780 nm, the fluorescence of PDI and tetracene was observed at 541 nm and 505 nm,

respectively [75].
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Besides, red-light-absorbing Zn(II) tetraphenyltetrabenzoporphyrin (Zn-3,
ZnTPTBP) has been used as triplet photosensitizers for TTA upconversion recently.

With A-22 and perylene as the acceptors, the upconversion quantum yields were

0.76 % and 0.32 % when excited at 654 nm in deaerated toluene, respectively [76].
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6.3.6 Re(I) Complexes

In 2012, three Re(I) complexes, Re-1, Re-2, and Re-3, were used as sensitizers for

TTA upconversion. Under excitation at 473 nm and with DPA as the acceptor, the

upconversion quantum yields were 17.0 % and 16.9 % for Re-2 and Re-3, respec-

tively, due to their long-lived T1 states (lifetime was up to 86.0 μs and 64.0 μs,
respectively) as well as their strong absorption of visible light. No upconversion

was observed for Re-1 because of the weak absorption and short-lived triplet

excited states [77].
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The absorption of Re(I) complexes with coumarin–imidazole phenanthroline

ligands is limited in the blue range (<500 nm). Re-4 (with Bodipy) and Re-5 (with

carbazole-ethynyl Bodipy) showed strong absorption of visible light at 536 nm and

574 nm, respectively. In deaerated toluene, perylene was used as the acceptor, and

Re-4 and Re-5 were used as sensitizers for TTA upconversion. The upconversion

quantum yields (λex¼ 532 nm) were 8.5 % and 2.0 % for Re-4 and Re-5,

respectively [78].
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6.3.7 Cu(I) Complexes

Cu(I) complexes are a new class of sensitizers. In 2013, bis-(2,9-diphenyl-

1,10-phenanthroline) Cu(I) complex (Cu-1) was successfully used as a sensitizer

with two different acceptors in TTA upconversion. For Cu-1 and perylene, when

excited at 593.5 nm, blue emission of perylene was observed. Meanwhile,Cu-1 and

pyrromethene 546 (A-23) accomplished a red-to-green wavelength shift with the

excitation of 635 nm. It should be noted that, to access the obvious emission of the

acceptors in these experiments, significant incident power density (about or over

1 W/cm2) was required, which means that it could not be achieved in real-world
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solar-driven applications. As a result, the upconversion quantum efficiencies were

not evaluated [79].
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6.3.8 Au(III) Complexes

A series of Au(III) complexes with tridentate cyclometalated C^N^C ligands were

prepared with different substituent groups, R1, R2, and R3 [80]. Herein, we take

Au-1 as an example of all these complexes. Firstly, both prompt and delayed

fluorescence of DPA and residual phosphorescence of Au-1 were observed when

a mixture of Au-1 and DPA in deaerated dichloromethane was excited with a Nd:

YAG laser (355 nm). Excitation of either Au-1 or DPA alone under the same

conditions did not produce any delayed fluorescence. Moreover, it was demon-

strated that the delayed fluorescence was generated by a two-photon process. In

addition, the mixture of Au-1 and DPA in deaerated dichloromethane was excited

with a laser light at 476 nm, the fluorescence of DPA was also generated, and TTA

upconversion was further confirmed with the upconversion quantum yield of 9.8 %.

Meanwhile,Au-1 displayed TPAproperty and two-photon absorption cross section

was estimated to be 9.4 GM. Thus, a long-wavelength laser (756 nm) was selected for

the excitation of Au-1 and DPA in deaerated dichloromethane, and the blue fluores-

cence of DPA was observed. This blue emission could not be observed with the

absence of Au-1 in the control experiment. It should be noted that a remarkable anti-

Stokes shift of 1.36 eV was achieved by combining TPA and TTA [80].

6.4 Organic Sensitizers

All the transition-metal complexes discussed above have the advantage of high

efficient ISC. Moreover, some organic chromophores can also exhibit ISC with

high efficiency. These organic compounds can be used as triplet sensitizers in TTA

upconversion. According to the different ways to produce the triplet excited states,

organic chromophores as the sensitizers can be divided into three classes, namely,

those based on the heavy atom effect, Sn,π* to Tπ,π* transitions, and intramolecular

spin converter. Some examples of these organic sensitizers (OS) are presented

as follows.
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6.4.1 Organic Sensitizers Based on the Heavy Atom Effect

Organic molecules with the atoms of large atomic number can induce strong

spin–orbit coupling, which can enhance ISC process [81]. As a result, iodo- or

bromo-substituted organic molecules can be used as triplet sensitizers for TTA

upconversion. Some examples are listed as follows: OS-1 [82], OS-2 ~OS-8 [83],

OS-9 and OS-10 [84], OS-11 [85], and OS-12 ~OS-14 [86].
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6.4.2 Organic Sensitizers Based on Sn,π* to Tπ,π* Transitions

The intersystem crossing rate constant is extremely fast (ca.1010 sec�1) in some

aromatic carbonyls whose lowest singlet is an n,π* state below which there is a

triplet π,π* state, according to El-Sayed rule [87]. The transition of Sn,π* to Tπ,π* is

allowed in these organic molecules, such as OS-15 [88], OS-16 [89], and
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OS-17 ~OS-19 [90], and these compounds can be used as triplet sensitizers in

TTA-based upconversion.
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6.4.3 Organic Sensitizers Based on Intramolecular
Spin Converter

As we know, it is difficult to predict the ISC property for organic chromophores

without the heavy atom effect. However, the ISC of these heavy atom-free chro-

mophores is predictable when C60 is used as a spin converter. Recently, light-

harvesting fullerene dyads as organic triplet sensitizers for TTA upconversion were

reported. Some examples are listed as follows: OS-20 and OS-21 [91], OS-22 and

OS-23 [92], OS-24 and OS-25 [93], and OS-26 and OS-27 [94].
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6.5 Applications

The most significant feature of TTA-based upconversion is that long-wavelength

photons can be converted to short-wavelength photons. The produced high-

energy photons can be further utilized in solar cells. Alternatively, with long-

wavelength photoexcitation, the TTA-based upconversion also exhibits promising

application in the field of bioimaging.

6.5.1 Solar Cells

It is difficult for single-threshold solar cells to harvest more than about 30 % of the

energy available from the sun (unconcentrated). The reason, first derived by

Shockley and Queisser [95], is that it cannot harvest photons with energies below

the threshold. As a result, harvesting below-threshold photons and reradiating this

energy at a shorter wavelength via upconversion would boost the efficiency of such

devices.

A hydrogenated amorphous silicon (a-Si:H) thin-film solar cell with the

increased light-harvesting efficiency via TTA upconversion was reported in 2012

[96]. Low-energy light in 600–750 nm range was converted to 550–600 nm light

when two palladium porphyrins, PQ4Pd and PQ4PdNA (Pd-9), and rubrene (A-5)

were dissolved in toluene. And a peak efficiency enhancement of (1.0� 0.2)% at

720 nm was measured with irradiation equivalent to (48� 3) suns (AM1.5) [96].

Based on TTA upconversion with Pd-9 and A-5 used as sensitizer and acceptor,

respectively, two types of organic solar cells and one amorphous silicon (a-Si:H)

solar cell were prepared. It was demonstrated that a solar cell photocurrent was

increased up to 0.2 % under a moderate concentration (19 suns), and it was the first

report about the behavior of the organic solar cells improved by an upconverting

process [1].

Recently, an integrated photovoltaic device combining a dye-sensitized solar

cell and TTA upconversion system was reported. After TTA process, the excited

singlet emitter returned back to the ground state via emission of a higher energy

upconverted photon, which was captured by the D149 dye, and this energy was

further utilized by the solar cell (as shown in Fig. 6.2). Thus, the integrated device

displayed the enhanced current with sub-bandgap illumination, resulting in a figure

of merit (FoM) under low concentration (3 suns), which was competitive, according

to the authors, with the best values recorded to date for nonintegrated systems [38].

6.5.2 Bioimaging

The TTA-based upconversion bioimaging can definitely open new perspectives

for upconversion luminescence materials. The fundamental advantage of the
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TTA-based upconversion in the field of the biological applications is the extremely

low excitation intensity and high quantum yield compared to the rare earth-based

UCL. As a result, the low excitation laser can lead to the harmless to the living

organisms. An additional advantage of the TTA-based upconversion is the fact that

the absorption spectra of the sensitizer molecules are broad, which is favorable for

the selection of the excitation sources. Besides, upconverted luminescence imaging

was capable of eliminating background fluorescence from either endogenous

fluorophores of biological sample or the colabeled fluorescent probe.

In 2011, the first example of bioimaging based on TTA upconversion was

reported [97]. Hydrophilic polymeric nanocapsules embedding a hydrophobic

upconversion dye system of a sensitizer (PdOEP) and an acceptor (perylene)

showed very efficient upconverted emission in aqueous dispersion under low

excitation intensity (0.05 W cm�2). It should be noted that a core/shell system

with a liquid core was required instead of complete solid nanoparticles, because the

liquid core enabled the high mobility of the emitter and the sensitizer, which was

necessary to ensure effective upconversion. With the excitation at 514 nm, an

upconverted emission of 450 nm was observed in HeLa cells. And this generated

upconversion photons could be served as optical excitation source for consequent

light-triggered processes for biological applications [97].

Similarly, Li and coworkers prepared water-soluble upconversion luminescent

nanoparticles based on TTA by coloading sensitizer (PdOEP) and annihilator

(DPA) into silica nanoparticles [98]. The nanoparticles exhibited excellent

photostability as well as low cytotoxicity and were successfully used to label living

cells with very high signal-to-noise ratio. Meanwhile, bioimaging with the

Fig. 6.2 A schematic showing the structure of the integrated device: low-energy photons pass

through the active layer of the device and cause TTA upconversion in the TTA upconversion layer.

Upconverted photons that are absorbed by the active layer provide extra current to the device

(Reprinted with permission from Ref. [38]. Copyright 2013 American Chemical Society)
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upconversion nanoparticles could completely eliminate background fluorescence.

Upon low-power density excitation of continuous-wave 532 laser (8.5 mW cm�2),

blue-emissive upconversion nanoparticles were successfully applied in lymph node

imaging in vivo of living mouse [98].

Recently, a general strategy for biocompatible and high-effective upconversion

nanocapsules based on triplet–triplet annihilation was proposed by loading both

sensitizer and acceptor into BSA–dextran-stabilized soybean oil droplets [99]. Due

to soybean oil acted as solvent for dissolving the sensitizer and annihilator, the

nanocapsules could maintain high translational mobility of the chromophores and

avoid luminescence quenching of chromophore by aggregation. At the same time,

the reducibility of soybean oil decreased the O2-induced quenching of TTA-based

upconversion emission. PtTPBP (Pt-2) and Bodipy dyes (A-13 and A-14 with the

maximal fluorescence emission at 528 and 546 nm, respectively) were chosen as

sensitizer–acceptor couples to fabricate red-to-green (A-13) and red-to-yellow

(A-14) upconversion luminescent emissive nanocapsules. As shown in Fig. 6.3,

these upconversion nanocapsules were successfully applied to lymph node imaging

in vivo of living mice without removing the skin, achieving excellent signal-

to-noise ratios (>10) upon low-power density excitation by a continuous-wave

laser (λex¼ 635 nm, 12.5 mW cm�2) [99]. This study opened up new perspectives

for preparing TTA-based upconversion luminescence materials and their applica-

tions in the field of bioimaging in vivo.

Besides, TTA-based upconversion system has been used in the display [100],

photoelectrochemistry [101], oxygen sensing materials [49], semiconductor

photocatalysis [102], liquid-crystal soft actuators [103], and so on.

Fig. 6.3 Water-soluble upconversion nanocapsules based on triplet–triplet annihilation for

bioimaging in vivo (Reprinted with permission from Ref. [99]. Copyright 2013 American Chem-

ical Society)
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6.6 Conclusions and Outlook

Transition-metal complexes play an important role in TTA-based upconversion,

which is a promising upconversion process because of the incoherent excitation

light sources, low excitation power density, tunable excitation and emission

wavelengths, and high upconversion quantum yield. This chapter mainly described

fundamental of TTA-based upconversion, summarized transition-metal complex-

based sensitizers and some organic sensitizers, and presented the applications in

photovoltaics and bioimaging.

Transition-metal complexes as sensitizers with intense absorption of visible light

and long-lived T1 excited state have been synthesized for TTA upconversion.

However, most of the currently available sensitizers are synthesized with mono-

chromophore and have only one major absorption band in the visible spectral

region. Energy funneling resulting from multi-chromophores in the triplet sensi-

tizers is expected for the panchromatic absorption. Furthermore, TTA-based

upconversion materials with good water solubility and high quantum yield are

still in demand for biological application. The introduction of reductive solvent

into nanocapsules entrapping sensitizer and acceptor is feasible. In addition,

transition-metal complex with NIR absorption are expected for TTA-based

upconversion to meet the demands of the further development for bioimaging and

photovoltaics.
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Chapter 7

Visible Light-Harvesting Transition Metal
Complexes for Triplet–Triplet Annihilation
Upconversion

Poulomi Majumdar and Jianzhang Zhao

Abstract Transition metal complexes containing Pt(II), Ir(III), Ru(II), and Re

(I) atoms and showing visible light-harvesting ability and long-lived T1 excited

states have been developed and used as photosensitizers for triplet–triplet annihi-

lation (TTA) upconversion, which is a promising upconversion method due to its

low excitation power density (solar light is sufficient), high upconversion quantum

yield, readily tunable excitation/emission wavelength, and strong absorption of

excitation light. TTA upconversion involves triplet energy transfer between a

photosensitizer (donor) molecule and an acceptor/annihilator/emitter. This chapter

is based on upconversion examples, aiming to cover the challenges that are faced by

the developments of TTA upconversion and the molecular structure designing

rationales for the triplet photosensitizers and triplet acceptors.

Keywords Visible light • Energy transfer • Intersystem crossing • Transition

metal • Triplet–triplet annihilation • Upconversion

7.1 Introduction

Transition metal complexes have attracted much attention due to the applications in

electroluminescence and light-harvesting molecular assemblies [1, 2]. These com-

plexes, such as those containing Pt(II), Ir(III), and Ru(II) atoms, are different from

organic fluorophores in that the triplet excited states, not the singlet excited states,

are populated upon photoexcitation of these complexes [1–10]. Therefore, long-

lived triplet excited states in microsecond range (μs) were observed for these

complexes. These properties are potentially useful for application in triplet–triplet

annihilation (TTA) upconversion.

TTA upconversion, first introduced by Parker and Hatchard over 40 years [11],

is observation of photon emission or, more generally, population of excited state at
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higher energy (shorter wavelength) with excitation at lower energy (longer wave-

length). TTA upconversion is of particular interest due to its potential applications

for photovoltaics, artificial photosynthesis, photocatalysis, optics, etc. [12–15]. For

example, it is difficult for the dye-sensitized solar cell (DSCs) to utilize the solar

light in the near-IR region, despite the power of the solar light in this wavelength

range being intense. The efficiency of the DSCs can be improved with upconversion

materials that can convert the radiation at longer wavelength into radiation at

shorter wavelength.

A few methods are available for upconversion, including two-photon absorption

dyes (TPA), upconversion with inorganic crystals (such as KDP), rare earth mate-

rials, etc. [12–15]. However, these techniques usually suffer from drawbacks of

requirement of high excitation power, poor absorption of visible light, low

upconversion quantum yield, etc. Therefore, these techniques are unlikely to be

used for applications with light source at low excitation power density, such as solar

light. Instead, coherent laser with high power density (MW cm�2) is required for

excitation of TPA dyes, which is well beyond the power density of normal light

source (the power density of the terrestrial solar radiance is ca. 0.10 W cm�2,

AM1.5G). Furthermore, from a chemist’s perspective, it is difficult to tailor the

structure of TPA dyes to achieve a specific upconversion wavelength and, at the

same time, to maintain a high TPA cross section. Recently, upconversion with rare

earth materials have been investigated. However, the visible light absorption of

these materials are usually weak; thus, the overall upconversion capability, or the

apparent brightness (η¼ ε�ΦUC, ε is the molar absorption coefficient of the

upconversion materials at the excitation wavelength and ΦUC is the upconversion

quantum yield), is poor.

Recently a new upconversion method based on TTA has been developed [16–

27]. TTA upconversion shows advantages over the aforementioned upconversion

techniques. For example, the excitation power density required for TTA

upconversion is quite low, and the excitation need not be coherent. Excitation

with energy density of a few mW cm�2 is sufficient [19–21]. Thus, solar light

can be used as the excitation source. Furthermore, the excitation wavelength and

emission wavelength of TTA upconversion can be readily changed, simply by

selection of different triplet photosensitizers and the triplet energy acceptor (anni-

hilator/emitter), given the energy levels of the excited state of the photosensitizers

and the acceptors are matched (see Scheme 7.1 and later section for detail)

[21]. Thus, the TTA upconversion is promising for applications such as photovol-

taics, photocatalysis, and many other light-driven photophysical and photochemical

processes.

Different from most of the other upconversion methods, the TTA upconversion

is based on mixing the triplet photosensitizer and triplet energy acceptor (annihi-

lator/emitter) together [20, 21]. The excitation energy was harvested by the triplet

photosensitizer, and the energy was transferred to the acceptor via triplet–triplet

energy transfer (TTET), then the singlet excited state of the energy acceptor will be

populated by TTA, which will give emission at higher energy level than the
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excitation. The photophysics of TTA upconversion can be illustrated by a Jablonski

diagram (Scheme 7.1).

Firstly the triplet photosensitizer is excited with photo-irradiation (Scheme 7.1).

The singlet excited state will be populated (S0! S1). Then via intersystem crossing

(ISC, e.g., S1!T1), in which the heavy atom effect of transition metal atom is often

required, the triplet excited state of the photosensitizer will be populated. Direct

excitation into the T1 state is forbidden (the molar absorption coefficient for

S0!T1 transition is small). Since the lifetime of the triplet excited state is much

longer than that of the singlet excited state, thus the energy can be transferred from

the triplet photosensitizer to the triplet energy acceptor, via the TTET process. Note

the energy transfer between the triplet states is usually a Dexter process and it

requires contact of the two components [28]. The triplet acceptor molecules at the

triplet excited state will collide with each other and produce the singlet excited state

of the acceptor, following the spin–statistic law (Eq. 1). The radiative decay from

the singlet excited state of acceptor produces the upconverted fluorescence, for

which the energy is higher than the excitation light. One example is illustrated in

Fig. 7.1 [29].

Based on the spin–statistic law (Eq. 1), the limit for the efficiency of the TTA

upconversion is 11.1 % [20, 21]. However, examples that exceed this limit have

been reported [20, 21].

The spin of the triplet encounters of the acceptors was governed by the so-called

spin–statistic factors [30, 31]. When two excited triplets (3A1) interact, nine

1MLCT*

3A*

3A*

3A*

1A*

TTE
T TTA

Annihilator

Effect of τ on
TTET efficiency

Effect of 
light-harvesting

3MLCT
*

ISC

Excitation
Emission

Photosensitizer

GS

E

Scheme 7.1 Qualitative Jablonski diagram illustrating the TTA upconversion process between

triplet photosensitizer and acceptor (annihilator/emitter). The effect of the light-harvesting ability

and the excited state lifetime of the photosensitizer on the efficiency of the TTA upconversion is

also shown. E is energy. GS is ground state (S0).
3MLCT* is the metal-to-ligand-charge-transfer

triplet excited state. TTET is triplet–triplet energy transfer. 3A* is the triplet excited state of

annihilator. TTA is triplet–triplet annihilation. 1A* is the singlet excited state of annihilator. The

emission bands observed for the photosensitizers alone is the 3MLCT emissive excited state. The

emission bands observed in the TTA experiment is the simultaneous 3MLCT* emission (phos-

phorescence) and the 1A* emission (fluorescence) (Adapted from ref. [21] with permission)
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encounter-pair spin states are produced with equal probability which is composed

of three distinct sublevels, five of which are quintet, three are triplet, and one is

singlet. Thus, spin statistics predicts that singlet productor represents 1/9

(or 11.1 %) of the annihilation events. Thus, the maximal upconversion quantum

yield will be smaller than 11.1 % (Eq. 2), given that both the quenching efficiency

Φq and the fluorescence quantum yield of acceptor ΦF are 100 % [30]. While most

of the TTA upconversions show quantum yield less than 10 % [14, 15], however, a

few recently reported cases (including the results from our laboratory) do show that

upconversion quantum yield can be higher than 11.1 % [17, 18]. These results

suggest that the quintets are also leading to upconversion.

3A1�þ3A1 �$5 AAð Þ2 �$5A2�þ1A0
3A1�þ3A1 �$3 AAð Þ1 �$3A1�þ1A0
3A1�þ3A1 �$1 AAð Þ0 �$1A0�þ1A0

ð7:1Þ

ΦUC ¼ Φq �ΦTTA �ΦF ð7:2Þ

It was proposed that the quintet state 5A* will have a 92 % chance to decay into

two molecules at the triplet excited state (3A*),12 which are then involved in the

TTA again. Thus, the maximal upconversion quantum yield is definitely higher

than the previously thought 11.1 %.

The upconversion quantum yield can be described by Eq. 2, where Φq is the

energy transfer efficiency (TTET),ΦTTA is the efficiency to produce singlet excited

state by the TTA process, and ΦF is the fluorescence quantum yield of the acceptor.
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Fig. 7.1 Illustration of the TTA upconversion. (a) Emission of the complex Pt-25 (see Fig. 7.23

for molecular structure) and the upconversion with Pt-25 as photosensitizer and perylene as

acceptor (see Fig. 7.11 for molecular structure). Excited by 532 nm laser. The asterisk indicates

laser scattering. (b) Photographs of the upconversion samples of (a) (Reprinted with permission

from Ref. [29]. Copyright © 2013, Royal Society of Chemistry)
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Several photophysical parameters of the triplet photosensitizer and acceptor are

crucial for TTA upconversion. (1) Usually transition metal complexes show weak

absorption in visible region and this is detrimental to TTA upconversion

[3, 4]. TTA upconversion requires the concentration of the triplet photosensitizers

at the triplet excited state to be high; thus, efficient TTET to the acceptor can be

ensured. As a result, the acceptor molecules at the triplet excited state will be high,

and the upconversion will be more efficient [19, 21] because of the bimolecular

feature of the TTET and the TTA processes. With higher concentration of the triplet

photosensitizers at the triplet excited state, the TTET process will be more efficient

to produce the acceptor’s triplet excited state. We propose that the overall

upconversion capability (η), or the apparent brightness, of a triplet photosensitizer
be better evaluated by η¼ ε�ΦUC, i.e., not only the ΦUC value (Eq. 5). (2) The

triplet excited state quantum yield of the photosensitizer must be high because it is

the triplet excited state, not the singlet excited state that directly produced upon

photoexcitation, that is involved in the critical TTET process. Normally the triplet

photosensitizers used in TTA upconversion are transition metal complexes, for

which the ISC process is with unit efficiency (ΦISC is close to 100 %)

[20, 21]. (3) The lifetime of the triplet excited state of the triplet photosensitizers

should be long. Long-lived T1 excited state of the photosensitizer will lead to

more efficient TTET process because TTET process is actually a two-molecular

quenching procedure; long-lived T1 excited state of the photosensitizer will

increase the diffusion distance and make the encounter of the photosensitizer and

the acceptor more likely [20, 21]. Although some of the triplet photosensitizers

show long-lived T1 excited state, usually the lifetime of the T1 excited state of the

transition metal complexes is short (a few μs) [3, 4]. (4) The energy levels of the

triplet photosensitizers and the triplet acceptors must be appropriate to maximize

the TTET. (5) The T1 excited state energy level and the S1 excited state energy level

of the triplet acceptor much fulfill 2�ET1>ES1, where ET1 is the energy level of

the T1 excited state and the ES1 is the energy level of the S1 excited state

[20, 21]. (6) The radiative decay of the S1 excited state should be efficient to

produce intense upconverted fluorescence emission, i.e., the fluorescence quantum

yield of acceptor (ΦF, Eq. 2) should be high.

Following these lines, the design rationales of the triplet photosensitizers and the

energy acceptors can be summarized as follows: (1) triplet photosensitizer should

be with strong absorption at the excitation wavelength (large ε values), (2) efficient
ISC to produce the T1 excited state, (3) the lifetime of the T1 excited state of the

photosensitizer must be long, and (4) the energy levels of the excited states of the

photosensitizers and the acceptors must be matched in order to enhance the TTET

process.

The TTA upconversion can be quantitatively described with at least two param-

eters, i.e., the efficiency of TTET process and the upconversion quantum yields

(ΦUC). The TTET efficiency can be measured by the quenching experiments, with

the triplet acceptor as the quencher. Fitting the quenching data with the
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Stern–Volmer equation will give the KSV value and the bimolecular quenching

constants kq (Eq. 3):

I0=I ¼ 1þ KSV Q½ � KSV ¼ kq � τ0 ð7:3Þ

where τ0 is the lifetime of the triplet excited state of photosensitizer and [Q] is the

concentration of the quenchers at which the I (residual emission of the photosen-

sitizer) is determined. It should be noted that in some cases, the triplet photosen-

sitizer is non-phosphorescent; in this case the quenching can be measured by the

variation of the lifetime of the T1 excited state of the photosensitizer, such as by

using time-resolved transient absorption spectroscopy.

ΦUC ¼ 2Φstd

Astd

Aunk

� �
Iunk
Istd

� �
ηstd
ηstd

� �2

ð7:4Þ

The upconversion quantum yield (ΦUC) can be determined by Eq. 4 [20], where

Φunk, Aunk, Iunk, and ηunk represent the quantum yield, absorbance, integrated

photoluminescence intensity of the samples, and the refractive index of the sol-

vents, respectively. Since two photons are required to generate one upconverted

photon, in order to keep the maximum quantum yield as unit, the equation is

multiplied by factor 2 [20, 21].

η ¼ ε�ΦUC ð7:5Þ

Herein we propose to use the ε�ΦUC to evaluate the overall upconversion

capability (η) of a triplet photosensitizer (Eq. 5) [21], where ε is the molar

absorption coefficient of the upconversion materials and ΦUC is the upconversion

quantum yield determined with Eq. 4. Triplet photosensitizers with large η value are
more likely ideal for practical applications. On the contrary, materials with large

ΦUC value but small ε value are not ideal for application. Furthermore, it should be

pointed out that TTA upconversion scheme with excitation at red or near-IR region

is ideal for applications, such as photovoltaics.

Although significant efforts have been made by our group to prepare visible

light-harvesting transition metal complexes as triplet photosensitizers(PSs) with

long-lived triplet states for its crucial application in TTA upconversion, still then

much scope is left for the development of the same [3, 4, 20, 21, 25].
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7.2 Triplet Photosensitizers for TTA Upconversion

7.2.1 Ru(II) Complexes as Triplet Photosensitizers

7.2.1.1 Ru(II) Polyimine Complexes as Triplet Photosensitizers

Ru(II) polyimine complexes have been investigated for a long history and have

attracted much attention owing to the applications in photocatalysis such as

photoredox reactions, photocatalytic H2 production from water, photocatalytic

cleavage of DNA, luminescent molecular probes and bioimaging, photovoltaics,

and more recently the TTA upconversion [32].

The photophysical features of the Ru(II) polyimine complexes are the efficient

population of the triplet excited states upon photoexcitation, moderate absorption in

visible range, long-lived T1 excited state, and efficient ISC (the quantum yield of

the S1! T1 is close to unity). These features are ideal for application of the

complexes as triplet photosensitizers for TTA upconversion.

Castellano et al. used [Ru(dmb)3][PF6]2Ru-1 to sensitize the TTA upconversion,

with DPA as triplet energy acceptor (Fig. 7.2) [33]. The absorption maxima of the

complex is at 450 nm. The energy level of the triplet excited state of the photosen-

sitizer can be derived from the phosphorescence wavelength, at ca. 600 nm

(2.07 eV). Thus, 9,10-diphenylanthracene (DPA, A-1 in Fig. 7.2) is a suitable

triplet acceptor, for which the energy level of the T1 state is 1.77 eV (700 nm).

The mixed solution of [Ru(dmb)3]
2+ and DPA was excited with green laser

(λex¼ 514.5 nm, 24 mW or λex¼ 532 nm, <5 mW), and the upconverted blue

fluorescence emission of DPA at 430 nm was observed (anti-Stokes shift is

ca. 100 nm). This result demonstrated that the TTA upconversion can be achieved

with irradiation at low-power density. However, no efficiency of the TTET process

and the quantum yield of the upconversion were reported for Ru(dmb)3[PF6]2 [33].

Ru(II) complexes with covalently linked anthracene moiety as the integrated

photosensitizer/acceptor [Ru(dmb)2(bpy-An)] (dmb is 4,40-dimethyl-

2,20-bipyridine and bpy-An is 4-methyl-40-(9-anthrylethyl)-2,20-bipyridine) were

reported [34]. The upconversion is more efficient for this intramolecular approach

than the intermolecular method (enhanced by 2.9-fold) [34].

N N

N N

NN

Ru

triplet sensitizer triplet acceptor

Ru-1 A-1

Fig. 7.2 Triplet photosensitizer [Ru(dmb)3]
2+ (Ru-1, dmb¼ 4,40-dimethyl-2,20-bipyridine) and

the triplet acceptor 9,10-diphenylanthracene (DPA, A-1) for triplet–triplet annihilation

upconversion
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TTA upconversion efficiency is dependent on many factors, such as the concen-

tration of triplet photosensitizer and acceptor, the power density of the excitation,

etc. The success of using Ru(dmb)3[PF6]2 to achieve upconversion with low-power

density excitation is attributed to the long lifetime of the 3MLCT excited state

(τ¼ 0.87 μs). The prolonged T1 excited state lifetime is beneficial to the TTET

process; as a result, more DPA molecules at the singlet excited state will be

produced.

However, upconversion with Ru(dmb)3[PF6]2 suffers from some drawbacks.

Firstly, the absorption of the Ru(II) complex is weak in the visible range, and the

absorption is limited in the region< 450 nm; this is typical for normal N^N Ru

(II) diimine complexes. Triplet photosensitizers with intensive absorption in longer

wavelength are desired [4, 21]. Secondly, the typical triplet state lifetimes of Ru

(II) complexes are less than 1 μs [4]. Longer lifetime will enhance the TTET

process, which has been demonstrated in luminescent O2 sensing, for which the

critical photophysical process is also TTET [35–37]. Therefore, it is highly desired

to develop triplet photosensitizers with prolonged T1 excited state lifetimes.

One method to access the long-lived 3MLCT excited state of Ru(II) polyimine

complexes is to optimize the coordination geometry of the Ru(II) center by using

ligands with octahedral coordination geometry. For example, theRu-2 ([Ru(tpy)2]
2+)

shows T1 excited state lifetime of 0.25 ns (Fig. 7.3) [38, 39]. With bpy ligand

Ru-3, the T1 state lifetime was extended to 1.0 μs [40]. By optimization of the

geometry of N^N^N ligand Ru-4, the lifetime of the 3MLCT excited state was

extended to 3.0 μs [35]. However, muchlonger-lived T1 excited state is necessary to

enhance the TTET, thus the TTA upconversion [21].

It has been shown that the 3IL (intraligand) excited state of the Ru(II) complexes

shows much longer lifetime than the 3MLCT excited state [8, 10, 41, 42]. Previously

we demonstrated that O2 sensing property of the complexes can be significantly

improved with the long-lived 3IL excited state [35–37]. Since the critical

NN
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N

N

N

N

N

N

Ru2+
Ru2+ Ru2+N

N

N

N

N

N

Ru-2 Ru-3 Ru-4

a b c

Fig. 7.3 Molecular

structures of typical Ru

(II) polyimine complexes

Ru-2, Ru-3, and Ru-4. a, b,
and c are the simplified

energy level diagram and

the emission states for

Ru-2, Ru-3, and Ru-4,
respectively (Reprinted

with permission from ref.

[21]. Copyright © 2011,

Royal Society of

Chemistry)
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photophysical process involved in the luminescent O2 sensing (TTET) is similar to

that of TTA upconversion (Scheme 7.1), thus we envisaged that the TTA

upconversion be enhanced with these Ru(II) polyimine complexes showing long-

lived 3IL excited state.

The absorption and phosphorescence of Ru-5 and Ru-8 were compared

(Fig. 7.5). Ru-8 gives more intense absorption than the model complex Ru-5.
The typical MLCT emission band was observed for Ru-5 (structureless). For

Ru-8, however, the structured 3IL emission band was observed. Ru-7 also shows

prolonged lifetime compared to the model complex Ru-5, due to the 3MLCT/3IL

excited state equilibrium [35].

The TTA upconversion with Ru-5–Ru-8 as triplet photosensitizers was studied

(Fig. 7.6). In the presence of triplet energy acceptor DPA, the phosphorescence of

the photosensitizers was quenched (Fig. 7.6b). Concomitantly, the upconverted

blue emission of DPA was observed in the region of 400–550 nm. The upcon-

version is significant for Ru-7 (ΦUC¼ 9.8 %) and Ru-8 (ΦUC¼ 9.6 %) [43, 44].

The more efficient TTA upconversion with Ru-7 and Ru-8 than that with the model

N N

N N

NN

Ru

Ru-6

N N

N N

NN

Ru

Ru-5

N N

N N

NN

Ru

Ru-7

N N

N N

NN

Ru

Ru-8

Fig. 7.4 Chemical

structures of the

photosensitizer RuII

complexes Ru-5–Ru-8.
Note the complexes are

dications and the [PF6]
�

ions are omitted for clarity.

The compounds are from

Ref. [35]

300 400 500 600 700 800
0.0

0.3

0.6

0.9

1.2

Ru-5 Ru-8
Ru-8

Ru-5

DPA
I  

/ a
.u

.

 l / nm

Fig. 7.5 Normalized

absorbance (solid lines) and
emission spectra (dotted
lines) of DPA, Ru-5 and

Ru-8 in acetonitrile

(1.0� 10�5 M). DPA,

λex¼ 380 nm; Ru-5,
λex¼ 446 nm; Ru-8,
λex¼ 418 nm. 25� C.
Reprinted with permission

from Ref. [43] (Copyright©
2013 WILEY-VCH Verlag

Gmbh & Co. KGaA,

Weinheim)
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complexes Ru-5 (ΦUC¼ 0.9 %) and Ru-6 (ΦUC¼ 4.5 %) is attributed to the

long-lived T1 excited state of Ru-8 and Ru-7, with which the critical process of

the TTA upconversion, i.e., the TTET process, was enhanced. Under similar

conditions, [Ru(dmb)3]
2+ gives ΦUC value of only 1.0 %. The TTET process of

the TTA upconversion can be evaluated by the quenching of phosphorescence of

photosensitizers with acceptor DPA (Fig. 7.7). The largest Stern–Volmer quenching

constant was observed for Ru-8 (9.93� 105 M�1). The KSV value of Ru-8 is much

larger than that of Ru-5 (4.45� 103 M�1) and Ru-6 (4.59� 103 M�1). Large value

was also observed for Ru-7 (τ¼ 9.22 μs. KSV¼ 1.70� 105 M�1).

The upconversion quantum yield with Ru-8 as the photosensitizer is much

higher than that with Ru-5 or Ru(dmb)3 as the photosensitizers. We noticed that

the upconversion of Ru-8 is not significantly higher than that of Ru-7, despite the

much longer T1 lifetime of Ru-8 than that of Ru-7. We attributed this small

upconversion quantum yield to the lower T1 excited state energy level of Ru-8.
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Fig. 7.6 Emission and TTA upconversion with Ru-5 and Ru-8 as triplet photosensitizers upon

473 nm laser excitation. (a) Emission of the Ru(II) complexes. Excited by blue laser (λex¼ 473 nm,

5 mW). (b) The upconverted DPA fluorescence and the residual phosphorescence of the mixture of

DPA (4.3� 10�5 M ) and Ru-5 or Ru-8, respectively. (c) The photographs of the upconversion

(samples of a and b). In deaerated CH3CN solution. The complexes solution are 1.0� 10�5 M. The

asterisks in (a) and (b) indicate the scattered 473 nm excitation laser. 25�C (Reprinted with

permission from Ref. [43]. Copyright © 2013 WILEY-VCH Verlag Gmbh & Co. KGaA,

Weinheim)
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7.2.1.2 BODIPY-Ru(II) Polyimine Complexes as Triplet

Photosensitizers

A straightforward approach to prepare a transition metal complex that shows strong

absorption in the visible light region is to attach a visible light-harvesting chromo-

phore, typically a fluorophore, such as boron dipyrromethene (BODIPY) [45–48],

to the coordination center [49–51].

Till date the visible light-absorbing BODIPY-containing Ru(II) complexes were

not studied for TTA applications [49–51]. Recently we reported two Ru

(II) polyimine complexes: Ru-9 and Ru-10 (Fig. 7.8) [32]; visible light absorbing

and exceptionally long-lived triplet excited states were observed. In these com-

plexes, the BODIPY units were either linked by π-conjugation to the coordination

center via a C^C bond (Ru-9, τT¼ 279.7μs) or tethered on the N^N coordination

framework (Ru-10, τT¼ 246.6 μs). Application of these complexes as a triplet

photosensitizer in triplet–triplet annihilation upconversion has been studied using

perylene as the acceptor.
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Fig. 7.7 Stern–Volmer plots generated from intensity quenching of complex [Ru(dmb)3]
2+

(λex¼ 460 nm), Ru-5 (λex¼ 446 nm), Ru-6 (λex¼ 450 nm), Ru-7 (λex¼ 450 nm), and Ru-8
(λex¼ 418 nm). Phosphorescence measured as a function of DPA concentration in CH3CN.

1.0� 10�5 mol dm�3. 25�C. (Reprinted with permission from Ref. [43]. Copyright © 2013

WILEY-VCH Verlag Gmbh & Co. KGaA, Weinheim)
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In the presence of perylene, significant upconverted blue emission was observed

in the region of 400 nm�500 nm for Ru-9 as compared to Ru-10 (Fig. 7.9b). The

TTA upconversion quantum yield of Ru-9 (ΦUC¼ 1.2 %) was found to be 2-fold of

Ru-10 (ΦUC¼ 0.7 %), indicating that direct connection of the π-core of

the BODIPY chromophore to the coordination center, i.e., by establishing

π-conjugation between the visible light-harvesting chromophore and the metal

coordination center, is essential to enhance the effective visible light harvesting

of the Ru(II) complexes. To the best of our knowledge, Ru-9 is the first reported

green light excitable Ru(II) complex used for TTA upconversion [21, 32, 52].

7.2.2 Pt(II)/Pd(II)/Zn Porphyrin Complex for TTA
Upconversion

Pt(II) porphyrin complexes, such as PtOEP (Pt-1, OEP¼ octaethylporphyrin), have

been used in luminescent O2 sensing and photodynamic therapy; both applications

are based on the capability of visible light absorption and population of triplet

excited state upon photoexcitation. Different from the typical Ru(II) polyimine

complexes, the Pt(II) porphyrin complexes show intense absorption of visible light,

and the lifetimes of the T1 excited state of these complexes are much longer, usually

longer than 50 μs [53–55].
Pt(II) porphyrin complexes are triplet emitters with moderate absorption in the

green region. For example, the Pt-1 (Fig. 7.10) shows absorption at ca. 400 nm with

ε ¼1.0-5.0� 105 M�1 cm�1. But usually the absorption at longer wavelength, i.e.,

530 nm, is much weaker. Triplet state energy of the porphyrin complexes is 1.33–

1.93 eV. Thus, Pt-1 was used with DPA (with T1 energy of 1.77 eV or 700 nm) for

noncoherently excited annihilation upconversion [56]. It should be pointed out that
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Fig. 7.9 Upconversion with Ru-9, Ru-10 as triplet photosensitizers (1.0� 10�5 M). (a) Photo-
graphs of the emission of photosensitizers alone and in the presence of perylene

(Py) (4.1� 10�5 M). (b) excited by the OPO laser at the isosbestic point of the UV/Vis absorption

of Ru-9 and Ru-10 (509 nm). λex¼ 532 nm, 11.2 mW (MeCN, 20� C) (Reprinted with permission

from Ref. [32]. Copyright © 2013, Royal Society of Chemistry)
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the complex Pt-1, or other Pt porphyrin complexes, usually shows much longer

triplet excited state lifetime than the Ru(II) polyimine complexes. The long-lived

triplet excited state of the photosensitizer is beneficial for TTET process and the

TTA upconversion.

Baluschev carried out TTA upconversion with focused solar light as the excita-

tion source, and the external efficiency was 1 % (the excitation power density is

10 W cm�2) [16]. Pd-1 (PdOEP) was used as triplet photosensitizer and DPA was

used as triplet acceptor (Fig. 7.10).

Castellano shows that the Pt-1/DPA upconversion is effective even in polymer

films with low glass transition temperature. Excitation is at 544 nm [56]. It is

interesting that the upconversion works in the solid matrix in aerobic atmosphere

and with excitation at low excitation power density of 6–27 mW cm�2. This result

paved the way for practical application of the TTA upconversion.

In order to use red light to perform the upconversion, a triplet photosensitizer

with red-light absorption has to be used. Red-absorbing photosensitizer platinum

(II) tetraphenyltetrabenzoporphyrin (Pt-2) (Fig. 7.11) and palladium porphyrin

complex Pd-1 were used as triplet photosensitizers (Fig. 7.8) [57–60].

The platinum (II) tetraphenyltetrabenzoporphyrin complex Pt-2 (Fig. 7.11)

shows strong absorption at 430 nm (Soret band) and an absorption at 611 nm

(Q-band). The complex shows phosphorescence at 770 nm (1.61 eV, τ¼ 41.5 μs).
DPA is an inappropriate triplet acceptor in this case, due to its unmatched triplet

state (T1) energy level (1.77 eV), which is higher than the photosensitizer, and the

TTET from the photosensitizer to the acceptor will be frustrated. Perylene (A-2)

was selected as the triplet acceptor, for which the T1 state energy level is 1.53 eV
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Fig. 7.10 Molecular

structures of platinum and

palladium

octoethylporphyrin

complex Pt-1 and Pd-1

N

NN

N
Pt
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Fig. 7.11 Molecular structures of triplet photosensitizer platinum(II) tetraphenyltetrabenzo-

porphyrin (Pt-2) and the triplet acceptor (Perylene, A-2) [57]
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(Fig. 7.11). The UV-vis absorption of perylene is in the region< 450 nm. With red

excitation (635 nm laser), the blue/green fluorescence of perylene was observed.

The upconversion quantum yield (ΦUC) is 0.65 % [57]. Several factors may be

responsible for the low upconversion quantum yield, such as the large size of the

photosensitizer molecule, which may reduce the diffusion ability of the photosen-

sitizer at triplet excited state [20, 21, 28].

For applications such as DSCs, the challenge is to effectively harvest the energy

of the solar light in the red/near-IR region, where the normal organic dyes show

poor absorption. Recently a palladium porphyrin complex that shows absorption in

near-IR region was used for TTA-based upconversion (Fig. 7.12) [58]. The com-

plex shows intense absorption at ca. 700 nm and the phosphorescence is at

916/942 nm. The near-IR (NIR) absorption of the Pd(II) complex is in particular

significance since the low-energy NIR light of the solar radiance can be harvested

with this photosensitizer. However, as the energy level of T1 state of the complex is

low, thus a triplet acceptor with low and matched T1 energy level has to be used

(A-3, Fig. 7.12), which shows green fluorescence emission in the region of 490–

600 nm. The energy level of the triplet excited state of this compound is presumably

lower than 1.32 eV (942 nm). With excitation at 700 nm, green emission of the

acceptor/annihilator in the range of 490–600 nm was observed. The external

upconversion quantum yield was determined as 4 %.

The authors also performed the upconversion with focused solar radiance. This

is particularly interesting because the efficiency of the DSCs may be improved with

the NIR absorbing upconversion schemes.

In order to harvest broadband excitation light, such as solar light, two photosen-

sitizers were simultaneously used for TTA upconversion [59]. The two complexes

used as triplet photosensitizers are Pd-2 and Pd-3, respectively (Figs. 7.12, 7.13).
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The two complexes give absorption band at 630 nm and 700 nm, respectively.

Thus, with the solar light as the excitation source, upconversion was observed with

rubrene (A-4, Fig. 7.13) as the triplet acceptor.

In 2010, Castellano reported a TTA upconversion with NIR absorbing triplet

photosensitizer Ru-11 (Fig. 7.14) [61]. The excitation was carried out at 780 nm,

and the upconverted emission of the perylenebisimide is at 541 nm. The

upconversion quantum yield was determined as (0.75� 0.02) %.

Although the Pt(II)/Pd(II) porphyrin complexes have been successfully used as

triplet photosensitizers for TTA upconversion, the limitation of these complexes is

that the absorption/emission wavelength of the Pt(II)/Pd(II) complexes cannot be

readily changed by molecular structure modification. Thus, it is desired that an

alternative type of photosensitizer can be developed that shows tunable excitation/

emission wavelength [3, 4, 20, 21].

Since some zinc porphyrin complexes show significant intersystem crossing, the

application of ZnTPP (meso-tetraphenylporphine zinc) [62] and red-light excitable

Zn(II) tetraphenyltetrabenzoporphyrin (TPTBP) Zn-1 in TTA upconversion was

studied (Fig.7.15) [63]. The triplet state lifetime of ZnTPTBP is 155.7 μs. TTA
upconversion quantum yield of 0.76 % was observed with A-6 as triplet acceptor.

Note A-6 is a perylene-BODIPY dyad, in which the perylene part is as the triplet

acceptor, and this is a hetero annihilation between different chromophores. The S1
state of the BODIPY part is with lower energy level than that of perylene; thus, the

relation of 2ES1>ET1 can be met [17].
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7.2.2.1 Pt(II) Acetylide Complexes as the Triplet Photosensitizers:

Tunable Photophysical Properties

N^N Pt(II) acetylide complexes are usually phosphorescent at room temperature,

and the fluorescence of the ligands is completely quenched in the complexes,

indicating efficient ISC process. The principal photophysical processes of the

Pt(II) acetylide complexes are similar to that of the Ru(II) polyimine complexes

[2–4]. Excitation into the 1MLCT excited state is followed by an efficient ISC to the

triplet excited state, which was identified as 3MLCT/3LLCT transition. Pt

(II) acetylide complexes are featured with high phosphorescence quantum yield

(up to 40 %) and readily tunable photophysical properties by simply changing the

structure of the acetylide ligand [64–68]. In 2010, a trident Pt(II) acetylide complex,

N^N^N Pt(II) phenylethynyl Pt-3, was used for TTA-based upconversion

(Fig. 7.16) [64]. This complex shows moderate UV-vis absorption in the visible

region (400 nm–550 nm) and a phosphorescence lifetime of 4.6 μs. The complex

gives emission at 613 nm, as a broad emission band, due to the 3MLCT nature of the

excited state. Accordingly, DPA, a triplet acceptor with match energy level of T1

excited state (1.77 eV, 700 nm), was selected as the triplet acceptor/annihilator/

emitter. With selective excitation at either 500 nm or 514.5 nm (laser), the

upconverted blue emission of DPA was observed in the range of 400 nm–

500 nm. The upconversion quantum yield (ΦUC) was determined as 0.2–1.1 %.

We propose that with N^N Pt(II) acetylides complexes that show strong absorp-

tion and longer triplet excited state lifetimes, the upconversion quantum yield

(ΦUC) may be greatly improved. Following this line, we prepared a fluorene,

naphthalimide (NI), coumarin, and naphthaldiimide (NDI)acetylide Pt

(II) complex, which shows intense absorption in visible region, as well as long-

lived triplet excited states [3, 4].

7.2.2.2 Fluorene-Pt(II) Acetylide Complexes as the Triplet

Photosensitizers

On attaching the fluorene chromophore to the Pt(II) center of the N^N Pt

(II) bisacetylide complexes (Pt-4–Pt-9) (Fig. 7.17), the absorption in the visible

region and long-lived triplet excited states was enhanced, especially for the com-

plexes containing anthranyl (Pt-6, λabs¼ 445 nm, ε¼ 8.54� 104 M�1 cm�1,

τT¼ 66.7 μs) and pyrenyl (Pt-7, (λabs¼ 420 nm, ε¼ 9.70� 104 M�1 cm�1,

N

N

N

Pt Me (ClO4)

Pt-3

Fig. 7.16 The N^N^N Pt

(II) acetylide complex Pt-3
used for TTA upconversion.

The upconversion with Pt-3
was reported in Ref. [64]
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τT¼ 54.7 μs) fluorene ligands, compared to other complexes (τT is less than 2 μs ).
Pt-4, Pt-5, Pt-8, and Pt-9 give strong emission at ca. 600 nm upon 445 nm laser

excitation, whereas Pt-7 exhibited weak luminescent and Pt-6 is nonluminescent

(Fig. 7.18a).

Strong upconverted blue fluorescence in the range of 400–550 nm with Pt-7 as

the triplet photosensitizer and triplet acceptor DPA A-1 was observed along with

minor upconversion with Pt-5 as the triplet photosensitizer (Fig. 7.18b). For other

complexes, however, the upconversion is negligible. Although the emissions of

these complexes are much stronger than that of Pt-7, the lack of upconversion with

Pt-4, Pt-8, and Pt-9 is attributed to the short T1 state lifetime and the weak

absorption at the excitation wavelength; thus, the population of the triplet excited

photosensitizers is under the threshold for TTA upconversion. Consequently, based

on the result of Pt-7 with a high upconversion quantum yield of 22.4 %, it is
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Fig. 7.17 The fluorene-N^N Pt(II) acetylide complexes Pt-4–Pt-9 used for TTA upconversion

[69]
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proposed that weakly phosphorescent or non-phosphorescent transition metal com-

plexes can be used as triplet photosensitizers for TTA upconversion, compared to

the phosphorescent triplet photosensitizers [44, 69].

Herein, we propose to use a new parameter to evaluate the upconversion

performance of the triplet photosensitizers (η, Eq. 5). Due to the prolonged T1

excited state lifetime or the intensified absorption in the visible range, upconversion

efficiency of Pt-10 is 5.7-fold of Pt-12 and Pt-11 is 3.0-fold of Pt-12.

7.2.2.3 Coumarin-Pt(II) Acetylide Complexes as the Triplet

Photosensitizers

Coumarin N^N Pt(II) acetylide complex has been reported, which shows intense

absorption in visible spectral region (Pt-15 in Fig. 7.20) [65]. DPA was used as

triplet acceptor and upconversion quantum yield of 14.1 % was observed
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Fig. 7.18 Emission and upconversion with the complexes Pt-4–Pt-9 as triplet photosensitizers

upon 445 nm laser excitation. (a) Emission of the Pt(II) complexes without DPA. (b) Upconverted
emission in the presence of DPA, λex¼ 445 nm, 5 mW, c[photosensitizer]¼ 1.0� 10�5 M, c
[DPA]¼ 4.3� 10�5 M in toluene, 25� C (Reprinted with permission from ref. [69]. Copyright ©
2012, Royal Society of Chemistry). Later we also attached different aryl groups to the fluorene

moiety, such as phenylacetylide Pt-13, naphthalimide-4-acetylide Pt-10, and in Pt-11, the

fluorene moiety was altered to carbozale moiety (Fig. 7.19) [70]. With the fluorene linker between

the arylacetylide and the Pt(II) center, the absorption of complexes in the visible range were

intensified with longer triplet excited state lifetime and room temperature (RT) phosphorescence.

For Pt-10 (λabs¼ 450 nm, ε¼ 6.21 x104 M�1 cm�1), Pt-11 (λabs¼ 458 nm, ε¼ 2.87� 104

M�1 cm�1), Pt-12 (λabs¼ 414 nm, ε¼ 3.91� 104 M�1 cm�1), Pt-13 (λabs¼ 424 nm,

ε¼ 0.72� 104 M�1 cm�1), and Pt-14 (λabs¼ 373/431 nm, ε¼ 11.5/1.31� 104 M�1 cm�1), the

triplet excited state lifetime was found to be 138.1 μs, 23.0 μs, 47.4 μs, 0.9 μs, and 0.7 μs,
respectively. As a result, the significant upconversion for Pt-10 (ΦUC¼ 24.3 %), Pt-11
(ΦUC¼ 14.7 %), and Pt-12(ΦUC¼ 19.2 %) as the triplet photosensitizer on addition of triplet

acceptor DPA was observed as compared to Pt-13 and Pt-14 [71]. It should be pointed out that

these high upconversion quantum yields are reasonable, although it was proposed that 11.1 % will

be the maximal upconversion quantum yields [20, 21, 52]
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[65]. Under the same experimental conditions, the model complex dbbpy Pt

(II) bisphenylacetylide gives upconversion quantum yield of 8.9 %. We compared

the η value of the coumarin-containing complex Pt-15 and the model complex

dbbpy Pt(II) bisphenylacetylide Pt-13; the results show that the overall

upconversion capability with Pt-15 is improved by 7.3-fold over the model com-

plex containing phenylacetylide. Recently, we reported Pt(dbbpy)(C^C-phenylene-
coumarin) Pt-16 with prolonged 3IL lifetime of the T1 state (τT¼ 20.15 μs) due to
the extension of the π-conjugation system inside the coumarin ligand, compared to

that of the model complex dbbpy Pt(II) bisphenylacetylide (τT¼ 0.7 μs) and Pt-15

(τT¼ 2.44 μs). As a result, the upconversion quantum yield of Pt-16 was found to

be increased up to 19.7 % [71].

N

N
Pt

C8H17

C8H17

C8H17C8H17

C8H17

C8H17
C8H17

C8H17

N

N

O

O

O

O

Pt-10

NN

Pt

NN

N

N O

O

O

O

Pt-11

N

N
Pt

Pt-14

N

N
Pt

Pt-12

N

N

O

O

O

O

N

N
Pt

Pt-13

Fig. 7.19 Molecular structure of fluorine-N^N Pt(II) acetylide complexes Pt-10–Pt-14 used for
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light used as triplet photosensitizers for TTA upconversion. The compounds Pt-15, Pt-16, and
Pt-17 are from Refs. [65], [71], and [72], respectively
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On the other hand, if the coumarin moiety was replaced with the fluorescein

chromophore in N^N Pt(II) bisacetylide complex Pt-17 (Fig. 7.20), a decrease in

upconversion quantum yield up to 10.7 % was observed due to the decrease in

fluorescein localized intraligand triplet excited state lifetime (τT¼ 16.4 μs) [72].

7.2.2.4 Rylene (NI or NDI)-Pt(II) Acetylide Complexes as the Triplet
Photosensitizers

It should be noted that the absorption of Pt-15 is still at short wavelength and the T1
excited state lifetime is short (2.5 μs) [65]. Therefore, we prepared complex Pt-18

(Fig. 7.21), in which the naphthalenediimide (NDI) was attached to the Pt(II) center

via acetylide ligand [66]. Intense absorption in the visible region (λabs¼ 583 nm

with ε¼ 31,300 M�1 cm�1) and long-lived T1 excited state was observed for the

complex Pt-18 (τT¼ 22.3 μs); these photophysical properties are ideal for the

complexes as triplet photosensitizers for TTA upconversion [20, 21]. The

upconversion quantum yield (ΦUC) of the complex was determined as 9.5 %.

Under the same experimental conditions, no upconversion was observed for the

model complex dbbpy Pt(II) bisphenylacetylide Pt-13.
A few years ago, some of us reported a naphthalimide (NI) acetylide-containing

Pt(II) complex Pt-12 (Fig. 7.19), which shows exceptionally long-lived 3IL excited

state (τT¼ 124 μs) [37, 67]. Another Pt(II) bisacetylide complex Pt-19 (Fig. 7.21)

with long-lived T1 excited state was reported by Castellano et al. [68]. Long-lived

T1 excited state of triplet photosensitizer is beneficial for the improvement of the

efficiency of the TTET process, the critical process involved in the TTA

upconversion. Exceptionally high upconversion quantum yields (ΦUC) of 39.9 %

were observed for Pt-12 and 28.8 % for Pt-19.
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Fig. 7.21 N^N Pt

(II) bisacetylide complexes

that show prolonged T1
excited state lifetimes

(τ¼ 22.3 μs for Pt-18,
τ¼ 124.0 μs for Pt-12, and
τ¼ 73.6 μs for Pt-19) used
as triplet photosensitizers

for TTA upconversion. The

compounds are from Refs.

[66], [37], and [68],

respectively
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7.2.2.5 Rhodamine-Pt(II) Acetylide Complexes as the Triplet

Photosensitizers

A N^N Pt(II) acetylide complex with rhodamine moiety was reported by our group,

in order to enhance the absorption in visible region and to access the long-lived 3IL

excited state localized on the rhodamine moiety (Pt-20. Fig. 7.22) [73]. The

complex shows strong absorption at 556 nm (ε¼ 185,800 M�1 cm�1). By compar-

ison, the intense absorption of Pt-20 at 556 nm is due to the rhodamine acetylide

ligand. Interestingly, only fluorescence (580 nm) and no phosphorescence was

observed for Pt-20 at either RT or 77 K. The assignment of fluorescence is based

on the small Stokes shift of the emission band (24 nm), short luminescence lifetime

(2.50 ns), and the O2-independent emission intensity [73].

Nanosecond time-resolved transient difference absorption spectra show that

rhodamine-localized triplet excited state of Pt-20 was populated upon excitation.

The lifetime of the triplet excited state is 83.0 μs. This assignment of the triplet

excited state as 3IL state was supported by the position of the bleaching band and

DFT calculations (spin density analysis of the triplet state of the complex).

Complex Pt-20 was used as the triplet photosensitizer for TTA upconversion

with perylene as the triplet acceptor, and upconversion quantum yield of 11.2 %

was observed. Note that the overall upconversion capability of Pt-20 is significant,

due to its strong absorption at 556 nm (ε¼ 185,800 M�1 cm�1) [73].

7.2.2.6 BODIPY-Pt(II) Acetylide Complexes as the Triplet

Photosensitizers

Recently, we reported the red-light excitable binuclear complexes Pt-22–Pt-25

(Fig. 7.23), with two Pt(II) coordination centers connected to the π-core of the

visible light-harvesting BODIPY ligands, showed red-shifted absorption (Pt-23,

λabs¼ 643 nm, ε¼ 42,300 M�1 cm�1; Pt-23, λabs¼ 643 nm, ε¼ 40,300 M�1 cm�1)

compared to the mononuclear BODIPY-Pt(II) complexes (Pt-21 and Pt-24),

(Pt-21, λabs¼ 570 nm, ε¼ 38,300 M�1 cm�1; Pt-24, λabs¼ 602 nm,

ε¼ 54,100 M�1 cm�1) and exhibited long-lived BODIPY ligand-localized triplet

excited states (τT¼ 57.9–72.4 μs) with nanosecond transient absorption spectra,
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N
Pt-20

Fig. 7.22 N^N Pt

(II) acetylide complex

Pt-20 containing rhodamine

moiety. The complex shows

strong absorption at 556 nm

(ε¼ 185,800 M�1 cm�1)

and long-lived

non-emissive 3IL excited

state was observed

(τT¼ 83.0 μs). The complex

is from ref. [73]
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which is supported by spin density analysis. The platinum(II) bis(phosphine) bis

(aryleneethynylene) complexes are used as triplet photosensitizers for the first time

for red-light excited triplet–triplet annihilation (TTA)-based upconversion [74].

On addition of the triplet acceptor perylene to a solution of the complexes Pt-21

and Pt-24, TTA upconverted blue emission in the range 400–550 nm was observed,

upon excitation with a 589 nm laser. Interestingly, the upconverted emissions with

Pt-22 and Pt-23 as the triplet photosensitizer were found to be much weaker than

those with Pt-21 and Pt-24 as the triplet photosensitizer, and the TTA upconversion

quantum yields of Pt-21 (ΦUC¼ 19.0 %) and Pt-24 (ΦUC¼ 14.3 %) are much

higher than those of Pt-22 (ΦUC¼ 3.0 %) and Pt-23 (ΦUC¼ 3.5 %). Pt-22 and

Pt-23 exhibited red-shifted fluorescence as compared to that of Pt-21 and Pt-24,

indicating that the energy levels of the T1 states of Pt-22 and Pt-23 will probably be
lower than those of Pt-21 and Pt-24. With a view that a triplet acceptor perylene-

bisimide (PBI) with a lower T1 state energy level (1.15–1.2 eV) than perylene

(1.53 eV) may improve the TTA upconversion of the triplet photosensitizers Pt-22

and Pt-23, a red laser (635 nm) was used for the excitation. Upconverted intense

green emissions were observed for Pt-22 (Fig. 7.24a) and Pt-23 in the presence of
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PBI with increased TTA upconversion quantum yields 5.8 % (Pt-22) and 5.6 %

(Pt-23) as compared to perylene triplet acceptor. The higher TTA upconversion

quantum yields may be due to the larger driving force of the TTET between the

triplet photosensitizer (Pt-22 and Pt-23) and the triplet acceptor PBI [74].

On the other hand, opposite results were found for the photosensitizer Pt-24

(Fig. 7.24b), using the triplet acceptor PBI which exhibits a lower T1 state energy
level than perylene. As a result, the energy gap between the triplet photosensitizer

and the triplet acceptor became much larger. On the basis of this discussion, it was

proposed that proper selection of the triplet acceptor is crucial for the TTA

upconversion and an appropriate driving force for the TTET between the photo-

sensitizer and the acceptor is needed for an upconversion system.

Two Pt(II) complexes in which the π-conjugation framework of BODIPY is

either directly connected to the Pt(II) coordination center Pt-25 or isolated from the

Pt(II) center by the meso-phenyl moiety of the BODIPY chromophore were also

reported (Pt-26, Fig. 7.23). The upconversion quantum yield was found to be

10.8 % and 7.4 % for Pt-25 (Fig. 7.1) and Pt-26, respectively, in the presence of

perylene triplet acceptor [29].

BF2 or boron-containing fluorophores have been extensively used for molecular

probes and molecular arrays due to the strong absorption in the visible region and

high photostability [75–81]. Difluoroboron (BF2) bound N^N Pt(II) bisacetylide

complex (Pt-27, Fig. 7.25) was used as the triplet photosensitizer for triplet–triplet

annihilation (TTA)-based upconversion, and an upconversion quantum yield of

8.9 % was observed with (DPA) as the triplet acceptor [82].
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7.2.2.7 Cyclometalated Pt(II)/Ir(III) Complexes as Triplet

Photosensitizers

Most of cyclometalated Ir(III) or Pt(II) complexes show RT phosphorescence upon

photoexcitation [1–4]. The photophysical properties of these complexes, such as the

absorption wavelength, the emission wavelength, and the lifetime of the T1 excited

state, can be tuned by changing the C^N ligand. Cyclometalated Ir(III) complexes

are normally used as the triplet emitters in organic light-emitting diode (OLED),

due to their emissive triplet excited state. The emissive state of these complexes is

generally assigned with 3MLCT/3IL mixed feature and the luminescence is char-

acterized with long lifetime (in μs range). Therefore, these complexes can poten-

tially be used as triplet photosensitizers for the TTA-based upconversion. However,

it should be pointed out that the typical cyclometalated Ir(III) or Pt(II) complexes

usually show weak absorption in the visible region and the lifetime of T1 state is

short (only a few μs) [1–4, 52].
Castellano et al. used complex Ir-1 as the triplet photosensitizer for the

TTA-based upconversion (Fig. 7.26) [83]. The lifetime of the triplet excited state

of Ir-1 is 1.55 μs and the energy level of the T1 state is ca. 20,000 cm�1 (500 nm,

2.48 eV). However, the absorption of this complex is weak in visible spectral

region. Pyrene and 3,8-di-(tert-butyl)pyrene were used as the triplet acceptor/

annihilator, due to the appropriate energy level of the T1 excited state

(16,850 cm�1, i.e., 593 nm, 2.09 eV). Upconverted blue fluorescence of pyrene

was observed at 400 nm with selective excitation of Ir-1 at 450 nm.

However, it should be pointed out that the UV-vis absorption of complex Ir-1 is

located in the UV and blue region and the molar absorption coefficient is only

moderate. Furthermore, the lifetime of the T1 excited state is short. Therefore, much

room is left for the chemical modification of the molecular structure of the

cyclometalated Ir(III) complexes to improve the UV-vis absorption property and

thus to enhance the TTA upconversion with these complexes.

Inspired by Thompson’s work [84], we prepared cyclometalated Ir(III) and Pt

(II) complexes which contain coumarin ligand (Ir-4 and Ir-5, Fig. 7.26, and Pt-29–

Pt-31, Fig. 7.27) [85, 86]. The molecular design rationales are to prepare the Ir(III)

and Pt (II) complexes that show intense absorption in the visible region and to

access the long- lived 3IL excited state. With DFT calculations, we predicted that
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Fig. 7.25 BF2 bound N^N
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the T1 energy level of the coumarin ligand will be close to the Ir(III) coordination

center; thus, the intrinsic triplet excited state of the complex may be profoundly

perturbed.

Upconversion with Pt-29 (τ¼ 20.3 μs, Fig. 7.25) as the photosensitizer and DPA
as the acceptor gives upconversion quantum yield of 15.4 %. Upconversion with

Pt-30 and Pt-31 (Fig. 7.27) gives much lower efficiency [86].

Recently, we reported tridentate cyclometalated platinum (II) acetylide com-

plexes featuring a fused 5–6-membered metallacycle (C^N*N) Pt(II)L, where

L¼ phenylacetylide (Pt-32), pyrenylacetylide (Pt-33), and naphthalimidea-

cetylides (Pt-34. Fig. 7.27) with enhanced long-lived emissive triplet excited states

for Pt-33 (τT¼ 84 μs) and Pt-34 (τT¼ 136 μs) due to 3IL triplet excited states that

localized on pyrene or NI acetylide ligands, respectively, when compared to the

model complex Pt-32 (τT¼ 9.2 μs) in which the T1 state is localized on the C^N*N

ligand. Upconversion quantum yield of 19.5 % was observed with Pt-34 with DPA

as acceptor as the triplet photosensitizer was selectively photoexcited [87]. Pyrene

based, the first Schiff base Pt(II) complexes Pt-35 and Pt-36 with long-lived 3IL

triplet excited state, 13.4 μs and 21.0 μs, exhibited upconversion quantum yield of

9.9 % and 17.7 %, respectively, in the presence of DPA triplet acceptor [88].

In contrast to the model complexes Ir-2 and Ir-3 (Fig. 7.26), both showing very

weak absorption in visible region (e.g., ε¼ 1,353 M�1 cm�1 at 466 nm for Ir-3), the

coumarin-containing Ir-4 gives intense absorption (ε¼ 70,920 M�1 cm�1 at

466 nm) (Figs. 7.26 and 7.28). Furthermore, the T1 excited state lifetimes of Ir-2

and Ir-3 are short (0.81 μs and 0.66 μs, respectively), and Ir-4 shows profoundly

prolonged T1 excited state lifetime (τT¼ 75.5 μs).
Interestingly, the coumarin-containing complexes Ir-4 and Ir-5 give much

weaker emission than that of Ir-2 and Ir-3 (Fig. 7.28b) [85]. The emissive excited

state of Ir-4 and Ir-5 was proposed to be 3IL excited state by using nanosecond
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Fig. 7.28 (a) UV-vis absorption of Ir-2, Ir-3, Ir-4, and Ir-5. In CH3CN (1.0� 10�5 M; 20� C).
(b) Emission spectra of the IrIII complexes. Ir-2: λex¼ 386 nm, Ir-3: λex¼ 407 nm, Ir-4:
λex¼ 462 nm, Ir-5: λex¼ 421 nm. In deaerated CH3CN (1.0� 10�5 M; 20 �C) (Reprinted with

permission from ref. [85]. Copyright © 2011 WILEY-VCH Verlag Gmbh & Co. KGaA,

Weinheim)
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time-resolved transient absorption, 77 K emission spectra, and spin density analysis

(DFT calculations). We propose that the weak emission of Ir-4 and Ir-5 does not

necessarily deter the complexes from application for some photophysical process;

thus, the complexes were used for TTA-based upconversion.

It is clear that the Ir-4 and Ir-5 are more efficient as triplet photosensitizers for

TTA upconversion than the model complexes Ir-2 and Ir-3 (Fig. 7.29). For

example, the upconversion quantum yields with Ir-4 and Ir-5 as triplet photosen-

sitizers were determined as 21.3 % and 23.4 %, respectively. For Ir-2 and Ir-3,

however, no significant upconversion was observed (Fig. 7.29a) [85].

The upconversion are visible with unaided eyes. Herein, we noticed an interest-

ing result that the quenched phosphorescence peak area of Ir-4 and Ir-5 is much

smaller than that of the upconverted fluorescence peak area. The upconversion with

Ir-4 and Ir-5 clearly shows that some photosensitizer molecules that are otherwise

non-emissive were involved in the TTET process, that is, the dark excited states

were effective as energy donor of the TTET process. Previously most transition
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(1.0� 10�5 M) with DPA (8.0� 10�5 M). (b) Phosphorescence of photosensitizers alone

(λex¼ 445 nm, 5 mW). (c) Photographs of the upconversions. In deaerated CH3CN. 20
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(Reprinted with permission from ref. [85]. Copyright © 2011 WILEY-VCH Verlag Gmbh &

Co. KGaA, Weinheim)
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metal complexes used as triplet photosensitizers for TTA upconversion are phos-

phorescent. Our new concept to use dark triplet excited state to sensitize the TTET

and the TTA upconversion will greatly increase the availability of the triplet

photosensitizers for TTA upconversion [44, 84, 85].

The effect of the long-lived T1 excited state on the efficiency of the TTET

process is presented in Fig. 7.30. The slope of the quenching process with Ir-4 and

Ir-5, i.e., the quenching constants, is much larger than that with Ir-2 and Ir-3. The

quenching constants of Ir-4 and Ir-5 are 50-fold of that with Ir-2 and Ir-3 as the

triplet photosensitizers.

The Stern–Volmer quenching constants (KSV) of Ir-4 and Ir-5 with DPA as

quencher were determined as 5.51� 105 M�1 and 3.18� 105 M�1, respectively.

For Ir-2 and Ir-3, however, much smaller quenching constants of 1.71� 104 M�1

and 6.57� 103 M�1 were observed. Small Stern–Volmer quenching constants

indicate relatively non-efficient TTET process.

Recently, we prepared a series of visible light-harvesting Ir(III) complex Ir-6

(λabs¼ 486 nm, ε¼ 1.09� 105 M�1cm�1), Ir-7 (λabs¼ 484 nm, ε¼ 1.12� 105

M�1 cm�1) [89], Ir-8 (λabs¼ 473 nm, ε¼ 2.01� 104 M�1 cm�1), Ir-9

(λabs¼ 487 nm, ε¼ 4.20� 104 M�1 cm�1), Ir-10 (λabs¼ 437 nm, ε¼ 4.58� 104

M�1cm�1) [90], Ir-11 (λabs¼ 403 nm, ε¼ 1.91� 104 M�1 cm�1), and Ir-12
(λabs¼ 466 nm, ε¼ 5.15� 104 M�1 cm�1) (Fig. 7.31) [89–91]. These complexes

are with long-lived emissive T1 excited state. The lifetimes of the triplet excited

states of Ir-6 - Ir-12 were determined as 7.6 μs, 54.5 μs, 65.9 μs, 34.8 μs, 2.7 μs,
56.1 μs, and 73.9 μs, respectively. These complexes were used as triplet photosen-

sitizers for triplet–triplet annihilation upconversion, and upconversion quantum

yields of 19.3 %, 12.7 %, 22.8 %, 9.8 %, 9.3 %, 0 %, and 23.7 % were observed

for Ir-6, Ir-7, Ir-8, Ir-9, Ir-10, Ir-11, and Ir-12, respectively, upon 473 nm laser

excitation on addition of DPA as triplet acceptor.
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Ir-2 (λex¼ 386 nm), Ir-3 (λex¼ 410 nm), Ir-4 (λex¼ 475 nm), and Ir-5 (λex¼ 425 nm). Phospho-

rescence was measured as a function of DPA concentration in CH3CN. 1.0� 10�5 mol dm�3.
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Alongside, for the first time, we linked the π-conjugated core of naphthale-

nedimide (NDI) moiety to the Ir(III) center via C�C triple bonds for the preparation

of cyclometalated Ir(III) complex Ir-13 (Fig. 7.32) which exhibited strong absorp-

tion of visible light (ε¼ 11,000 M�1 cm�1 at 542 nm) and a long-lived triplet

excited state (τT¼ 130.0 μs) due to the NDI-localized intraligand triplet excited

state (3IL state). Ir-13 was used as triplet–triplet annihilation upconversion in the

presence of perylene acceptor upon 532 nm laser excitation. An upconversion

quantum yield of 6.7 %, 238.6 μs of the upconverted luminescence lifetime of the

blue emission band of the Ir-13/perylene mixture, and Stern–Volmer constant

(1.0� 106 M�1) were observed, suggesting efficient TTET of Ir-13 [92].
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7.3 Re(I) Complexes as Triplet Photosensitizers

Re(I) complexes have attracted much attention due to the application as lumines-

cent bioprobes and triplet photosensitizers for photocatalysis [93, 94]. As other

transition metal complexes, most of these Re(I) complexes show weak absorption

in the visible spectral region. For the first time, we linked BODIPY fluorophore to

N^N Re(I) tricarbonyl chloride complexes (Re-1 and Re-2) (Fig. 7.33) that give

very strong absorption of visible light. Re-1 (with BODIPY) and Re-2 (with

carbazole-ethynyl BODIPY) show exceptional strong absorption of visible light

at 536 nm (ε¼ 91,700 M�1 cm�1) and 574 nm (ε¼ 64,600 M�1 cm�1) and long-

lived triplet excited states (τT¼ 104.0 μs for Re-1; τT¼ 127.2 μs for Re-2),

respectively [95].

Upconversion quantum yield of Re-1 was (ΦUC¼ 8.5 %) 4-fold that of Re-2

(ΦUC¼ 2.0 %) in the presence of perylene acceptor. The upconversion efficiency η
value of Re-1 was 15-fold that of Re-2 with the 532 nm laser excitation. The Stern–

Volmer quenching constants of Re-1 (KSV¼ 6.75� 105 M�1) and Re-2

(KSV¼ 6.42� 105 M�1) were found to be close to each other. Despite the similar

quenching constants, Re-2 shows much weaker TTA upconversion than Re-1, due

to the weak absorption of Re-2 at the excitation wavelength and the less efficient

ISC of Re-2. It was observed that the TTA upconversion quantum yields of the Re

(I) complexes Re-1 and Re-2 are 1.6-fold that of the efficient bis-iodo-BODIPY

triplet photosensitizer, suggesting that the strong visible light absorption of the new

Re(I) complex is effective, that is, the excitation energy harvested by the BODIPY

ligand can be efficiently funneled to the triplet excited states of the complexes

[95]. We also used coumarin ligands to prepare Re(I) complexes that show strong

absorption of visible light and long-lived triplet excited states [96].
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7.4 Summary

In summary, visible light-harvesting transition metal complexes showing long-

lived triplet excited states were developed and used as triplet photosensitizers for

triplet–triplet annihilation (TTA) upconversion. Compared to the conventional

transition metal complexes that have been used for TTA upconversion, the

upconversion quantum yields were improved with the visible light-harvesting

complexes. These complexes include the Ru(II), Ir(III), Pt(II), and Re(I). It should

be pointed out that the application of the complexes is not limited to the TTA

upconversion; these complexes may be also used for photocatalysis and photody-

namic therapy, etc.
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Chapter 8

Triarylboron-Functionalized Metal
Complexes for OLEDs

Zachary M. Hudson, Xiang Wang, and Suning Wang

Abstract Triarylboron functionalization was found recently to be a highly effec-

tive strategy in greatly enhancing the phosphorescence efficiency of Pt

(II) compounds and the performance of Pt(II) compounds in electrophosphorescent

OLEDs. This chapter examines the role of a dimesitylboron (BMes2) group in the

phosphorescence and electrophosphorescence of N^C-, C^C, and N^C^N-chelate

Pt(II) compounds. The influence of the location of the BMes2 group, substituent

groups, ancillary ligands, and intramolecular hydrogen bonds on phosphorescent

color/efficiency and the stability of the Pt(II) compounds are discussed in detail.

The key focus is on the strategies of achieving efficient blue phosphorescent Pt

(II) compounds. Preliminary electrophosphorescent data for BMes2-functionalized

Pt(II) compounds are also presented.

Keywords Triarylboron functional group • Platinum complexes in

electroluminescence • Phosphorescent color tuning • Chelate ligand’s impact on

phosphorescent quantum efficiency

8.1 Introduction

Since the breakthrough discovery by Tang and coworkers of organic electrolumi-

nescent (EL) devices with an operating voltage below 10 V [1], tremendous

progress on organic light-emitting diode (OLED) technologies has been achieved.

Commercial goods such as televisions, cameras, and cellular phones based on

OLED displays are now commercially available, and the market continues to

rapidly expand. A key development that has enabled the production of energy-

efficient OLEDs has been the implementation of phosphorescent molecules as the

emitters in these devices, making it possible to achieve OLEDs with external

quantum efficiencies (EQEs) of 20 % or higher [2–11].

Although a variety of phosphorescent materials incorporating different metal

ions such as Ir(III) [12–16], Pt(II) [17–24], Cu(I) [25, 26], Os(II) [27–30], Ru
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(II) [31–36], Au(I) and Au(III) [37–40] have been used as dopants in OLEDs, Ir

(III)-based compounds are the most commonly used because of their high emission

quantum efficiencies as well as excellent chemical and thermal stabilities. How-

ever, despite intense global research efforts and the abundance of phosphorescent Ir

(III) compounds reported in the literature [41–45], no stable blue OLEDs based on

Ir(III) compounds have been achieved to date. This has motivated many teams to

investigate alternative classes of compounds, as the development of efficient and

stable blue phosphors for display and lighting applications remains a key challenge

in OLED research today [41–45].

Our group has been interested in the development of Pt(II)-based phosphores-

cent emitters, particularly those with emission energies in the blue region of the

visible spectrum. Compared to Ir(III) compounds, Pt(II) compounds are less well

investigated due to their planar structures, which can lead to many problems when

using these materials in electroluminescent devices. Specifically, a square-planar

structure often leaves these materials highly prone to intermolecular quenching, the

formation of excimers, or structural distortion in the excited state [6, 17–24, 46–48],

all of which can lead to diminished phosphorescent quantum efficiencies (Φp).

Conversely, the ligand-metal interactions in homoleptic square-planar Pt

(II) compounds tend to be stronger than their Ir(III) counterparts due to reduced

congestion around the metal center, and Pt(II) compounds in general emit at higher

energies than the corresponding Ir(III) compounds as a result. For example, Ir

(ppy)2(acac) [14] emits at 516 nm while Pt(ppy)(acac) emits at 486 nm [49]. Fur-

thermore, Pt(II) compounds are well known for their pronounced metal-to-ligand

charge-transfer transitions, which can greatly facilitate the tuning of both the

emission color and the emission quantum yields of these complexes [17–24, 46–

48, 50–54].

Following the pioneering work of Forrest and coworkers on electropho-

sphorescent devices based on a Pt(II) porphyrin complex [17], PtOEP, many

electrophosphorescent Pt(II) compounds have been developed for OLED applica-

tions [17–24, 46–48, 50–54]. Most of these have either the tridentate chelate

structure or the bidentate chelate structure, as shown in Fig. 8.1. The conjugated

chelate ligands are usually the dominant chromophore from which phosphores-

cence originates, while the X or X^Y chelate ligands usually act as ancillary ligands

and play a smaller role in the emission of the complex. When designing a phos-

phorescent metal complex for OLEDs, the chromophoric ligand should in general

Pt

X Y

π π

Pt

X

π

ππ

S0

T1

d-d
3LC/MLCT

n.r. hu

Fig. 8.1 Left: The structures of the most common phosphorescent Pt(II) compounds used in

OLEDs. Right: A schematic presentation showing the relative energy levels of the ground state, the

triplet excited state T1, and the d-d states for efficient phosphorescent Pt(II) emitters
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have the following features: (a) a triplet energy (T1) appropriate for the desired

emission color, (b) the ability to facilitate MLCT transitions and the mixing of

MLCT excited states with the ligand-centered triplet state (3LC) such that

intersystem crossing is enhanced, (c) rigidity to reduce vibrational and rotational

energy loss, and (d) sufficient bulk to minimize intermolecular interactions, unless

such interactions are specifically desired. Ancillary ligands, on the other hand,

should have a triplet energy significantly above that of the chromophoric ligand

to minimize energy-transfer quenching and should be sufficiently rigid and bulky as

well.

Because of the high triplet energy of blue phosphorescent compounds, the use of

strong-field ligands as both the chromophore and ancillary ligands is critical to

reducing thermal deactivation by metal-centered d-d excited states. In order to

achieve high emission quantum yields, care must be taken to ensure that these

d-d states lie sufficiently above the triplet state of the chromophore in energy

(Fig. 8.1). To date, many different ligand systems have been designed with the

aim of achieving bright blue phosphorescence in Pt(II) compounds, and several of

these have been found to be highly effective in producing high-performance

OLEDs [46–48, 50–54].

In this chapter, we examine the use of triarylboron-containing ligand systems

used in highly efficient phosphorescent Pt(II) compounds and their OLED devices.

We first introduce the key features of triarylboron compounds and explain why they

are effective in enhancing the phosphorescent quantum efficiency of Pt

(II) compounds. Next we discuss the various factors that have been found to have

a significant impact on the phosphorescence of these materials using examples of

complexes with different chromophoric and ancillary ligands.

8.2 Triarylboron Compounds and Their Role
in the Phosphorescence of Metal Complexes

Triarylboron compounds have a trigonal planar geometry around the boron center

and are the electron-transporting counterpart of triarylamines, the most commonly

used class of hole transport materials in OLEDs [55]. Their use in OLEDs was first

demonstrated by Shirota and coworkers in 1998, who showed that triarylboron

compounds could be used as effective electron transport materials [56]. This feature

has been further developed since, with several new classes of triarylboron-based

electron transport materials having been reported in recent years [56–61]. For

applications in OLEDs, it is necessary to protect the boron center from nucleophilic

attack by electrophiles such as water, which cause irreversible decomposition of

these materials via hydrolysis. This is typically achieved by introducing bulky

ortho-substituents on the pendant aryl rings or by using bulky aryl groups such as

anthryl [62, 63] as shown in Fig. 8.2. The presence of an unoccupied p orbital in

triarylboron compounds provides Lewis acidity and electron-accepting ability,
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making them ideal for use in a wide variety of applications including anion sensing

[64, 65], nonlinear optics [66–68], and optoelectronics [56–61, 69–72]. With

appropriate steric protection, triarylboron compounds are in general stable under

ambient conditions.

The most commonly used triarylboron unit in OLEDs materials is the -BMes2
group (Mes¼mesityl), as materials containing this moiety can be readily synthe-

sized from commercially available FBMes2. The aryl groups bound to the boron

center are critical to stabilize the radical anion generated in electron injection/

transport by delocalizing the charge through π-conjugation with the boron center.

When these materials are further functionalized by electron donor groups such as

amines, highly fluorescent molecules with quantum yields approaching 100 % can

be achieved [69–72]. The highly efficient fluorescence in such donor-acceptor

compounds originates from the highly polarized N!B (π! π*) charge-transfer
transition mediated by the aryl linker with a high oscillator strength (Fig. 8.3).

The electron-accepting nature of the triarylboron unit makes it an attractive

functional group for use in chromophoric ligands in Pt(II) compounds because it

can enhance the MLCT transition and lower the energy of MLCT, as shown in

Fig. 8.3. The impact of a BMes2 group on the MLCT transitions in Pt(II) compounds

may be illustrated using Pt(B2bpy)Ph2 (1) as an example, reported by our group in

2007 [73]. (Fig. 8.4) Unlike the parent molecule Pt(bpy)Ph2, which has a light

yellow color, compound 1 has a deep red color caused by a distinct MLCT

absorption band at 542 nm. Addition of fluoride ions changes the trigonal planar

geometry of the three-coordinate boron centers to a four-coordinate tetrahedral

geometry, leading to stepwise quenching of the low-energy MLCT peak as the 1:1

and 2:1 products are formed (Fig. 8.4), verifying that this transition was attributable

B B
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B

Fig. 8.2 Examples of sterically protected triarylboron compounds

B Ar
R

R B Ar Lx
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Fig. 8.3 The charge-

transfer (CT) process in a

donor (N)-acceptor

(B) system and the metal-to-

ligand charge-transfer

process in the BMes2-metal

system
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to the presence of the boron center. The low-energy MLCT and the clear separation

of the MLCT state from the 3LC state are believed to be responsible for the lack of

phosphorescence in 1. When one of the BMes2 groups in 1 is replaced by an NPh2
group, a low-lying N!B charge-transfer (CT) state is introduced on the chelate

ligand that is close in energy to the MLCT state, giving the compound an orange

phosphorescence, albeit at very low quantum efficiency (~0.1 %) [74].

In order to achieve bright phosphorescence, substantial mixing of both the 3LC

and MLCT states is thus essential. The first example of the use of a BMes2 group to

enhance the phosphorescent quantum efficiency of Pt(II) compounds was reported

by Kitamura and coworkers, who found that the BMes2-functionalized compound

2 has a much greater ΦP (0.011) than the parent molecule 3 (0.002) [75]. This

enhancement in ΦP was attributed to the synergistic interactions of the MLCT and

the ligand-based CT states in 2 (Fig. 8.5). Following this report, our group reported

substantial boron-induced phosphorescent enhancement in compound 4, which

displays a green phosphorescence with λmax¼ 540 nm and ΦP¼ 0.088 while the

non-borylated parent molecule is non-emissive [76].

The use of the BMes2 unit in other phosphorescent metal complexes [77] such as

Ru(II) [78, 79], Re(I) [80], and Ir(III) [81–83] is also known, although the impact of

the boron center on the phosphorescence efficiency of these metal complexes either

appears to be negative or is not significant. For example, Ir(ppy)2(acac) emits at

516 nm with ΦP¼ 0.53 in 2-Me-THF [84] while the BMes2-functionalized com-

pounds 5 and 6 (Fig. 8.6) have either a lower ΦP or a slightly improved efficiency

(λem¼ 605 nm, Φ¼ 0.18 in CH2Cl2 for 5 [81] and λem¼ 512 nm, Φ¼ 0.57 in

CH3CN for 6 [82]).

Fig. 8.4 The structure of compound 1, the absorption spectral change upon the addition of NBu4F
in CH2Cl2, and the HOMO and LUMO diagrams of 1
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Although the BMes2 unit can be effective in promoting phosphorescence in

some of the N^N- or N^N^N-chelate Pt(II) compounds as shown above, Pt

(II) compounds based on these types of chelate ligands are not suitable for use as

emitters in OLEDs because of the low emission quantum efficiency. The most

effective ligand systems for achieving bright phosphorescent Pt(II) compounds are

based on N^C-, N^C^N-, or C^C-chelate ligands, which are examined in detail in

the following sections.

8.3 BMes2-Functionalized Pt(II) Compounds for OLEDs

8.3.1 N^C-Chelate Systems

8.3.1.1 Phenylpyridine (ppy) and Related Ligands

The Impact of BMes2 Functionalization on Phosphorescence

The use of Pt(II)-phenylpyridines and related N^C-chelate Pt(II) compounds in

OLEDs has been extensively examined by Thompson and others [17–22].
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Fig. 8.5 The structures of compounds 2–4
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Fig. 8.6 The structures of

compounds 5 and 6
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Compared to N^N-chelate Pt(II) compounds, this class of materials produces much

brighter phosphorescence in solution and in the solid state at ambient temperature.

For example, Pt(ppy)(acac) and Pt(ppy)(dpm) (dpm¼ dipivaloylmethanoate) emit

at 485 nm with ΦP¼ 0.30 and 0.35, respectively, in CH2Cl2 [85, 90]. The high

emission quantum efficiency in these compounds can be explained by the efficient

mixing of the emissive 3LC state of the N^C-chelate ligand and the MLCT state,

which enhances spin-orbit coupling and intersystem crossing from the S1 to the T1
state. The HOMO and LUMO diagrams of Pt(ppy)(acac) shown in Fig. 8.7 illustrate

the LC-dominated first excited state (S1 and T1) and the involvement of the Pt-d
orbital.

Nonetheless, these molecules often do not produce high efficiency OLEDs due

to relatively low quantum efficiencies and their tendency to produce excimer

emission. We therefore chose this class of compounds as the initial targets to

examine the impact of BMes2 functionalization on phosphorescence of Pt

(II) compounds. The first group of compounds we examined are two isomers of

7 and 8 [86]. For isomer 8, the emission wavelength is about 6–10 nm blueshifted

from that of 7, illustrating the influence of the location of the BMes2 group on

emission energy. Changing the ligand L from DMSO to pyridine in 7 and 8 led to a

redshift of ~30 nm of the emission energy, with increased MLCT character and

substantial increase inΦP. Nonetheless, 7 and 8 are very weak emitters (Φ¼ 0.004–

0.030) and not suitable for use in OLEDs. The low ΦP values for 7 and 8 can be

attributed to the presence of nonrigid ancillary ligands.

Indeed, replacing the two monodentate ancillary ligands in 7 and 8 with a

chelating acetylacetonate (acac) ligand led to brightly phosphorescent compounds

9 and 10, which emit at 538 nm and 527 nm, respectively [87], and are about

40–50 nm redshifted compared to Pt(ppy)(acac). However, both compounds have

very impressive quantum yields of 0.77 (τ¼ 10.2 μs) and 0.98 (τ¼ 9.5 μs), respec-
tively, in CH2Cl2 at ambient temperature, a great improvement over Pt(ppy)(acac)

that has aΦP of 0.30 [85, 90]. The HOMO and LUMOdiagrams for 9 and 10 resemble

those of Pt(ppy)(acac), with the exception of the large contribution that the p orbital
on boron makes to the LUMO of both molecules, accounting for the redshift in

emission energy (Fig. 8.8). Furthermore, electrochemical data indicate that 9 and 10

undergo reversible reduction localized on the boron center. Also, the crystal

structure shown in Fig. 8.8 illustrates the bulk of the BMes2 unit, believed to greatly

Fig. 8.7 The HOMO and

LUMO diagrams of Pt(ppy)

(acac)
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inhibit the distortion of the molecule in the excited state, reducing nonradiative

decay. Indeed, the rate of nonradiative decay, knr, for 10 was found to be

2.20� 103 s�1, two orders of magnitude smaller than that of Pt(ppy)(acac). Further,

the bulky BMes2 group is also very effective in blocking intermolecular interac-

tions, as no excimer emission was observed for either compound in solution or the

solid state. These, along with the electron-accepting nature of the BMes2 group, are

responsible for the exceptionally high phosphorescent efficiency of compounds

9 and 10.

To evaluate the impact of BMes2 functionalization on the performance of Pt(II)-

based OLEDs, we fabricated identical EL devices with the structure I (ITO/NPB

(45 nm)/CBP (5 nm)/15 % Pt compound: CBP (15 nm)/TPBI (30 nm)/LiF (1 nm)/

Al (100 nm)) for Pt(ppy)(acac) and 10, respectively (Fig. 8.9). As shown by the EL

data in Fig. 8.10, the performance of devices using 10 (Pt(BppyA)(acac)) as the

dopant is far superior to that of Pt(ppy)(acac), showing no excimer emission. The

maximum EQE of devices based on 10 was found to be 8.9 % at 100 cd/m2, while

that of the Pt(ppy)(acac) was found to be 6.9 % at a brightness of only 1 cd/m2. To

examine the electron-transporting properties of the BMes2 group, electron-only

devices with the structure of ITO/Cs2CO3 (1 nm)/Pt: CBP (10 wt%, 138 nm) or Pt

(ppy)(acac):CBP (10 wt%, 111 nm)/LiF (1 nm)/Al (100 nm) for Pt(ppy)(acac) and

10 were fabricated. The device based on 10 exhibited a current density 3–4 orders

of magnitude higher than that based on Pt(ppy)(acac), establishing unambiguously
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Fig. 8.8 The structures of compounds 7–10, the crystal structure of 9, and the HOMO-LUMO

diagrams of 10
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that the triarylboron unit can greatly improve the electron mobility of phosphores-

cent materials in electroluminescent devices.

Further, a device work established that for devices using compound 10 as the

dopant, the excitons are formed in the host and transferred to the dopant [88]. To

facilitate exciton transfer to the dopant, a new device structure II for 10 was

designed, in which the dopant 10 is deposited in both HTL and ETL layers. This

device has a maximum EQE of 21 % and remains as high as 17 % at 1,000 cd/m2 as

shown in Fig. 8.11. This work firmly established that the incorporation of a BMes2
group to N^C-chelate Pt(II) compounds can indeed greatly enhance their perfor-

mance in electroluminescent devices.

Tuning the Emission Energy

The emission energy of 10 can be shifted to a longer wavelength by introducing a

low-energy charge-transfer (CT) state on the chelate ligand. This is illustrated by

compounds 11 and 12 shown in Fig. 8.12, which have an intense N!B CT

transition localized on the N^C-chelate ligands, giving the free ligands fluorescent

quantum efficiencies near unity. These two compounds emit at 596 and 590 nm

with high ΦP values of 0.79 and 0.91, respectively, in CH2Cl2 at ambient temper-

ature [87, 89]. The values of knr for these two compounds (3.08� 103 s�1,

2.20� 103 s�1) were found to be similar to that of 10, while the kr values

(1.17� 104 s�1, 2.27� 104 s�1) are about five to ten times smaller than those of

9 and 10. This is caused by the much longer T1 decay lifetime of the two compounds

(67 μs for 11 and 40 μs for 12). Examination of the absorption spectra and TD-DFT

computational data indicates that the S1 and the T1 states in these compounds are

almost entirely localized on the N^C-chelate ligand, with little contribution from

the Pt(II) center. Further, the HOMO and LUMO in both molecules are localized on

the amino and the boryl unit, respectively. These charge-separated excited states,
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Fig. 8.9 The EL device structure I and the host and charge transport materials used for the

evaluation of compound 10 and Pt(ppy)(acac)
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combined with a relatively small contribution from the metal center, are believed to

be responsible for the long decay lifetime.

Orange EL devices with λem¼ 582 nm using 12 as the dopant (10 wt%) and a

device structure similar to IIwere fabricated (Fig. 8.12). Although the EL spectra of

the devices of 12 match the photoluminescence with a reasonable maximum EQE

of 10.6 %, the performance remained substantially lower than that of devices

employing 10 as the emissive material, also showed a greater efficiency roll-off.
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Fig. 8.10 (a)–(e): The electroluminescent data of Pt(BppyA)(acac) (10) and Pt(ppy)(acac) using
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and Pt(ppy)(acac)
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This can be attributed to the long decay lifetime of the molecule, making the

material more prone to the various exciton-quenching processes occurring in an

EL device.

The emission color of the BMes2-functionalized Pt-phenylpyridine compounds

can also be tuned by introducing electron-donating or electron-withdrawing groups

to the ppy chelate, as illustrated by compounds 13 and 14 (Fig. 8.13) [87]. The

introduction of two fluorine atoms on the phenyl ring in compound 13 does not lead

to a significant change in the emission energy (λmax¼ 530 nm), relative to that of

10, as the inductive electron-withdrawing effect of the F atom is offset by π
donation from its lone pair electrons. The electron-donating methoxy group at the

C5 position in 14, however, leads to a large redshift of about 60 nm in the emission

peak (λmax¼ 598 nm) relative to that of 10, caused mainly by a destabilization of

Fig. 8.11 The device structure II for 10 and the EQE, power, and current efficiency vs. luminance

plot of the device

B
N

Pt

O O

N
12

B
N

Pt
O O

N
11

Fig. 8.12 The structures of compounds 11 and 12, the EL spectrum, and a photograph of the EL

device fabricated using 12
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the HOMO level, which has a large contribution at C5. The ΦP values of 13 and 14

(0.54 and 0.45, respectively) are greater than those of the corresponding non-

borylated parent molecules (0.36 and 0.30) [90] but are much lower than those of

9 and 10, as evidenced by considerably higher values of knr for 13 and 14

(5.57� 104 s�1 and 3.26� 104 s�1, respectively). Compared to the parent mole-

cules that emit at 489 nm and 541 nm, respectively, the emission energy of 13 and

14 is about 40–50 nm redshifted, following the same trend as that observed for 10

and Pt(ppy)(acac).

Further emission energy tuning of BMes2-functionalized Pt-ppy compounds can

be achieved by replacing the phenyl ring in ppy with a heterocycle, such as a

benzothienyl or benzofuryl group [87] as illustrated by compounds 15 and 16

shown in Fig. 8.13. The phosphorescent peak of 15 and 16 (~650 nm) is more

than 100 nm redshifted from that of 10. However, in addition to the phosphorescent
peak, both compounds also display fluorescent emission at 525 nm in CH2Cl2 and

the solid state. This distinct singlet and triplet dual emission phenomenon was not

observed for the non-borylated parent molecules [90]. Again, compared to the

parent molecules, the phosphorescent peak of 15 and 16 is about 40 nm redshifted,

while the ΦP values (0.12 for 15 and 0.06 for 16) are only slightly increased (0.04

and 0.02 for the parent molecules [90]). In the absorption spectra, the first absorp-

tion band of 15 and 16 is an intense ligand-centered band. It is very likely that the
1MLCT state lies above the 1LC state in these two compounds, which led to

inefficient singlet to triplet intersystem crossing and low values of ΦP. The non-

conjugated lone pair electrons of the S and O atoms may also play a role in the

nonradiative decay of the T1 state in these compounds. Replacing the phenyl ring in

ppy with a thienyl or furyl ring is thus not an effective approach in achieving bright

Pt(II) phosphorescent systems in this case. The phosphorescent colors of the various

BMes2-functionalized Pt(II) acetylacetonates discussed above are shown in

Fig. 8.14.

Impact of the Location of the BMes2 Group on Phosphorescence

As shown by the MO diagrams of Pt(ppy)(acac) in Fig. 8.7, the placement of the

electron-accepting BMes2 group meta to the binding site of the Pt(II) atom on either

the phenyl or the pyridyl ring can lead to the stabilization of the LUMO level due to

the large orbital contributions at these locations. For this reason, thesemeta-isomers
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Fig. 8.13 The structures of compounds 13 and 14
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exhibit a decrease in emission energy relative to Pt(ppy)(acac). In contrast, the

attachment of a BMes2 group to the phenyl ring at the position para to the Pt

binding site (the para-isomer) would be expected to stabilize the HOMO level with

a relatively small impact on the LUMO, giving an overall blueshift. This phenom-

enon can also be observed in Ir(III) compounds 5 and 6, in which the para-isomer

(6) exhibits a blueshift of nearly 90 nm relative to the meta-isomer 5 (Fig. 8.6). The
impact of the location of the BMes2 group on the emission energies of Pt

(II) compounds is illustrated by the three para-BMes2-functionalized Pt-ppy com-

pounds (17–19) in Fig. 8.15 [91].

Fig. 8.14 Photographs

showing the emission colors

of representative examples

of the BMes2-

functionalized Pt

(II) compounds in CH2Cl2
(top) and in 10 wt% PMMA

films (bottom) discussed in

this section

λem = 485 nm
Φ = 0.30

Pt(ppy)(acac)

-5.45 eV

-2.71 eV

λem = 538 nm
Φ = 0.77
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-2.66 eV

λem = 481 nm
Φ = 0.43
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B X
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Fig. 8.15 A comparison of the HOMO and LUMO energy levels of Pt(ppy)(acac), compounds

9 and 17, with the structures of compounds 17–19
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In contrast to the green phosphorescent compound 9, these three compounds

emit blue-green light with λmax at 481 nm, 475 nm, and 492 nm, respectively, and

ΦP values of 0.43, 0.25, and 0.26 in CH2Cl2. Compared to the meta-isomer 9, the
emission energy of 17 is blueshifted by 60 nm, consistent with the molecular orbital

prediction. The impact of the BMes2 location on the HOMO and LUMO energies

and emission wavelengths is depicted in Fig. 8.15. The kr value (4.90� 104 s�1) of

17 is smaller than that of 9 (7.55� 104 s�1), while its knr (6.50� 104 s�1) is much

greater than that of 9 (2.25� 104 s�1), leading to a lower ΦP, relative to 9. Several

factors may be responsible for this. First of all, as shown by the crystal structure of

17 in Fig. 8.15, the BMes2 group at the para-position is much less effective in

shielding the Pt(II) core and preventing the distortion of the Pt(II) core from

distortion in the excited state, compared to that at the meta-position in 9. Further-

more, because the Pt(II) core is more exposed in the para-isomer, the molecule is

likely more prone to intermolecular quenching than the meta-isomer. In addition,

the higher T1 energy of 17 makes its T1 state closer to the deactivating d-d excited

states than that of 9, increasing the possibility of thermal quenching. Substitution of

this molecule with a fluorine atom in 18 resulted in a 6 nm blueshift and a

substantial decrease in ΦP, while methyl substitution (19) led to a 17 nm redshift

and a similar decrease in ΦP. The low ΦP of 19 is likely caused by the steric

crowding between the BMes2 unit and the methyl group, leading to distortion of the

chelate backbone, while the low ΦP in 18 is most likely caused by deactivation of

the high-energy T1 excited state by nearby d-d states.

The pyridine ring in the phenylpyridine group of 17 may also be replaced by

other N-heterocycles such as imidazolyl or benzimidazolyl without a negative

impact on the emission efficiency, as illustrated by compound 17a (Fig. 8.16)

[92], which emits a blue-green color with λmax¼ 486 nm that is ~5 nm redshifted

compared to 17, with a ΦP of 0.50 in CH2Cl2.

One way to increase the emission quantum efficiency of the para-isomer 17 is to

replace the acac ancillary ligand with a stronger chelate ligand, capable of raising

the energy of the deactivating d-d excited states. One such example is picolinate

(pic), as illustrated by compounds 20 and 21 in Fig. 8.16 [93]. Both compounds

form the N,N-trans-isomer exclusively. Unlike compound 17 which does not show

Fig. 8.16 The structures of 17a, 20, and 21, with photos showing the emission color of 17a, 17–20
in CH2Cl2 at a concentration of 1.0� 10�5 M upon irradiation by a handheld UV lamp

(λ¼ 365 nm)
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any evidence of excimer emission, these two compounds show distinct excimer

emission in solution (Fig. 8.17). Crystal structures showed extended intermolecular

π stacking interactions with a Pt���Pt separation distance of 3.71 Å in 20 and 4.12 Å
in 21. The methyl group in the pic ligand does somewhat reduce the intermolecular

interactions. Nonetheless, both compounds were found to have a very low ΦP

(0.013 and 0.032, respectively) in CH2Cl2 with λem¼ 493 nm and 491 nm, respec-

tively. TD-DFT data established that the two lowest singlet and triplet states in both

compounds are inter-ligand CT transitions (BMes2-ppy to pic) that effectively

quench the emission from the higher-energy BMes2-ppy
3LC state. Consequently,

picolinates were not found to be suitable ancillary ligands for high-performance

BMes2-ppy-based Pt(II) compounds.

The performance of the blue-green phosphorescent 17 and 18 in EL devices was

evaluated using the device structure ITO/MoO3 (1 nm)/CBP (35 nm)/Pt-dopant

(12 wt%): CBP (15 nm)/TPBI (65 nm)/LiF (1 nm)/Al. The electroluminescence

(EL) spectra of these devices match the photoluminescence (PL) spectra and no

excimer emission was observed. The EQE for 17 is 4.7 % at 100 cd m�2 and 3.5 %

at 1,000 cd m�2 while that of 18 is 6.5 % at 100 cd m�2 and 4.5 % at 1,000 cd m�2.

Although the EQE of both EL devices are not as high as that based on compound

10, limited by their intrinsically low PL efficiency, these devices show very little

efficiency roll-off in a wide range of doping levels (2 % - 12 %) as illustrated by the

data in Fig. 8.18.

Fig. 8.17 The emission spectra of 20 in CH2Cl2 showing the formation of excimer emission at

concentrations> 1.0� 10�4 M
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N^C vs. N^C^N Ligands

It has been shown by Williams and others that N^C^N-Pt(II) compounds are often

brighter emitters and more effective as phosphorescent dopants in OLEDs com-

pared to the corresponding N^C-chelate compounds [12]. This can be attributed to

the greater rigidity imposed on the molecule by the tridentate chelate ligand,

making it more difficult for the Pt(II) central core to undergo tetrahedral distortion

in the excited state. Nonetheless, N^C^N-Pt(II) compounds based on ligands such

as 1,3-dipyridylbenzene (dpb) are highly prone to excimer emission [50–54]. The

introduction of the bulky BMes2 to the N^C^N-Pt(II) compounds may therefore

improve the performance of the Pt(II) compounds in EL devices. This is illustrated

by the BMes2-functionalized N^C^N-Pt(II) compound 22 (Fig. 8.18) [91]. Mole-

cules of 22 form π-stacked dimers in the crystal lattice with a long Pt���Pt separation
distance (4.91 Å). Nonetheless, compound 22 shows no evidence of excimer

emission in solution or in the solid state, in sharp contrast to the non-borylated

parent Pt(dpb)Cl, which is well known to produce excimer emission. Interestingly,

however, the phosphorescent spectrum of 22 is very similar to that [50–54, 94] of Pt

(dpb)Cl at a concentration of 10�6 M in CH2Cl2 with λem¼ 485 nm, indicating that

these two molecules share the same origin of emission. Electrochemical and

TD-DFT data indicated that the BMes2 group stabilizes both HOMO and LUMO

levels, both localized mostly on the N^C^N-chelate ligand. These stabilizations

appear to counteract each other, and the emission energy of 22 appears similar to

that of Pt(dpb)Cl as a result. It is also interesting to note that the emission energy of

22 is similar to that of both 17 and Pt(ppy)(acac). Significantly, 22 has a very

impressive emission quantum yield (0.70 in CH2Cl2 and 0.76 in the solid state),

higher than that of Pt(dpb)Cl (0.60 in CH2Cl2) and 17 (0.43 in CH2Cl2).
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Fig. 8.18 The structure of compound 22 and the EQE vs. luminance plots of EL devices based on

17, 18, and 22 at a 12 wt% doping level

222 Z.M. Hudson et al.



Furthermore, unlike the parent molecule, which has a very low solubility in organic

solvents, 22 shows excellent solubility in common organic solvents facilitated by

the bulky boron group. Unlike the N^C-chelate compound 17 in which the kr value
(4.� 104 s�1) is smaller than the knr (6.5� 104 s�1), the kr (7.9� 104 s�1) of 22 is

much greater than the knr (3.4� 104 s�1), in agreement with the higher rigidity and

the higher ΦP value of 22. Blue-green EL devices using the same structure as those

for 17 and 18 were also fabricated for 22, with EL spectra again matching the PL

very well for doping levels of 2–12 %. These devices have a much higher EQE than

those of 17 and 18, albeit much greater roll-off at high luminance (e.g.,

EQE¼ 15.3 % at 10 cdm�2, 13.4 % at 100 cd m�2, and 3.6 % at 1,000 cd m�2 at

a doping level of 12 wt %). This work illustrates that BMes2 functionalization of

N^C^N-chelate Pt(II) compounds can also be highly effective in enhancing the

phosphorescent efficiency of Pt(II)-based OLEDs.

8.3.2 Phenyl-1,2,3-Triazolyl Chelate Ligands – The Quest
for Blue Phosphorescence

Although decorating ppy or dipyridylbenzene ligands with a BMes2 group is very

effective in enhancing the photoluminescent and electroluminescent quantum effi-

ciencies of Pt(II) compounds, it would be difficult to achieve blue or deep-blue

phosphorescence using these ligands because of the intrinsic T1 energy associated

with ppy or dpb. The addition of electron-withdrawing groups such as fluorine

atoms to the chelate unit may be able to shift the emission energy somewhat toward

blue, yet this often comes at the cost of reduced emission efficiency or increased

excimer emission. Thus, to achieve blue phosphorescent Pt(II) compounds, it is

necessary to use chelate ligands that have an intrinsically high T1 energy. To shift

the emission energy toward blue, one approach is to decrease the size of the aryl

rings in the chelate ligand. Two classes of such chelate ligands that may be suitable

for achieving blue phosphorescence are phenyl-R-1,2,3-triazolyl (Ph-R-trz), a N^C-

chelate ligand, and phenyl-NHC (Ph-NHC, NHC¼N-R-imidazolyl), a C^C-

chelate ligand. In fact, TD-DFT computational data (Gaussian 09, B3LYP

LanL2DZ for the Pt atom and 6–31 g (d) for non-Pt atoms) show that the T1

energies of Pt(ph-Me-trz)(acac) and Pt(ph-NHC)(acac) (R¼Me, Fig. 8.19) are

3.01 eV and 3.03 eV, respectively, much higher than that of Pt(ppy)(acac)

(2.65 eV). In addition, these two types of ligands have been used in several deep-

blue phosphorescent Ir(III) compounds [41–45] and blue Pt(II) compounds [47, 95],

N
N

Pt

O O

N N

N

Pt

O O

R

R

Pt(Ph-R-trz)(acac) Pt(Ph-NHC)(acac)

Fig. 8.19 The structures of

Pt(Ph-R-trz)(acac) and Pt

(Ph-NHC)(acac)
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further supporting their potential in achieving efficient blue phosphorescence. We

focus our discussion on the Ph-R-trz-based system first with the emphasis on the

influence of different ancillary ligands.

8.3.2.1 β-Diketonato as the Ancillary Ligand

To illustrate the difference between the Ph-R-trz and ppy chelate chromophores, we

take a look first at three Pt(II) compounds 23–25 in which the ancillary ligand is

acac (Fig. 8.20) [96]. As observed in the BMes2-ppy Pt(II) compounds, the meta-Pt
compound 23 emits at a much longer wavelength (500 nm at 298 K in 2-Me-THF)

than the para-isomer 24 (453 nm at 298 K in 2-Me-THF) at ambient temperature.

DFT computational data showed that the HOMO and LUMO of 23 and 24 have a

similar atomic orbital distribution as the ppy analogues of 9 and 17. Thus, the 50 nm

blueshift observed upon switching the BMes2 group from meta to para to the Pt

binding site is not surprising. Most significant is that compared to 9 and 17, the

emission energies of 23 and 24 are 30 nm blueshifted, demonstrating the effective-

ness of replacing the pyridyl ring with triazole in achieving blue phosphorescence.

However, 23 and 24 are much weaker emitters in solution at ambient temperature

than 9 and 17, with ΦP values of 0.17 and <0.001, respectively, in Me-THF. In

PMMA films, the ΦP value of these two compounds becomes much higher (0.63

and 0.10, respectively). The low emission quantum efficiency of 23 and 24 in

solution is caused mainly by thermal quenching due to solvent molecules, because

these two compounds have a much longer decay lifetime (36 μs and 28 μs,
respectively, at 77 K) than those of 9 and 17 (<12 μs at 77 K). Replacing the

benzyl group in 24 by an adamantyl or methyl group did not change the quantum

efficiency significantly. Compound 25 has the same emission energy and quantum

efficiency as that of 24 with a decay lifetime of 30 μs at 77 K, an indication that the
low ΦP and the long decay lifetime of these compounds is not dependent on the R

group of the trz unit. The drastically lowerΦP of 24 and 25 compared to that of 23 is

caused by the higher energy of the T1 state in 24 and 25, which is quenched more

effectively by the deactivating d-d state than the lower T1 state of 23. Although

para-BMes2-ph-R-trz has a suitable T1 energy for the production of blue phospho-

rescence as shown by 24 and 25, because the trz unit is a much weaker donor than

pyridine, significant d-d quenching is observed. Thus, in order to achieve bright
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Fig. 8.20 The structures of compounds 23–25
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blue phosphorescent Pt(II) compounds based on the para-BMes2-ph-R-trz ligands,

the ligand field strength around the Pt(II) center must be increased. This can be

achieved by replacing the acac ancillary ligand with chelate ligands that are

stronger donors, providing a stronger ligand field and high T1 energy. Ligands

that could potentially serve this role are picolinate and py-1,2,4-triazole.

8.3.2.2 Picolinate as the Ancillary Ligand

The impact of pic ancillary ligands on phosphorescence of BMes2-ph-R-trz Pt

(II) compounds is illustrated by compounds 26–29. One interesting observation is

that these compounds all adopt the N,N-cis structures shown in Fig. 8.21, in contrast
to the ppy analogues of 20 and 21 that adopt the N,N-trans structure only. The key
factor that favors the N,N-cis structure for 26–29 is the intramolecular N���H
hydrogen bond between the trz unit and the py ring, which is not possible in 20
and 21. As observed for the acac compounds 23–25, the meta-isomer 26 is a blue-

green emitter with λmax¼ 489 nm in 2-Me-THF at ambient temperature and 483 nm

at 77 K, while compounds 27–29 are blue emitters with λmax¼ 456 nm at ambient

temperature and at 452 nm at 77 K. Compared to 24 and 25, the emission quantum

efficiency of 27–29 (0.18, 0.24, 0.14, respectively, in 10 wt% PMMA) has a

moderate improvement, but is still low. The decay lifetime of 27–29 (16–17 μs)
is also much shorter than those of 24 and 25. Nonetheless, the para-isomers of the

Pt(II) compounds 27–29 have the tendency to exhibit excimer emission at a high

doping level, while the same was not observed for the acac compounds 24 and 25

(Fig. 8.22). Crystal structural analyses also confirmed the presence of strong

intermolecular stacking interactions in the pic Pt(II) compounds. The introduction
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Fig. 8.21 The structures of compounds 26–29
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of the p-methyl group on the pic ligand in 28 only decreased the excimer emission

slightly (comparing the emission spectra of 27 and 28 in 10 wt% PMMA in

Fig. 8.22). The absence of excimer emission for the meta-isomer 26 illustrates

that a bulky group at the position meta to the Pt binding site is more effective in

blocking excimer emission than that at the para-position.

8.3.2.3 Pyridyl-1,2,4-trz as the Ancillary Ligand

Py-1,2,4-trz is an attractive ancillary ligand for the para-BMes2-Ph-R-trz Pt

(II) compounds. It has a high T1 energy and is a stronger chelate ligand with a

higher ligand field than the pic ligand. The impact of py-1,2,4-trz and the derivative

ancillary ligands on the blue phosphorescence of BMes2-Ph-R-trz Pt(II) compounds

is illustrated with compounds 30–33 shown in Fig. 8.23. This class of compounds

displays an interesting isomerism phenomenon. NMR and crystal structural ana-

lyses established that they exist in two isomeric forms, the N1-trans-isomer (the

major isomer) and the N4-trans-isomer (the minor isomer), in both of which the

1,2,3-trz and the 1,2,4-trz rings are trans to each other. The corresponding cis-
isomers were not observed. Again, intramolecular N���H hydrogen bonds are the

key driving force for the preferential formation of the N1-trans-isomer, which

contains two intramolecular H bonds that provide the extra stability to the molecule,

compared to the N4-trans or cis-isomers in which only one or zero intramolecular

N���H hydrogen bonds are possible. Both N1-trans and N4-trans-isomers display a

blue phosphorescence peak at 460 nm that originates from the monomer emission.

However, the emission spectra of the N4-trans-isomer is dominated by an excimer

emission peak at 544 nm (Fig. 8.24). It is not understood why the N4-trans-isomer is

more prone to excimer emission. As the N1-trans-isomer is the major product, the

following discussion concerns the N1-trans-isomer only.
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Fig. 8.24 The emission spectra of the N1-trans-isomer (A) and the N4-trans-isomer (B) of

compound 30 in PMMA at 5 wt% and 10 wt% doping levels and the HOMO and LUMO diagrams

of 30
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Compared to Pt(II) compounds with acac or pic as the ancillary ligand, com-

pounds 30–32 are much brighter emitters with high emission quantum efficiencies.

For example, compound 30 has ΦP values of 0.82 and 0.59, respectively, in 5 and

10 wt% PMMA. Furthermore, the decay lifetimes (11–15 μs at 77 K) of this class of
compounds are much shorter than those of the acac- or pic-based systems. These

data indicate that the py-1,2,4-trz ligand is indeed very effective as an ancillary

ligand in achieving bright blue phosphorescent Pt(II) compounds. This can be

attributed to (a) the greater ligand field strength of the py-1,2,4-trz ligand, relative

to that of pic and acac, that decreases quenching via the d-d state, and (b) the double

intramolecular H bonds of the molecule that increase the rigidity of the Pt(II) core

geometry, reducing distortion in the excited state. The introduction of a t-butyl
group on the 1,2,4-trz ring in 31 led to a small redshift of the emission energy

(λem¼ 474 nm in 2-Me-THF at 298 K, 457 nm in 2-Me-THF at 77 K, 465 nm in

PMMA at 298 K) but a substantial increase inΦP to 0.97 and 0.65, respectively, at a

5 wt% and 10 wt% doping level, respectively, in PMMA. Furthermore, 31 has a

much lesser tendency to give excimer emission than 30 does, although its emission

peak is broader at ambient temperature due to the vibrational states introduced by

the t-butyl group (Fig. 8.25). The introduction of a CF3 group on the 1,2,4-trz ring in

32 led to a slight blueshift of the emission energy (460 nm at 298 K, 454 nm at 77 K

in 2-Me-THF). However, despite the CF3 group, compound 32 is highly prone to

form excimers at doping concentrations> 2 % in PMMA. Nonetheless, it retains an

impressive ΦP value of 0.71 in 5 wt% PMMA with a white emission color and 0.47

in 10 wt% in PMMA with a light yellow emission color. The adamantyl-substituted

molecule 33 displays similar monomer and excimer emission peaks as those of 32

but with a much lower emission quantum efficiency (0.27 at 5 wt%, 0.20 at 10 wt%

in PMMA) due to its tendency to produce excimer emission at a very low doping

level of 2 wt%. Thus, the benzyl group is more effective than the adamantyl group

as a substituent for the 1,2,3-trz ring.

Fig. 8.25 Left: the emission spectra of compounds 30–33 (theN1-trans-isomers) in PMMA at 2 wt

%, 5 wt%, and 10 wt% doping levels. Right: photographs showing the emission colors of the same

films
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TD-DFT computational studies and the phosphorescence spectra at 77 K indi-

cate that the blue phosphorescence produced by compounds 30–33 shares the same

origin, namely, a π-π* transition that spreads over both the chromophoric ligand and

the ancillary ligand with considerable MLCT character, as shown by the HOMO-

LUMO diagrams of compound 30 in Fig. 8.24. Because of the intimate involvement

of the py-1,2,4-trz ligand in the emissive state of the molecule, it is not surprising

that replacement of a hydrogen atom in the triazole ring with either a t-butyl or –
CF3 group leads to shifts in the emission energy.

The above examples illustrate that for para-BMes2-Ph-R-trz Pt(II) compounds,

the monomer emission color is consistently blue (see the photographs in Fig. 8.26),

although its emission efficiency varies drastically with the ancillary ligand. The

py-1,2,4-trz ancillary ligand is most effective in achieving bright blue phosphores-

cent Pt(II) compounds. However, this ligand has a high tendency to produce bright

excimer emission, which when combined with the appropriate contribution from

the monomer emission can produce bright white phosphorescence (Fig. 8.25). For

this reason, these molecules could be candidates for use as single dopants for white

phosphorescent OLEDs.

The performance of this class of compounds in OLEDs is illustrated by EL

devices using compound 31 or 32 as the dopant. Various host and charge transport

materials were used to match the energy levels of these two compounds. The best

results were observed using the device structures shown in Fig. 8.27. TmPyPB and

CDBP were found to be good electron and hole transport materials, respectively, for

these two emitters, because of their high triplet energy and the reasonable match of

their energy levels with those of the host and the emitter. A blue EL device with

5 wt% of 31 was achieved with λem¼ 467 nm and CIE coordinates (x, y) of (0.19,
0.34). This device has a moderate EQE (8.3 % at 100 cd ·m�2). At a 10 wt% doping

level of 31, an intense excimer emission peak that is more prominent than that in the

PL spectrum at the same doping level was observed in the EL spectrum, leading to a

whitish emission color with CIE coordinates of (0.31, 0.44) and a much higher EQE

of 15.6 % at 100 cd ·m�2 (Fig. 8.28). These data indicate that the confinement and

generation of the monomer triplet excitons of compound 31 in the EL device are

much less efficient than the excitons formed from excimers. Therefore, better

hosting materials would be the key to improve the performance of this compound

Fig. 8.26 Photographs

showing the emission colors

of compounds 23–33 in

Me-THF at ~1.0� 10�5 M

at 77 K
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in EL devices as a blue emitter. The EL devices of compound 32 consistently show

a strong excimer emission peak even at a 2 wt% doping level, leading to white

(CIE¼ (0.32, 0.42) at 2 wt%) or a whitish yellow emission color (CIE¼ (0.38,

0.48) at 5 wt%).
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Fig. 8.27 The materials and the device structures used for evaluating the EL performance of

compounds 31 and 32
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8.3.3 C^C-Chelate Ligands

Although the para-BMes2-functionalized Ph-R-trz ligand is very effective in pro-

ducing blue phosphorescent Pt(II) compounds, it is necessary to use strong chelate

ligands such as the py-1,2,4-trz ligand as the ancillary ligand in order to achieve

high ΦP because of the weakly binding nature of the trz unit. The py-1,2,4-trz

ancillary ligand, however, has the tendency to generate excimer emission, unless a

bulky substituent group is present. If the 1,2,3-trz unit in the N^C-chelate ligand

were replaced by a stronger donor such as an N-heterocyclic carbene (NHC), it may

not be necessary to use the py-1,2,4-trz as the ancillary ligand. To demonstrate this,

BMes2-functionalized Ph-NHC ligands and their Pt(II) compounds 34 and 35 were

synthesized and investigated [97], in which the ancillary ligand is acac (Fig. 8.29).

TD-DFT data indicated that the T1 state for both compounds is dominated by the

HOMO!LUMO transition, which is mainly localized on the C^C-chelate ligand

with considerable contributions from the Pt d orbital. Consistent with the trend

observed for the ppy and Ph-R-1,2,3-trz ligand systems, the para-isomer 35 has a

higher T1 energy than the meta-isomer 34. Compound 34 emits at ~480 nm with a

blue-green color while 35 emits at ~460 nm with a blue color in CH2Cl2 and in

PMMA films (Fig. 8.29). Both compounds have impressive emission quantum

efficiencies, 0.87/0.90 in CH2Cl2/10 wt% PMMA film for 34 and 0.41/0.86 for

35. The decay lifetimes of both compounds (6.9 μs and 3.4 μs for 34 and 35,

respectively, in CH2Cl2 at 298 K) are much shorter than the related ppy and Ph-R-

trz Pt(II) compounds. The high ΦP of 34 and 35 can be mainly attributed to the

greater ligand field strength of the C^C-chelate ligand, which raises the energy of

d-d excited states, thus minimizing thermal quenching. Compared to the non-

borylated C^C-chelate Pt(II) parent molecule, which emits at λem¼ ~ 450 nm

with ΦP¼ 0.07, the BMes2-functionalized Pt(II) compounds exhibit a more than

tenfold increase in phosphorescent quantum efficiency. This can again be explained

by the increased MLCT contribution to the emissive state due to the electron-

withdrawing nature of the BMes2 group, as well as reduced intermolecular inter-

actions due to the presence of a bulky substituent. Significantly, no excimer

emission was observed for either 34 or 35 in solution or the solid state (Fig. 8.30).

Preliminary evaluation of the performance of 34 and 35 in EL devices was

carried out using the device structure of ITO/MoO3 (1 nm)/CBP (35 nm)/mCP

(5 nm)/mCP:Pt-emitter (12 %, 15 nm)/TPBi (65 nm)/LiF (1 nm)/Al. At

100 cd ·m�2, current and power efficiencies of 50 cd/A and 34 lm/W were observed

N

N
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Pt

O O

B

Mes

Mes

34

N

N

Pt

O O
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35

Fig. 8.29 The structures of compounds 34 and 35
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for the device incorporating 34 and 19 cd/A and 14 lm/W in the case of 35.

Maximum EQEs of 18 % and 9.8 % were observed for the devices of 34 and 35,
respectively. However, the EL spectra of both devices are substantially broadened

relative to the PL spectra with CIE coordinates of (0.34, 0.53) and (0.27, 0.50),

respectively, an indication that the excitons are not fully confined to the dopant in

the EL devices. This again illustrates the importance and the challenge of devel-

oping suitable host and charge transport materials for blue phosphorescent dopants,

which are critical to fully assessing the performance of these and related materials

in OLEDs.

8.4 Summary

The key phosphorescent data for BMes2-functionalized Pt(II) compounds presented

in this chapter that are relevant for OLED applications are summarized in Table 8.1.

The key strategies in achieving bright blue phosphorescent BMes2-functionalized

Pt(II) compounds discussed in this chapter are illustrated in Fig. 8.31. The examples

shown in this chapter illustrate that functionalization of chelate chromophores with

a BMes2 group is a highly effective approach to achieve bright phosphorescent Pt

(II) compounds. The BMes2 group plays two roles: (a) as a bulky and rigid

substituent that minimizes the distortion of the Pt(II) square-planar geometry in

Fig. 8.30 The emission spectra of 34 and 35 in CH2Cl2 at 298 K with photographs showing the

emission color of 34 and 35 in CH2Cl2 and in PMMA films at 10 wt%, alongside HOMO and

LUMO diagrams of 34 and 35
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the excited state and reduces intermolecular interactions and (b) as an electron-

accepting group that facilitates MLCT by the π-conjugation of the empty p orbital

of the boron center. There are certainly other rigid and bulky groups that can replace

BMes2 in role (a). However, no substituents currently exist that can perform both

roles as well as bulky boryl substituents. Zhou and coworkers reported the use of -P

(O)Ph2 and -S(O)2Ph as the bulky and electron-withdrawing group in

functionalizing ppy and used these ligands to form Pt(acac) compounds with bright

phosphorescence. However, when incorporated into EL devices, these compounds

gave performances lower than equivalent structures containing BMes2-

functionalized dopants [98], though future studies may lead to further

Table 8.1 Phosphorescence data of compounds 9–35

In solutiona
In PMMA (10 wt%) at

298 K

Compd λem (nm) ΦP τP (μs) at 298 K τP (μs) at 77 K λem (nm) ΦP τP (μs)

9 538 0.77 10.2 12.7 536 0.38 11.0

10 527 0.98 9.5 10.2 526 0.57 8.6

11 596 0.79 67.4 105 588 0.42 30.1

12 590 0.91 40.1

13 530 0.56 7.9 16.3 527 0.32 8.5

14 598 0.46 14.1 18.6 590 0.27 13.2

15 525,648 0.12 14.5 13.6 535,648 0.03 13.0

16 525,654 0.06 9.5 8.9 519,658 0.02 10.9

17 481 0.43 8.7 9.4 476 0.35 9.5

18 475 0.25 9.6 10.2 472 0.21 7.2

19 492 0.26 8.7 12.2 487 0.30 8.7

20 493 0.013 8.0 16.2

21 491 0.032 8.2 15.6

22 485 0.70 8.9 9.5 489 0.76 6.6

23 500 0.17 36.1 493 0.63

24 453 <0.001 27.8 471 0.10

25 451 <0.001 30.2 455 0.09

26 489 0.05 28.2 487 0.54

27 456 <0.001 16.8 455,567 0.18

28 457 <0.001 16.3 456 0.24

29 456 0.005 15.7 454,559 0.14

30 464 0.01 11.3 460 0.59

31 474 0.10 9.6 466 0.65

32 460 0.005 14.3 562 0.47

33 460 0.005 14.6 556 0.20

34 478 0.87 6.9 482 0.90

35 462 0.41 3.4 464 0.86
aFor compounds 9–22, 34, and 35, the spectra were recorded in CH2Cl2. For compounds 23–33,
spectra were recorded in 2-Me-THF
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improvements. The most important advantage of BMes2 functionalization is that it

allows us to access bright blue phosphorescent Pt(II) compounds that remain

otherwise rare and underexplored. We have illustrated that the location of the

BMes2 group and the nature of the chelate chromophore and ancillary ligand

(s) are the key factors for consideration in designing blue phosphorescent Pt

(II) compounds. For the relatively weak chelate ligands such as Ph-R-1,2,3-trz, it

is essential to employ ancillary ligands that have a much greater ligand field

strength when bound to the Pt(II) center than acac and related ligands. Alterna-

tively, one can employ strong Ph-NHC carbene chelate ligands, which can tolerate

the use of simple ancillary ligands such as acac and retain a high efficiency of blue

phosphorescence. Importantly, the EL data presented in this chapter for BMes2-

functionalized compounds are very preliminary. There remains much room for

improvement, especially in the choice/development of the appropriate host and

charge transport materials, which continues to present a challenge in the develop-

ment of blue phosphorescent OLEDs.
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Chapter 9

Organometallic Phosphors for OLEDs
Lighting

Di Liu

Abstract White organic light-emitting diodes (OLEDs) are regarded as one of the

most ideal semiconducting solid-state lighting sources to replace the conventional

incandescent bulbs and fluorescent lamps. Phosphorescent OLEDs are advanta-

geous over fluorescent ones in terms of higher efficiency by harvesting both singlet

and triplet excitons. Transition-metal complexes represent the most successful

phosphorescent materials for use in OLEDs. This chapter highlights the basic

knowledge and application of the transition-metal complex phosphors that are

frequently used in monochromic and white OLEDs, mainly including complexes

of iridium(III), platinum(II), and copper(I). The elaboration generally covers the

synthesis, excited states, photophysical properties, OLEDs performance, etc. Spe-

cial emphasis is placed on structure-property-performance relationship of each

organometallic phosphor. The advantages and challenges faced by both noble

metals Ir and Pt and the normal metal Cu are discussed. How to achieve high-

performance and low-cost white OLEDs based on organometallic phosphors is

suggested.

Keywords Semiconducting solid-state lighting • White organic light-emitting

diodes • Electrophosphorescence • Organometallic phosphors • Transition-metal

complexes of IrIII, PtII, and CuI • Metal-to-ligand charge-transfer transition

9.1 Introduction

Lighting consumes up to 20 % of the electricity in the world [1]. The incandescent

bulbs and the fluorescent lamps are still the two most prevailing lighting sources

currently. For the incandescent bulbs that are characterized by candoluminescence,

the electricity-to-light conversion efficiency is only limited to 10 %, with the major

electrical energy wasted through thermal irradiation. In the case of compact fluo-

rescent lamps (CFLs), the energy conversion ratio is much increased in comparison
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with the incandescent bulbs. However, the usage of mercury in the fluorescent tubes

inevitably causes environmental contamination, although it is only used in a trace

amount. In the new century, people all over the world are faced with the same

glorious but challenging issues, to reduce energy consumption and to protect the

environment. Under this circumstance, the semiconducting solid-state lighting

(SSL) products based on the white light-emitting diodes (LED) and the organic

light-emitting diodes (OLEDs) are predicted as the next generation of general

illumination systems that have great potentials to replace the traditional incandes-

cent lamps and fluorescent tubes.

LEDs and OLEDs are such kinds of devices that contain inorganic/organic

semiconducting material layers sandwiched between two electrodes and are capa-

ble of converting the injected carrier pairs into photons when driven by DC power.

As the light-emitting products, LEDs and OLEDs are developed mainly for displays

and lighting. In terms of energy saving, these SSLs are more advantageous over

those traditional lighting tools. A representative estimate indicates that replacement

of current white lighting technologies with 50 % efficient SSL would reduce the

electricity used for lighting by 62 % and the total electrical energy consumption by

13 % in the USA [1]. In comparison with LEDs whose dimensions are usually small

dots, the OLED-related products can be regarded as flat-panel lighting sources since

OLEDs can be fabricated onto large area substrates, which is really a valuable

merit. In addition, the OLEDs can also be made on flexible substrates, which bring

about more utilization opportunities especially in some special situations. Accord-

ingly, white OLEDs are attracting more and more research and industrial interests

nowadays as one of the most promising solid-state lighting sources, although white

OLEDs technique is temporarily not as mature as that of white LEDs.

Among methods for achieving practical white OLEDs, electrophosphorescence

is the most effective due to its demonstrated potential for achieving 100 % internal

quantum efficiency [2]. Electrophosphorescence, typically achieved by doping an

organometallic phosphor into a conductive host, has been successfully used to

generate the primary colors necessary for display applications. And efficient gen-

eration of broad spectral emission required of a white light source with a power

efficiency (90 lm W�1) exceeding that of incandescent bulbs (15 lm W�1) and

comparable with those of the fluorescent tube (65–100 lm W�1) has been reported

as well [3]. The organometallic phosphors, especially the second- and third-row

transition-metal complexes possessing the d6 or d8 electron configuration (RuII,

OsII, IrIII, PtII), are found particularly attractive because of their strong metal-ligand

interaction and high luminescence efficiencies at room temperature [4–7].

These second- and third-row transition-metal phosphors have kept as the leading

role of electrophosphorescence since its early observation in 1998 [2]. In addition,

the first-row CuI (d10) complexes have also attracted more and more attentions

considering their high relative abundance, low cost, and nontoxic properties com-

pared to the aforementioned noble metal complexes [8]. Most of these transition-

metal phosphors have been successfully used in high-performance monochromic

and white OLEDs so far.
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The goal of this chapter is to report the recent advances of white OLEDs for

lighting application and to describe the overall progress made in the last 20 years in

phosphorescent transition-metal complexes for usage in both monochromic and

white OLEDs. This report mainly focuses on the theoretical background of phos-

phorescence emission and material design concept, from the view of a chemist.

First we will briefly introduce the general information of lighting. Subsequently we

will describe the basic knowledge and the state of the art of white OLEDs. Then

comes the elaboration of the organometallic phosphors for use in OLEDs. The

organometallic phosphors discussed here are only limited to the transition-metal

complexes of IrIII, PtII, and CuI that are most commonly used in OLEDs, although

many other analogues have also been developed for the same usage. It should be

noted that this chapter is not meant to be an exhaustive literature overview, but

rather an introduction to the field intended to present the basic concepts and to

stimulate the interest of readers in this intriguing field.

9.2 Basic of Lighting

9.2.1 Evolution of Lighting Sources

Incandescent bulb had represented the most common lighting sources for a long

period of time. It indeed lighted up the world. However, the energy conversion

efficiency for incandescent bulbs is very low, with only less than 10 % of electrical

energy converted into light, while the main part of energy is wasted by heat

irradiation. The total power efficiency of a typical incandescent bulb is only 12–

17 lm W�1. Nowadays, incandescent bulbs have already been forbidden for use in

some countries to reduce the energy consumption. In comparison, compact fluo-

rescent lamps (CFLs), which are rapidly replacing incandescent bulbs, are more

efficient with energy conversion efficiency of about 20 %. The power efficiency of

fluorescent lamps is generally in the range of 65–100 lmW�1, which has been set as

the international efficiency standard for general illumination systems. However, the

usage of highly toxic mercury in the fluorescent tubes inevitably causes environ-

mental pollution, which conflicts the international policy to protect environments.

Therefore, novel energy-saving, environment-friendly lighting sources are desired

to act as the alternatives of these traditional lighting tools. Under this circumstance,

the solid-state semiconducting lighting sources based on light-emitting diodes

(LEDs) and organic light-emitting diodes (OLEDs) have emerged as

new-generation lighting sources and attracted more and more research and indus-

trial attentions to date.

LEDs and OLEDs generate light through the mechanism of electroluminescence

from inorganic and organic semiconducting materials. Inorganic white LEDs are

capable of fulfilling some solid-state lighting needs given that such devices have

achieved power efficiencies of >44 lm W�1 and that their operational lifetime is
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>9,000 h [1]. Products such as white LED flashlights are commercially available.

The commercial white LED packages emitting cool white light, mainly based on

blue-emitting GaN/InGaN LEDs covered with a yellow phosphor, are presently

widely diffused and have reached efficacies of 132 lm W�1 with 50,000 h lifetime.

However, some of the major challenges facing this technology for general illumi-

nation purpose are reducing the cost per lumen, obtaining an adequate green LED

quantum efficiency, and finding efficient, long-life phosphorescent materials for

wavelength down conversion [1]. Furthermore, the commercial available LEDs in

current market are almost all small dots in dimension, which are mainly because it

would be difficult to release the generated heat if it is made into large size. From this

point of view, inorganic LEDs can only be said as dot lighting source.

Similarly, OLEDs laboratory demonstrations already have achieved the power

efficiency of 90 lm W�1 [3]. And this efficiency is quite possible to be increased to

over 120 lm W�1 by improving the light outcoupling, that is the photon extraction

from the device [3]. This efficiency of OLEDs is much higher than that of incan-

descent bulbs and already comparable with those of fluorescent lamps, although a

little lower than those of inorganic LEDs. Furthermore, in comparison with LEDs

dot lighting source, the white OLEDs are regarded as large-area plane lighting

sources. This suggests that there are considerable advantages to be gained by using

OLEDs as solid-state lighting sources. Of course, the real commercialization of

OLED lighting products depends mainly on further increasing the power efficiency

and reducing the cost. Nevertheless, the worldwide countries are anticipating that

solid-state lighting in the form of white OLEDs and white inorganic LEDs will

decrease the energy consumption by a large extent in the near future.

9.2.2 Characterization of Lighting Sources

For comprehensive characterization and comparison of various approaches to white

light sources, the operation lifetime, the color quality, the emission efficiencies, the

cost, etc. are all important parameters.

There are two critical parameters that define the color quality of a white light

source: the color rendering index (CRI) and the Commission Internationale de

L’Eclairage (CIE) chromaticity coordinates. The CIE coordinates (x, y) locate the

emission color in the chromaticity diagram shown in Fig. 9.1. The standard white

light has CIE coordinates of (0.33, 0.33). However, there is a quite broad region of

the diagram around this point that can be considered white light. The CRI is a

number ranging from 0 to 100 that measures the ability of a source lighting an

object needs to reproduce the true color of the object. CRI values less than 70 are

unacceptable for indoor lighting applications. CRI values of white OLEDs are

excellent being similar to those of incandescent bulbs (>90) and can be higher

than those of fluorescent tubes and most common inorganic LEDs [9]. For black-

body and non-blackbody radiators, the chromaticity can also be specified by their

color temperature and correlated color temperature (CCT), respectively [1]. The

244 D. Liu



CCT is the temperature of a blackbody radiator that has a color that most closely

matches the emission from a non-blackbody radiator. In general CCT values in the

range of 2,500–6,500 K are required for lighting: for example, incandescent lamps

have CCT� 2,700 K (warn white), and fluorescent lamps can range from about

3,000 K to more than 4,000 K (cool white) [1]. Cool white light is less desirable by

consumers, particularly for in-house lighting.

Light-emitting efficiency is another most important factor to evaluate the white

light source. There are various efficiencies employed in evaluating the fundamental

emission properties of many white light sources like OLEDs, such as quantum

efficiency (including internal and external quantum efficiency), power efficiency,

and luminance efficiency. For white OLED lighting sources, Forrest and coworkers

have given almost authorized definition and measuring methods of these different

emission efficiencies [10]. The internal quantum efficiency ηint (also termed as IQE)

is the ratio of the total number of photons generated within the structure to the

number of electrons injected, while the external quantum efficiency ηext (also
termed as EQE) is the ratio of the number of photons emitted by the OLEDs into

the viewing direction to the number of electrons injected. Both ηint and ηext can be

expressed in terms of percentage. Generally ηext can be measured experimentally by

means of certain instrument and method, while ηint is obtained via theoretical

calculation by taking into account the ηext value and the fraction of light coupled

out of the structure into the viewing direction. The luminous power efficiency ηP in
lumen per watt (lm W�1), also termed as power efficiency, represents the output

light power from a device (measured in lumens, that is the unit of light intensity

Fig. 9.1 The CIE

chromaticity diagram
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perceived by the human eye) per electrical power input (measured in watts). It is

important to note that the efficacy of a light source takes into account the sensitivity

of the human vision to the different wavelengths of the visible spectrum. The

luminous efficiency ηL in candelas per ampere (cd A�1), also frequently termed

as luminance efficiency or current efficiency, is the ratio of the luminous intensity

in forward direction and the current through the device. In many respects, ηL is

equivalent to ηext, with the expectation that ηL weights all the incident photons

according to the photopic response of the human eye, while ηext weights all photons
equally. It should be noted that only photons emitted in the viewing direction are

relevant for measuring the forward-viewing power efficiency ηP of white OLEDs

for display applications. In contrast, standard techniques for measuring illumination

quality white light sources must account for all emitted photons. Therefore, it is

standard practice in the lighting industry to state the total power efficiency ηT based
on the total number of photons emitted, requiring measurement with an integrating

sphere.

9.3 White OLEDs

9.3.1 Basics of OLEDs

9.3.1.1 Mechanism

While common light-emitting diodes (LEDs) produce light by electroluminescence

of III–V group mixed crystal inorganic semiconductors, organic light-emitting

diodes (OLED) generate light from organic or organometallic molecules. The

OLEDs generally have a multilayer architecture where the organic semiconducting

material layers are sandwiched between the anode and cathode, one of which must

be transparent to light (Fig. 9.2). Upon application of a DC bias voltage to the

Fig. 9.2 Typical

architecture of multilayer

OLEDs
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electrodes, electrons and holes are injected into the organic stacks, and they migrate

through the respective charge-transporting layers and recombine on the emitting

molecules, forming singlet and triplet excitons (excited states of molecules) that

can generate light by radiative decay. The anode is required to have high work

function for easy hole injection to organic layers, which is usually the indium tin

oxide (ITO) thin film on glass substrate. The ITO film should have appropriate

thickness to guarantee high transparence to visible light so that the light emitted

from the device can be output from this side. The cathode used in OLEDs is low-

work-function metal, such as Ca, Ba, Al, Mg-Ag alloy, which are usually thick

enough to avoid light transmission. According to their function, the active organic

materials used in OLEDs can be classified into the following types: hole-injecting

layer (HIL) and electron-injecting layer (EIL), hole-transporting layer (HTL) and

electron-transporting layer (ETL), and light-emitting layer (LE).

The hole-injecting layer (HI) usually has a rather shallow highest occupied

molecular orbital (HOMO) or as low ionization potential (IP), so that it can promote

the hole injection from the anode to organic layers due to small hole barrier at the

anode interface. In a similar way, the electron-injecting layer (EI) is required to

have suitably LUMO level so that electron injection from cathode is efficient due to

small electron barrier. The hole-transporting layer (HT) and electron-transporting

layer (ET) are characterized by significant high hole drift mobility and electron-

transporting mobility, respectively. The HT materials are usually arylamine or

carbazole derivatives, which have strong electron-donating properties, while the

ET materials are those molecules containing strong electron-deficient or electron-

withdrawing moieties. In principle, it is better for the HT and ET to have as high

charge mobilities as possible to guarantee the good conductivity and low driving

voltage of the whole device. It has been observed that the charge mobilities in a

certain material are not only related to its chemical structure and electrochemical

redox potentials but also determined by the molecular stacking order in the bulky

phase. It has been well established that the good balance of positive and negative

charges in the emitting layer is necessary if ideal emission performance of the

OLEDs is desired. However, the electron-transporting mobilities of the current

organic n-type materials are generally lower than the hole mobilities of organic

p-type materials by one to three orders of magnitude, which keeps as the bottleneck

problem of OLED field. In many cases some multifunctional material is utilized to

simplify the device structure. For example, the HT layer usually simultaneously

functions as the HI role if it possesses a rather shallow HOMO. Sometimes, an

additional charge blocking layer, either hole-blocking layer (HB) that usually

possesses a rather deep HOMO level or electron blocking layer (EB) that has a

significantly high LUMO level is inserted next to the emitting layer to prevent the

hole or electron from further migrating into the adjacent layer and to confine the

excitons in the desired emitting layer. The emitting layer of an OLED is either a

neat film of the emitting material or the doped film of the emitter material in a

certain charge-transporting host matrix. According to the nature of singlet or triplet

excitons that are responsible for the final electroluminescence from the device, the

electroluminescence from the OLEDs can be divided into electrofluorescence and
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electrophosphorescence (vide infra), whose intrinsic efficiencies are greatly differ-

ent from each other. The electroluminescence performance of multilayer OLEDs is

possible to be good enough since the charge injection, charge transportation, and

the luminous quantum yield of emitter can be optimized independently without

sacrificing others.

It should be noted that the multilayer architectures are generally valid for those

vacuum-deposited OLEDs, in which the active organic materials are low-

molecular-weight and suitable for thermal sublimation. While for the OLEDs

containing polymers or dendrimers that can only be processed by solution methods

like spin coating or ink-jet printing, the device structure is usually much simple,

e.g., single-layer device, since the deposition of the next layer by spin coating

inevitably damages the underlayer film. In this case, some auxiliary materials such

as HT and ET are usually blended into the emitting layer to improve the device

conductivity and overall performance.

9.3.1.2 Electrofluorescence and Electrophosphorescence

It has been predicted by quantum spin statistics that recombination of free electrons

and holes into the light-emitting layer in OLEDs generates about 25 % of singlet

and 75 % of triplet excitons, as shown in Fig. 9.3 [11]. In electrofluorescent device

where the light emitter is fluorophore, only singlet excitons can decay radiatively,

while the radiative relaxation of triplet excitons is forbidden, resulting in the

maximum internal quantum efficiency ηmax
int of 25 %. On the contrary, in the

electrophosphorescent devices where the light emitter is phosphorescent material,

all the electrical generated triplet excitons are capable of emitting phosphorescence

at room temperature, at the same time the rest singlet excitons can be converted into

triplet states through efficient intersystem crossing, which finally also decay

radiatively by emitting phosphorescence. Therefore, all the electrical generated

excitons can be harvested for light emission in electrophosphorescent devices,

Fig. 9.3 Schematic

showing the efficiency

difference between

electrofluorescence and

electrophosphorescence
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leading to the maximum theoretical internal quantum efficiency ηmax
int of 100 %

[2]. Evidently, the electrophosphorescent materials are superior to the fluorescent

ones in terms of emission efficiency when used as emitters in OLEDs.

Since the milestone reports of utilization of phosphorescent materials in OLEDs

in 1998, a large amount of phosphorescent compounds have been developed for

application in both monochromic and white OLEDs. Different from the typical

fluorescent materials that generally are either organic molecules or the complexes

of some metals such as AlIII and ZnII, the phosphorescent materials are typically

organometallic complexes of transition metals, in which the metal ions usually have

the dn electron configuration. The strong spin-orbit coupling expected for these

heavy-metal ions would lead to an efficient intersystem crossing from the singlet

excited state to the triplet manifold. Furthermore, mixing singlet and triplet excited

states through spin-orbit coupling, to a large extent, would partially remove the

spin-forbidden nature of the T1! S0 radiative relaxation, resulting in the highly

intense phosphorescent emission with internal quantum efficiency of unity by

harvesting both singlet and triplet excitons in OLEDs (Fig. 9.3). At the same

time, these emissive metal complexes usually have relatively short radiative

decay times [12]. It was found that the transition-metal complexes possessing d6

(RuII, OsII, IrIII), d8 (PtII), and d10 electron configurations (CuI) are particularly

attractive when used as light emitters in OLEDs, among so large amount of the

phosphorescent transition-metal complexes reported so far.

9.3.2 White OLEDs

9.3.2.1 Architectures of White OLEDs

For lighting application, the white light emitted from OLEDs should be similar to

the natural sunlight covering the full visible light range as much as possible. In

general, the white light is composed either by three primary colors (red, green, and

blue, termed as RGB) of light or two complementary colors (blue and yellow/

orange, termed as BY) of light. However, most of the light-emitting compounds are

monochromic luminescent with emission spectra covering only a limited wave-

length region. Therefore, white OLEDs are usually made by integrating multiple

light emitters within a certain device configuration, each of which emits a certain

color of light. That is the multicomponent white OLEDs. On the other hand, it is

also possible to gain white light from only one compound in OLEDs that is the

single-component white OLEDs.

There are two different cases for single-component white OLEDs. One case is

that the light-emitting molecule contains the RGB light-emitting moieties which are

linked by covalent bonding. The typical examples are the single-molecule white-

emitting polymers, in which the individual green- and red-emitting moieties are

usually linked to the blue-emitting backbone, as shown by the structure in Fig. 9.4

[13]. Since the lower-energy components including green and red ones can get
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excited by both direct charge recombination and energy transfer from higher-

energy components, the lower-energy components are chemically doped at rather

low concentration in order to balance the RGB light intensities to achieve the white

emission. Another case for the single-component white OLEDs is that the light-

emitting molecule can emit light from its different states, for example, from the

single molecule and its excimer or electromer. Li [14] have discovered great

discrepancy in the photoluminescence (PL) and electroluminescence (EL) of the

carbazole-based molecule TECEB (Fig. 9.5a). The single molecule of TECEB is

blue fluorescent in dilute solution (Fig. 9.5b), while white EL (Fig. 9.5c) was

obtained from the OLEDs in which TECEB was controlled as the exclusive light

emitter. It was observed that the white EL contains the blue fluorescence from the

single molecule, and the green and red emissions were ascribed to the fluorescence

and phosphorescence from the electromer of TECEB (electronic state shown in

Fig. 9.5d) that was generated in electrical field of OLEDs.

The single-EML white OLEDs are fabricated by blending all the emitters of

various colors together, frequently in a common host, to form the singe emission

layer, as shown in Fig. 9.6a. This is the most straightforward strategy to make

OLEDs so far. The first white OLED was fabricated in this way in 1994 by doping

the orange-, green-, and blue-emitting dyes in the hole-transporting PVK host

[15]. Based on the simple device structure, the single-EML white OLEDs can be

fabricated by either solution processing technique or vacuum deposition method.

When polymeric material is involved in white OLEDs, for example, used as the

host, the emitting layer is easily obtained by solution processing the mixed solution

of the polymer host doped with different emitting dyes. If small molecular material

is utilized as the host in white OLEDs, the emission layer is obtained by vacuum

co-evaporation of the host and the RGB dyes. In this case, several small molecular

materials are evaporated together in the same vacuum chamber, implying that it

will be quite difficult to accurately control the evaporation rate and the final doping

concentration of each dye. For all single-EML white OLEDs based on both

polymeric and small molecular hosts, since several emitting dyes are doped in the

emission layer, the complicated energy transfer from higher-energy components to

lower-energy ones must be taken into account in order to finely tune the emission

Fig. 9.4 Single-molecule

white-emitting polymer

(Reproduced with

permission from Ref.

[13]. Copyright 2007

Wiley-VCH Verlag GmbH

& Co. KGaA)
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spectra and color. In addition, phase separation is quite possible to occur in the

multiple-doped emission layer, which must affect the performance and stability of

the white OLEDs. In should be summarized that the single-EML device configu-

ration is most frequently applied for polymeric white OLEDs up to now.
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Fig. 9.5 (a) The chemical structure of the single-component white-emitting compound TECEB.

(b) The electronic states of electromer. (c) The PL spectra (blue fluorescence) and (d) EL spectra

(white emission) of TECEB (Figure 5c, d are reproduced with permission from Ref. [14]. Copy-

right 2004 Wiley-VCH Verlag GmbH & Co. KGaA)

Fig. 9.6 General device

structures for the

multicomponent white

OLEDs. (a) Single-EML

white OLEDs. (b)
Multilayer EML white

OLEDs. (c) Stacking or

tandem white OLEDs. (d)
Stripped white OLEDs

(Reproduced with

permission from Ref.

[6]. Copyright 2010

Elsevier)
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In multilayer EML white OLEDs, each RGB-emitting dye is set in individual

emitting layer to produce the white light, as shown in Fig. 9.6b. Since multiple

organic layers are integrated in the same device, the multilayer device configuration

is not suitable for polymer-related solution method. The multilayer white OLEDs

can only be fabricated by vacuum deposition, and all the emitting dyes and their

host materials should be small molecules that are suitable for thermal sublimation.

In multilayer white OLEDs, each color of light is emitted from an individual

emitting layer. This makes it possible to optimize the emission color and perfor-

mance of a certain emitting layer without sacrificing those of the other layers.

Therefore, much better device performance can be expected for the multilayer

white OLEDs in comparison with the single-EML white devices. However, the

unwanted energy transfer between the adjacent layers is also possible in this kind of

white devices, which is not good for the ideal white light color and even the

emission efficiency, especially at high driving voltage region. Accordingly, a thin

layer of certain charge-transporting material is inserted in between adjacent emit-

ting layers to avoid energy transfer. In this way, Sun et al. [16] has fabricated a

highly efficient multilayer white OLEDs by doping the red phosphor POIr, the

green phosphor Ir(ppy)3, and the blue fluorophore BCzVBI in common host CBP

with CBP spacer layer at blue/red and blue/green interfaces that challenged the

incandescent source by exhibiting peak external quantum efficiency of 18.7 % and

power efficiency of 37.6 lmW�1. The quality of white light strongly depends on the

content of different colored light emitted from each emission layer. In order to

balance the light intensity from each emitting layer, it is effective to adjust the film

thickness of each emitting layer. In comparison with the single-EML white OLEDs,

it is evident that the multilayer white OLEDs have the advantage of superior device

performance, despite the relatively complicated fabrication.

As shown in Fig. 9.6c, the white light emission is also possibly achieved by the

tandem (also termed as stacking) device configuration, in which the RGB mono-

chromic sub-devices are connected in sequence to produce the white light. In

tandem devices, the current density through each sub-device is the same. In

comparison with the normal device, under a certain current density, higher driving

voltage is required and the total light brightness from the tandem devices is also

much increased by collecting emission from all sub-devices. Therefore, the tandem

devices are characterized by greatly increased current efficiency, but the power

efficiency is not changed. Apparently, if a certain brightness is required, the

corresponding driving voltage is needed, and the tandem device will work under

much lower current density relative to the normal device, which is finally favorable

for good device stability. In comparison with the multilayer EML white OLEDs, the

tandem white OLEDs are advantageous in terms of higher current density and

longer device lifetime. However, in addition to the concurrent V2O5 and MoO3, the

successful search for suitable transparent internal connector between sub-stacks

still remains a big challenge for tandem white OLEDs so far, which makes the

tandem white OLEDs still less common as the other types of white OLEDs. White

OLEDs can also be fabricated with the striped configuration in Fig. 9.6d, by laying

out the RGB sub-devices in close proximity. The merits of this white OLEDs
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configuration include the ease of addressing the sub-devices and tuning the RGB

light ratio in the resultant white light. However, this device strategy is still not as

common as the aforementioned single-EML and multilayer white OLEDs.

9.3.2.2 Efficiency State of the Art

As stated before, the general lighting sources are required to reach a power

efficiency of at least 60–70 lm W�1 of fluorescent tubes, which is the current

benchmark for novel lighting sources. In order to fulfill the lighting application,

great efforts have been made in the past decades in terms of both materials

development and device fabrication technique to improve the overall efficiency

of white OLEDs. Fortunately, as reported in scientific publications, with develop-

ment of highly efficient phosphorescent materials, the efficiency of white OLEDs

fabricated in research labs has gained great progress and many examples have

already exceeded the fluorescent tube efficiency. As a whole, the vacuum-deposited

white OLEDs based on small molecular materials usually realize higher efficiency

than those solution-processed devices. This is mainly because the vacuum-

deposited films have better quality and stability than those obtained from solution

methods. However, the solution processing seems to be the final and the most ideal

device fabrication technique suitable for practical application due to its simplicity

and low cost.

Wu and Wong [17] demonstrated highly efficient white OLEDs with a peak

forward-viewing power efficiency (PE) close to 40 lmW�1, corresponding to a total

PE of 50 lm W�1 if all photons emitted to the outside environment are measured,

with an external quantum efficiency of 28.8 % and a peak current efficiency of 60 cd

A�1. Different from the traditional RGB three-color strategy, four-color system

(RYGB) was applied to optimize the white light quality in this work. The blue-

emitting FIrpic, green-emitting Ir(mppy)3, yellow-emitting iridium complex 1, and

red-emitting dendritic iridium complex Ir-G2 (structures shown in Fig. 9.7) were

doped at suitable ratio in polymeric host PVK with the presence of electron-

transporting OXD-7 to form the single emitting layer, which was obtained by

spin coating their mixed solution. The usage of RYGB four-color system effec-

tively guaranteed the electroluminescence spectra covering the entire visible light

range and a good white light color quality. In addition, the famous hole-injecting

material PEDOT:PSS (P8000) was introduced in this device to adjust the charge

injection and balance. Finally the white OLEDs have the structure of ITO/PEDOT:

PSS/PVK:OXD-7:Blue FIrpic:Green Ir(mppy)3:Yellow Ir (1 or 2):Red Ir-G2/Ba/

Al. The EL spectra under different blending ratio of the four emitters are shown in

Fig. 9.7. The high efficiency was obtained by combining a carefully designed

spectrum of the radiation to achieve a very high current efficacy with a modified

hole-injecting layer that ensures reduced charge leakage, reduced power consump-

tion, and remarkably improved charge-carrier balance. As claimed by the authors,

that was the first report that the maximal forward-viewing power efficiency

approached 40 lm W�1 for solution-processed white OLEDs.
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In 2012, Xie and Wong [18] reported a partially solution-processed complemen-

tary color white OLED with efficiency further improved in comparison with the

above mentioned one. In this two-color white OLED system, the emitting layer was

comprised of a blue-emitting FIrpic and an orange-emitting (fbi)2Ir(acac) or Ir

(Flpy-CF3)3 doped in a dendritic host H2, which was obtained by spin coating.

However, on top of this emitting layer, an electron-transporting SPPO13 layer was

vacuum deposited to balance the charge injection and transportation. In addition,

the low-conductivity PEDOT:PSS (P 8000) was also introduced as hole-injecting

layer in between the anode and emitting layer. The white OLEDs have the structure

of ITO/PEDOT:PSS/H2:Blue FIrpic:Orange Ir(Flpy-CF3)3/SPPO13/LiF/Al. In this

way, a maximum forward-viewing power efficiency close to 50 lm W�1, an

external quantum efficiency of 26.6 %, and a peak current efficiency of 70.6 cd

A�1 were obtained for that white OLEDs. Since illumination sources are typically

characterized by their total power, a forward-viewing power efficiency of

50 lm W�1 corresponds to a total power efficiency of 85 lm W�1. That represented

a new world record for solution-processed white OLEDs and even comparable to

the reported highest efficiencies of the white OLEDs made by thermal evaporation

without outcoupling structures.

In comparison with the solution-processed white OLEDs, the vacuum-deposited

white OLEDs usually have more complicated configurations. Li et al. [19] designed

and synthesized novel iridium complexes containing CF3- or F-substituted

2-phenylbenzothiazole as cyclometalating ligands, (CF3-bt)2Ir(acac) and (F-bt)2Ir

(acac), which exhibited quite efficient orange emission. In combination with the

traditional blue iridium phosphor FIrpic, these orange iridium complexes were used

to fabricate two-component multilayer white OLEDs with the blue and orange

phosphors separately dispersed in CBP host to form two individual emitting layers.

In order to optimize the charge injection and balance, PEDOT:PSS was introduced
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into this small molecular materials-based device. The white OLEDs have the

structures of ITO/PEDOT:PSS/CBP:(CF3-bt)2Ir(acac) or (F-bt)2Ir(acac)/CBP:

FIrpic/TPBI/LiF/Al. A maximum current efficiency of 68.6 cd A�1, corresponding

to forward-viewing external quantum efficiency of 26.2 % and a peak power

efficiency of 34 lm W�1 were obtained for the white OLED containing (F-bt)2Ir

(acac). With multilayer EML structure, Ma and coworkers [20] also realized a high

power efficiency of 41 lm W�1 in their white OLEDs.

All the above mentioned OLEDs are built in a standard substrate emitting

architecture, where the outcoupling efficiency is approximately 20 %. The

remaining 80 % of the photons are trapped by organic and substrate modes in

equal amounts [3]. Hence, the greatest potential for a substantial increase in

external quantum efficiency and power efficiency is to enhance the light

outcoupling. In 2009, Leo and coworkers [3] demonstrated highly efficient white

OLEDs with fluorescent tube efficiency (90 lm W�1 at a brightness of

1,000 cd m�2) by combining a carefully chosen emitting layer with high-refractive-

index substrates and using a periodic outcoupling structures. As shown in Fig. 9.8,

the optimized white OLEDs have a detailed configuration of high-refractive-index

substrate/MeO-TPD:NDP-2 (4 mol.%, 60 nm, hole-transport layer)/NPB (10 nm,

electron-blocker layer)/TCTA:Ir(MDQ)2(acac) (6 nm, orange-red)/TCTA (2 nm)/

TPBI:FIrpic (4 nm, blue)/TPBI (2 nm)/TPBI:Ir(ppy)3 (6 nm, green)/TPBi (10 nm,

hole-blocking layer)/Cs:Bphen (40 nm, electron-transport layer)/Ag (100 nm, cath-

ode). It is well known that the use of high-refractive-index glass substrates can

substantially increase the amount of light coupled from the organic layers to the

glass substrate (up to 80 %). As shown in Fig. 9.9b, increasing the refractive index

of glass substrate from nlow¼ 1.5 to nhigh¼ 1.78 causes the index mismatch

between organic materials and substrate to vanish, enhancing light outcoupling

into the high-refractive-index glass, so that all photons guided to organic modes by

total internal reflection at the organic/glass interface in the low-refractive-index

case are entering the glass substrate. The efficiency of these white OLEDs has the

potential to be raised to 124 lm W�1 if the light outcoupling is further improved.

Once again, the high efficiency could make white light OLEDs, with their soft area

light and high color rendering qualities, the lighting sources of choice in the near

future.

9.4 Organometallic Phosphors for OLEDs

Transition-metal complexes have emerged as the major phosphorescent materials

predominantly used in OLEDs and other optoelectronic devices nowadays.

Transition-metal complexes have unique advantages in electronic and photonic

applications, since the electronic states can be changed in a controlled fashion

within easily accessible ranges. Spin states may also be controlled by the strength

and symmetry of the ligand field and the redox states of metal ions. A large amount

of second- and third-, and even first-row transition-metal complexes have been
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developed for application as light-emitting materials in various fields. However, to

warrant the OLED applications, neutral as opposed to the ionic complexes are the

main focus here, simply due to the higher volatility and the avoidance of internal

defects that were produced by the current-induced migration of ionic species.

Among all the transition metals, since the IrIII, PtII complexes represent the most

widely used group and possess the best performance, the CuI complexes are the

cheapest and most suitable for large-scale practical application, and this report

focuses on only these three transition metals and related materials.

Fig. 9.8 Energy level diagram and light modes in an OLED. (a), the white OLED configuration

and energy level diagram of the involved materials. (b), the left panel illustrates increasing the

substrate refractive index could enhance light outcoupling into the high-refractive-index glass

(Reproduced with permission from Ref. [3]. Copyright © 2009, right managed by Nature Pub-

lishing Group)
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9.4.1 Electronic Transitions and Excited States

In order for a better understanding of the photophysical behaviors of transition-

metal complexes including the light absorption and emission procedures, we had

better start from learning the molecular orbital theory. It states that the electron

density in each of the frontier molecular orbitals (MO) are not equally delocalized

between metal and ancillary ligands, but preferentially located at the metal or the

ligands. The electronic transition can be considered as the one-electron excitation

that occurs among the associated frontier molecular orbitals [12].

An octahedral transition-metal complex (ML6) that usually contains a d6 metal

center is taken as an example to elaborate the frontier MOs and related electronic

transitions. As shown in Fig. 9.9, the various frontier MOs can be conveniently

classified according to their predominant atomic orbital contributions as [21]:

(1) strongly bonding, predominantly ligand-centered σL orbitals; (2) bonding, pre-

dominantly ligand-centered πL orbitals; (3) essentially nonbonding, metal-centered

πM or dπ orbitals of t2g symmetry; (4) antibonding, predominantly metal-centered

σM* or dσ* orbital of eg symmetry; (5) antibonding, predominantly ligand-centered

πL* orbitals; and (6) strongly antibonding, predominantly metal-centered σM*

orbitals. In the ground electronic configuration of an octahedral complex of a dn

metal ion, orbitals of types 1 and 2 are completely filled, while n electrons reside in

the orbitals of types 3 and 4. When light absorption and emission are concerned for

these transition-metal complexes, four types of electronic transition and related

excited states are frequently involved as follows.

Metal-Centered (MC) Excited States Typical heavy-metal complexes with a

partially filled d shell at the metal center are characterized by low-energy MC

excitation states, which arise from electron hopping between the nonbonding (dπ,

orbital of type 3 in Fig. 9.9) and antibonding (dσ*, orbital of type 4 in Fig. 9.9)

orbitals. These d-d transitions are Laporte-forbidden, showing exceedingly low

transition probability for the occurrence of both MC-based absorption and emission

signals. Low-energy MC transitions are usually expected for metals of the first
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transition row like copper (Cu). For the second- and third-row transition-metal

complexes with strong-field ligands in the spectrochemical series, the anticipated

MC transitions are destabilized to the higher-energy region, making the metal-to-

ligand charge-transfer state (MLCT) or ligand-centered excited state (LC) (vide

infra) as the lowest-energy excited state. The singlet-to-triplet intersystem crossing

is facilitated by the heavy-atom enhanced spin-orbit coupling. As a consequence,

many of them have exhibited highly efficient, room-temperature phosphorescence

in both fluid and solid states [12].

Metal-to-Ligand Charge-Transfer (MLCT) Transitions and States Metal-to-

ligand charge-transfer (MLCT) states involve electronic transitions from a metal-

based dπ orbital (type 3 in Fig. 9.9) to a ligand-based delocalized antibonding πL*

orbital (type 5 in Fig. 9.9). Low-energy MLCT transitions are expected when the

metal is easy to oxidize and the ligands are easy to reduce. These transitions are

commonly observed in the middle- and late-transition-metal complexes possessing

relatively low oxidation potentials. The transition process can be understood in this

way that the metal center renders the easily accessed dπ electron, while the acceptor

ligands accommodate this ejected electron in their unoccupied πL* orbital. Since the
πL* orbital is usually delocalized over the ligand, the population to MLCT states

may only cause minimum structural distortion, facilitating its radiative recombina-

tion, decay process with remarkable efficiency.

For the first-row transition-metal complexes, the MLCT states are generally

quite reactive. With shifting the metal to the second- and third-row transition

metals, the MLCT states of their complexes become stable because of the increased

metal-ligand bonding strengths accompanied by the destabilized MC excited states

and the consequent reduction of the radiationless deactivation. Moreover, MLCT

transitions are strongly allowed processes, manifested by intense absorption bands

in the visible or near-UV spectral regions. It should be pointed out that the

excitation may generate both singlet and triplet MLCT states simultaneously.

However, due to the strong spin-orbit coupling effect caused by these heavy-

metal atoms, those singlet MLCT states will rapidly transfer into the triplet states

through intersystem crossing. Again, the strong spin-orbit coupling removes the

spin-forbidden nature of the electronic transition from the triplet excited state to the

singlet ground state, resulting in the highly phosphorescent nature of these triplet

MLCT states. The luminescent properties of MLCT states are particularly distinct

for transition-metal complexes with d6 and d8 electron configurations.

Ligand-Centered (LC) ππ* Transitions and Excited States Ligand-centered

(LC) ππ* excited states originate from electronic transitions between π orbitals

that are mainly localized on the ligand chromophore. Low-energy LC ππ* transi-

tions are expected for the aromatic ligand with extended π and π* orbitals when the
metal center has minimized perturbation upon coordination. For the complexes of

some main-group metal elements such as ZnII and AlIII and their closed shell

analogues that do not participate in the ππ* transitions of the ligands, LC ππ*
transitions should be the predominate processes responsible for the light absorption.
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Apparently, the spectroscopy behaviors of these main-group complexes are mainly

determined by the ligand properties. While for transition-metal complexes, LC ππ*
transitions are frequently observed in their electronic absorption spectra, which

correspond to the electronic transitions from the singlet ground state to the first

singlet excited state of the ligands (1LC). The excitation into 1LC excited states

usually corresponds to relative strong absorption intensity in the UV-Vis absorption

spectra of the complexes. Subsequently a slow intersystem crossing may occur and

generate the triplet excited state of the ligands (3LC), which then decay by radiative

and/or non-radiative ways. It should be noted that, due to the lack of direct

incorporation of metal-center electron density, the intersystem crossing from sin-

glet to triplet is not as fast as in the case of MLCT. This means that much less

singlet-triplet mixing can be expected in the LC ππ* states. As a result, the

associated phosphorescence related to 3LC excited states is subject to much longer

radiative lifetime and relatively low efficiency due to possible quenching by any

radiationless deactivation.

Ligand-to-Metal Charge-Transfer (LMCT) Transitions and States Low-

energy ligand-to-metal charge-transfer (LMCT) transitions are expected for those

metal complexes in which at least one of the ligands is easy to oxidize and the metal

is easy to reduce (in high oxidation states). These complexes typically constitute

early transition-metal complexes with cyclopentadienyl or with simple σ-bonded
anionic ligands. For example, a class of d10 complexes involving CuI, AgI, and AuI

metals are good candidates that exhibit LMCT emission. In particular, the

tetrametallic CuI clusters have been used in OLEDs and exhibited bright phospho-

rescence from the LMCT excited states. However, none of the complexes showing

LMCT emission have shown performance data comparable to those fabricated

using previously mentioned MLCT and LC ππ* emitting materials.

In summary, the low-energy MC transitions are most applicable for the first-row

transition-metal complexes in which the metal-ligand bond strength is severely

weakened, and they are characterized by strong non-radiative decay feature and

thus weak emission. The LMCT transitions are suitable for those complexes whose

metal center is in high oxidation states and the ligands are strong electron-donating.

And the LMCT-based emission is usually not strong too. The LC ππ* transitions are
distinct when the ligands are characterized by extended π structure and the metal

center is main-group metal. In this case, the LC ππ* transitions are responsible for

both the light absorption and emission of these main-group metal complexes. The

LC ππ* transitions are also frequently involved together with MLCT for transition-

metal complexes. In many cases, the excitation of transition-metal complexes

generates MLCT or LC ππ* excited states simultaneously. The energetic closeness

and efficient overlap between 3MLCT and 3LC states may result in the mixed

lowest-energy excited state (T1) that is responsible for the phosphorescence.
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9.4.2 Iridium(III) Phosphors

It is well known that the iridium complexes are the most successful phosphorescent

materials used for OLEDs application. In comparison with the earlier reported

platinum complexes such as PtOEP, the unique advantage of iridium complexes

is their much shorter triplet lifetime that is typically in the order of several

microsecond. This is indeed a precious merit since short triplet lifetime is required

for the triplet excitons to prevent triplet-triplet annihilation and to guarantee high

emission efficiency in OLEDs. In addition, iridium complexes are characterized by

flexible color tenability and high phosphorescent quantum yields, which are all

necessary valuable merits when OLEDs are involved in practical applications in

lighting and display fields. It would be safe to say that, up to date, iridium

complexes are the most successful series of organometallic phosphors among all

the transition-metal complexes.

9.4.2.1 Structures and Syntheses

In general, the transition-metal complex phosphors used as phosphorescent mate-

rials in OLEDs field have the cyclometalated configuration. The IrIII ion has a d6

electron configuration, and the IrIII complexes have the typical octahedral confor-

mation with three bidentate ligands coordinated to the metal center. The IrIII

complexes used as phosphorescent materials can be classified into bis- and tris-

cyclometalated complexes according to the number of the cyclometalating ligands

around the iridium center. For clear understanding and identification, it is necessary

to define cyclometalation and related concepts. As stated by Albrecht [22],

cyclometalation refers to the transition metal-mediated activation of a C–R bond

to form a metallacycle comprising a new metal-carbon σ bond. Typically, the

reaction consists of two consecutive steps: initial coordination of the metal center

via a donor group and subsequent intramolecular activation of the C–R bond, which

closes the metallacycle. As a special type of chelation, cyclometalation is charac-

terized by the formation of metal-carbon (M–C) σ bond. Therefore, the

cyclometalating ligands refer to those only containing carbon atoms that will

form C–M bond upon coordination, typically written as H-C^X, for example, the

widely used bidentate cyclometalating H-C^N ligand. Those ligands that do not

form C–M bond with metal center are usually called ancillary ligands.

According to whether all the ligands of an IrIII complex are identical to each

other, the cyclometalated iridium complexes can also be classified as homoleptic

and heteroleptic. When different ligands are involved in an IrIII complex, it is

heteroleptic; otherwise, it is homoleptic when three bidentate ligands of same

structure are incorporated to the iridium ion center. Accordingly, the

bis-cyclometalated iridium complexes, frequently possessing structure of

(C^N)2Ir(L^X), must be heteroleptic, and tris-cyclometalated iridiumIII complex

can be either homoleptic (e.g., Ir(C^N)3) or heteroleptic (e.g., (C^N)2Ir(C^N)
0).
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Figure 9.10 illustrates the most common synthetic strategies toward both

homoleptic and heteroleptic and even the charged phosphorescent IrIII complexes.

The standard synthesis of an IrIII complex is accomplished through a two-step

process [23, 24] in which the first step is known as the Momoyama reaction (path

a) that yields a chloride-bridged dinuclear IrIII dimer [Ir(C^N)2-μ-Cl]2. In the

second step, the chloro-bridge in the dimer [Ir(C^N)2-μ-Cl]2 can be split by the

ancillary ligands (path b) leading to neutral (L^X¼ β-diketonates, picolinates, etc.)
or charged bis-cyclometalated complexes (N^N¼ 2,20-bipyridines, 1,10-

phenanthrolines, etc.) with preferred trans-N,N configuration of the C^N ligands.

Alternatively, the substitution of the chlorides in the dimer by a third

cyclometalating ligand results in the tris-cyclometalated IrIII complex Ir(C^N)3
(path c). It should be noted that the tris-cyclometalated Ir(C^N)3 have two isomers,

the kinetically preferred meridional (mer) and the thermodynamically favored

facial ( fac) isomers. With cautious control of the reaction conditions, both isomers

are possible to generate directly by path c. In has been proved that in solutions,

applying thermal or photochemical energy, mer-isomers can be converted into the

fac-form (path d) [25, 26]. The lower thermodynamic stability of the kinetically

favored meridional formation is primarily due to the strongly trans-influencing aryl

groups opposite to each other (in the fac isomer all three aryl groups are opposite to

pyridyl or other neutral donor groups). The fac- and mer-isomers of Ir(C^N)3 have

different photophysical properties, the former of which are usually more efficient

phosphorescent. Alternatively, the fac-Ir(C^N)3 can also be directly prepared starting
from the Ir(acac)3 precursor (acac¼ acetoacetonate) or IrCl3 �xH2O (path e) [27].
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Fig. 9.10 Schematic representation of the synthetic strategies utilized for the synthesis of

cyclometalated iridium(III) complexes. H-C^N: cyclometalating ligand
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9.4.2.2 Excited States and Color Tuning of IrIII Phosphors

Excited states. In general, there are two basic types of electronic states in iridium

(III) complexes that would compete for the LUMO, which is usually the only

emitting state in a condensed matter. One of these is a ligand-centered3LC(3π-π*)
triplet state, while the other is a triplet 3MLCT state, as shown in Fig. 9.11 [28]. The

d-orbital involvement in the bonding is expected to be higher for the MLCT state,

which is reflected by the lower intensities of the corresponding absorption bands

relative to those involving LC states. However, the energetic closeness and degree

of overlap between 3MLCT and 3LC(3π-π*) states result in the formation of a mixed

lowest excited state (T1). The excited molecule relaxes to the ground state through

radiative (kr) and non-radiative (knr) pathways. The accidental overlap between the

two states mixes their photophysical properties. Depending on the chemical envi-

ronment around the Ir(III) ion, i.e., the nature of cyclometalating ligands chelated to

the metal, the origin of the emissive state is different. The energies of the lowest

excited states play an important role as they respond to stimuli by adjusting the

metal and ligand orbitals through substituent effects or tailoring the ligand struc-

tures, and this characteristic explains why Ir(III) complexes are the most outstand-

ing emitters to date for OLED application [29]. Their metal-ligand-based

luminescence provides the opportunity to change the emission energy and tune

the color in the visible and near-infrared (NIR) range in the electrophosphorescent

devices.

Color tuning strategies for iridium(III) complexes. Strong spin-orbit coupling

leads to mixed singlet and triplet metal-to-ligand charge-transfer (MLCT) states as

well as to mixed ligand-based emitting states. The metal-ligand-based emission

enables an efficient tuning of the emission color by varying the ligands, and, thus,

full-color applications based on phosphorescent iridium complexes can be realized.

In general, the color tuning of iridium complexes can be achieved by adjusting the

following aspects [19]: (1) cyclometalating ligands framework, (2) substituent

effect in the ligands, (3) field strength of the ancillary ligand, and so on. This

means that the cyclometalating ligand frameworks and the substituents on it and

even the ancillary ligands combine to determine the optical and electronic param-

eters and the EL performance of the resultant iridium complexes. In other word, for
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Fig. 9.11 Energetic

closeness and overlap

between 3MLCT and 3LC
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transition-metal complexes,

especially for Ir(III)

complexes (Reproduced

with permission from Ref.

[28]. Copyright 2013

Elsevier)
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both homoleptic and heteroleptic iridium complexes, the chemical structure of the

cyclometalating ligand is usually the fundamental aspect to determine the emission

energy and quantum efficiency of the iridium complexes. In most cases the

cyclometalating ligands are involved in the lowest-energy triplet excited state,

either the ligand-centered state 3LC or the 3MLCT triplet state or their mixture,

which is responsible for the phosphorescence. For example, the regular color tuning

was achieved in a series of heteroleptic bis-cyclometalated iridium complexes

(C^N)2Ir(acac) (acac¼ acetylacetonate) with varying the C^N ligand structures

[23], as shown in Fig. 9.12a. Substitution of S for O in a chromophore (bo! bt)
leads to a 30-nm red shift, due to the higher polarizability and basicity of sulfur

relative to oxygen, in this ligand-based excited state. Increasing the size of the

ligand π system is expected to bathochromically shift electronic transitions, as is

observed in converting a phenyl group to a naphthyl group (bo! bon), which leads
to a 60-nm red shift. The effects of the naphthyl and sulfur substitutions are nearly

additive, leading to an 80-nm red shift when comparing bo to αbsn complexes.

At the same time, the structure and even the position of the substituents on the

ligand frameworks play an important role as well in tuning these physical param-

eters and EL behavior. As shown in Fig. 9.12b, (ppy)2Ir(acac) (ppy¼ 2-

phenylpyridine) is one of the prototype green-emitting iridium phosphor, which is

known to exhibit room-temperature phosphorescence similar to its tris-

cyclometalated complex Ir(ppy)3, leading to the conclusion that the luminescence

is mainly controlled by the common [Ir(C^N)2] fragment, while the emission

wavelength is strongly dependent on the choice of C^N cyclometalating ligands.

Incorporation of electron-donating or electron-withdrawing substituents on either
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Fig. 9.12 (a) Solution photoluminescence spectra of bo2Ir(acac), bt2Ir(acac), bon2Ir(acac), and
αbsn2Ir(acac). The structures of the individual C^N ligands are shown above the corresponding

spectrum. (b) Influence of substituents and ancillary ligands on the emission wavelength of a group

of blue- to green-emitting iridium complexes (Figure 9.12a is reproduced with permission from

Ref. [23]. Copyright 2001 American Chemistry Society)
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pyridyl or phenyl moiety of the ppy ligand will lead to obvious change in emission

wavelength. For example, introduction of two electron-withdrawing F (FIr(acac))

[30, 31] or electron-donating diphenylamine (Ir-N) [32] in 4 site of phenyl ring

leads to blue and red shift of the phosphorescence of the corresponding iridium

complexes, respectively. This is because these substituents have changed the

frontier molecular orbitals levels and thus the energy band gaps of the iridium

complexes. For most of iridium complexes, the HOMO consists of arene π and Ir d

orbitals, while the LUMO is located largely on the N-related heterocycle that is

usually electron-deficient. In general, the phosphorescence of the iridium complex

red shifts when the electron-donating substituent is introduced into the HOMO-

lying arene part and/or the electron-deficient group is incorporated in the LUMO-

lying heterocycle moiety of C^N ligands. Hypsochromic shift will occur when the

electron-deficient substituent is introduced into the HOMO-lying arene and/or the

electron-rich group is incorporated into the LUMO-lying heterocycle [19, 32].

Similar to that of the C^N cyclometalates, the ancillary L^X chelates are also

capable to modulate the photophysical properties, especially the emitting color, of

heteroleptic complexes as a consequence of their intrinsic ligand field strength and

electronic influences toward the central metal atoms. This can be illustrated by

comparing the emission properties of FIr(acac) and FIrpic [30] (Fig. 9.12b). With

changing the ancillary ligand from acac in FIr(acac) to pic in FIrpic, a

hypsochromic shift by 12 nm is observed in their phosphorescence spectra. This

is exclusively caused by the ancillary ligand picolinate possessing higher field

strength, i.e., the stronger field strength of picolinate ligand has weaker donor

strength, leading to the blue shift of iridium complex emission. By varying the

ancillary ligands, a lot of deep-blue-emitting iridium complexes have been suc-

cessfully invented for OLEDs application.

9.4.2.3 IrIII Phosphors for OLEDs

Up to date, a large amount of Ir(III) complexes have been developed for application

as phosphorescent emitters in OLEDs, with bright luminescence ranging from blue

to red. It would be safe to say almost all the best performance OLEDs of each

primary color reported so far are made using corresponding Ir(III) complexes as

emitters. Based on the excellent performance in monochromatic OLEDs, these

iridium phosphors are also used to fabricate white OLEDs, which exhibit impres-

sive efficiency, indicating promising future of iridium phosphors in practical

applications of OLEDs lighting and displays. In the following section, some typical

examples of iridium complexes with various emitting colors are listed. It should be

kept in mind that the iridium phosphors reported so far for OLEDs applications are

not limited to only these examples.

Green-Emitting IrIII Phosphors The earliest and best known example of IrIII

phosphors is the green-emitting, tris-cyclometalated complex fac-[Ir(ppy)3] (struc-
ture shown in Fig. 9.13), which was originally synthesized and reported by Watts

264 D. Liu



and coworkers in 1991 [27]. Many following cyclometalated iridium complexes of

various emitting colors were developed from this prototype molecule by modifying

the conjugation of cyclometalating ligands, introducing substituents, altering ancil-

lary ligands, etc. fac-[Ir(ppy)3] is strong green phosphorescent at room temperature

with emission peak at 494 nm and a shoulder at longer wavelength, a high

phosphorescence quantum yield ΦPh of 0.4 in solution, and a short triplet lifetime

of 1.90 μs [27]. Quite a number of perfect green and white PhOLEDs have been

made using fac-[Ir(ppy)3] as doped emitter. In 2007, Kido and coworkers [33]

developed a highly efficient green PhOLEDs with double emitting layer structure.

In this device, wide-energy-gap CBP and TCTA were selected as hosts for fac-[Ir
(ppy)3] to form the two emitting layers. Hole injection and electron injection from

the electrodes were balanced by placing chemically doped layers at the interface

between the electrodes and the organic layers. In addition, a highly reflective Ag

cathode was employed as an anode, instead of a conventional Al cathode to enhance

the reflectivity of the cathode metal. In this way, an optimized device exhibited an

external quantum efficiency (EQE) of 27 % (95 cd A�1) and a high power efficiency

of 97 lm W�1 at the brightness of 100 cd m�2. Shortly afterwards, the same authors

[34] further improved the efficiency of fac-[Ir(ppy)3] based green PhOLEDs to
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29 % at 100 cd m�2 and 26 % at 1,000 cd m�2 (corresponding to the ultra high

power efficiencies of 133 lm W�1 at 100 cd m�2 and 107 lmW�1 at 1,000 cd m�2),

by using a newly synthesized electron-transporting material B3PYMPM.

The tris-cyclometalated iridium complex fac-[Ir(ppy)3] has a configurational

isomer, mer-[Ir(ppy)3], as shown in Fig. 9.13. The mer-isomers (such as mer-[Ir
(ppy)3]) can be obtained as kinetic products at lower temperature and can be

subsequently converted, either thermally or photochemically, into the more stable

fac isomer [25, 26]. The two configurational isomers of tris-cyclometalated iridium

complexes notably show differences in their photophysical properties, i.e., the fac
isomers feature over an order of magnitude longer lifetimes and higher quantum

efficiencies than their meridional counterparts [25]. As mentioned before, the

bis-cyclometalated counterpart of the tris-cyclometalated Ir(ppy)3 containing acac

ancillary ligand, i.e., (ppy)2Ir(acac), is also a widely used green phosphor with good

performance in its green PhOLEDs [35]. Furthermore, large amount of green-

emitting iridium complexes based on ppy ligand framework but with various sub-

stituents to tune the electronic and optical parameters have been developed [32]. It

should be mentioned that among all the iridium complexes of the three primary

emitting colors, the overall performance of the green-emitting iridium complexes

and their PhOLEDs are the best, and some of the green iridium complexes have

been utilized to fabricate large-scale OLEDs products in industry.

Red-Emitting IrIII Phosphors As shown in Fig. 9.13, the tris- and

bis-cyclometalated iridium complexes based on the 2-phenylquinoline and

2-phenylisoquinoline cyclometalating ligands, e.g., (Phq)2Ir(acac) [36], Ir(piq)3
and (Piq)2Ir(acac) [37], are among the most famous red-emitting iridium phosphors.

In comparison with the 2-phenylpyridine-based green iridium complexes, the

2-phenylquinoline and 2-phenylisoquinoline based iridium complexes exhibit

red-shifted phosphorescence by enlarging the π-conjugation in the major

cyclometalating ligands. It is observed that the iridium complexes based on

2-phenylisoquinoline ligands usually show a red shift in phosphorescence relative

to their isomers containing 2-phenylquinoline ligands. Both (Phq)2Ir(acac) and

(Piq)2Ir(acac) and their tris-cyclometalated counterparts are widely used to fabri-

cate efficient red PhOLEDs. In addition, many structure modifications on these red

iridium complexes were performed, either by introducing substituents on the

phenylquinoline and phenylisoquinoline ligands or replacing the phenyl ring with

other aryl groups. For example, Kwon and coworkers [36] incorporated sterically

crowded alkyl moieties into both main ligands as well as the ancillary ligand to

form (mphmq)2Ir(tmd). Both the phenyl and the quinoline rings are fully methyl-

ated, and the diketone ancillary ligand is also decorated by bulky tert-butyl groups,
with the purpose to get rid of the strong interactions between triplet excitons in

OLEDs. The vacuum-deposited PhOLEDs with (mphmq)2Ir(tmd) as doped emitter

exhibited saturated red emission with high efficiencies of 30.1 cd A�1 and

32.0 lm W�1, which are dramatically improved in comparison with those data

obtained from the control device with parent compound (Phq)2Ir(acac) as emitter.

On the other hand, by replacing the phenyl ring with thiophene group, Cheng
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et al. [38] developed a novel cyclometalating ligand framework and corresponding

iridium complex (tmq)2Ir(acac) (Fig. 9.13). By combination with a newly synthe-

sized electron-transporting host material BIQS, (tmq)2Ir(acac) exhibited saturated

red electroluminescence with excellent performance including an ideal CIE coor-

dinates of (0.67, 0.33), a maximum brightness of 58,688 cd m�2 and the maximum

external quantum efficiency, current efficiency, and power efficiency of 25.9 %,

37.3 cd A�1, and 32.9 lm W�1, respectively, which seems to be the highest values

for deep-red PhOLEDs reported to date. In a similar way, Wong and coworkers [39]

developed red-emitting iridium complex Ir(Cziq)2(acac) (i.e., compounds 3 and 4 in

original literature) by using hole-transporting carbazole in combination with

isoquinoline to design and prepare the cyclometalating ligand and corresponding

cyclometalated iridium complexes, which also delivered good performance in its

red PhOLEDs.

Yellow- and Orange-Emitting IrIII Phosphors In addition to the three primary

colors (RGB), yellow- and orange-emitting iridium complexes are also very impor-

tant phosphorescent materials utilized in OLEDs field nowadays. The yellow- and

orange-emitting materials are especially significant when they are used to make

white OLEDs in combination with blue emitters. In comparison with the RGB color

combination method, this kind of two-complementary-color strategy to generate

white light is advantageous in terms of easy device fabrication and even high

efficiency. In principle, the yellow- and orange-emitting color can be achieved by

introducing certain substituents in the green and red-emitting iridium molecules.

Besides, there are also some C^N cyclometalating ligand frameworks which are

predominantly used to design yellow and orange iridium phosphors.

2-phenylbenzothiazole is just such an example, and a large group of yellow- and

orange-emitting iridium complexes have been developed based on this ligand

framework [40–43]. Li et al. [42] reported the synthesis and OLED applications

of a group of tris-cyclometalated iridium complexes Ir(r-bt)3 (i.e., compounds 1–4

in original paper, Fig. 9.13) containing pristine and substituted

2-phenylbenzothiazole ligands. By using the important catalyst of silver trifluor-

omethanesulfonate, this series of tris-cyclometalated iridium complexes based on

this ligand framework was successfully prepared for the first time in 2011. Orange-

emitting PhOLEDs were fabricated using these iridium complexes as doped emit-

ters. An extremely high brightness of 95,800 cd m�2 and a maximum luminance

efficiency of 87.9 cd A�1 (46.0 lm W�1) were achieved for the pristine

2-phenylbenzothiazole ligand-based complex Ir(bt)3. These performances

represented a significant improvement for vacuum-deposited orange OLEDs and

the new record of the efficiencies for orange OLEDs reported to that time. As

mentioned above [19], the CF3 and F decorated 2-phenylbenzothiazole were used

as cyclometalating ligands to prepare heteroleptic bis-cyclometalated orange-emit-

ting iridium complexes (CF3-bt)2Ir(acac) and (F-bt)2Ir(acac), which then led to

efficient white OLEDs with high efficiencies of 68.6 cd A�1 and 26.2 % in

combination with the sky-blue FIrpic.
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Sky-Blue and Deep-Blue-Emitting IrIII Phosphors Blue-emitting iridium com-

plexes were originally obtained by adjusting the ancillary ligands of those iridium

complexes containing phenylpyridine derivatives as the cyclometalating ligands.

The first blue phosphorescent dopant was FIrpic (Fig. 9.12b) with two fluorines in

the phenyl unit to shift the HOMO level downward for high-triplet energy [30,

44]. The triplet energy was increased by the electron-withdrawing fluorine and a

bulky picolinic acid ancillary ligand. FIrpic is currently the most widely used

sky-blue phosphor for fabrication of both blue and white OLEDs, and excellent

EL efficiencies were obtained for it. For example, Wong et al. [45] demonstrated a

highly efficient blue PhOLED with FIrpic as doped emitter in a CN-containing host

material mCPCN that exhibited a peak current efficiency of 58.7 cd A�1. As far as

we know, that was the highest value ever reported for FIrpic-based blue PhOLEDs

so far. Li and coworkers [46] also reported a series of efficient sky-blue PhOLEDs

by doping FIrpic into a group of novel CN-substituted bipolar host materials, which

are characterized by high efficiencies up to 46 cd A�1 and slow efficiency roll-off.

As stated in previous Sect. 9.3.2.2, many high-efficiency white OLEDs reported so

far [3, 16–20] were fabricated with FIrpic as the blue-emitting component.

Although the emission spectra of FIrpic were blueshifted, it exhibited only sky

blue color with CIE coordinates of (0.17, 0.34), which is still far from the National

Television Standards Committee (NTSC) standard blue values of (0.14, 0.08). The

color coordinate was further blueshifted by changing the ancillary ligand from pic

to bulky tetrakis(1-pyrazolyl)borate ligand (FIr6) [47]. The structures of some

deep-blue iridium complexes are shown in Fig. 9.14. FIr6 has bulky tetrakis

(1-pyrazolyl)borate ligand to reduce the conjugation of the main ligand through

steric hindrance. The peak wavelength of FIr6 was 458 nm with CIE color coordi-

nates of (0.16, 0.26), still being sky blue. Similarly, triazole (FIrtaz) and tetrazole

(FIrN4) derivatives were adopted as the ancillary ligands to realize blue-emitting

iridium complexes. The emission wavelengths of FIrtaz and FIrN4 were 459 and

460 nm, respectively [48, 49]. Apparently it is difficult to realize real blue color
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only by modifying the ancillary ligands, although the modification of the ancillary

ligand indeed blueshifted the emission of these iridium phosphors.

Preparation of true blue, highly efficient phosphorescent iridium complexes has

been long considered as a formidable challenge [50]. This task is far more difficult

than those for preparing longer wavelength emission deriving from green, orange,

and red phosphors. The key lies in the selection of suitable chromophores that

possess both large intra-ligand 3π-π* and 3MLCT transition energies. In addition,

all ancillary ligands must also have strong metal-ligand bonding interaction so that

the d-d excited states or other unspecified quenching states are strongly destabilized

to prevent thermal population to these higher-lying deactivating states [51, 52].

Incorporation of multiple strong electron-withdrawing groups is an effective

strategy to enlarge the band gap of iridium complexes by reducing the HOMO

levels. Phenylpyridine derivatives with cyano group (FCNIr or FCNIrpic) [53, 54]

along with two fluorine units further shifted the color coordinate of blue PHOLEDs

in this way. The best efficiency value of FCNIr-based blue PHOLED was 19.2 %

with CIE coordinates of (0.15, 0.16) when it was doped in the diphenylphosphoryl-

containing host materials [53]. A heteroleptic FCNIrpic with picolinic acid ancil-

lary ligand was also effective as a deep-blue dopant, and the color coordinates of the

blue PHOLED were (0.14, 0.17) [54]. The quantum efficiency value of the

FCNIrpic-doped PHOLED was as high as 25.1 % and the quantum efficiency at

1,000 cd m�2 was 22.3 %. This is the best efficiency value reported in the deep-blue

PHOLED up to now [54]. In a similar way, fluorinated dipyridine-type ligand was

also used as the main ligand to construct deep-blue-emitting phosphorescent dopant

Ir(dfpypy)3 [55]. The use of difluoropyridine unit instead of common

difluorophenyl further shifted the emission wavelength to blue region because of

electron deficiency of pyridine ring. The emission wavelength was 438 nm with a

shoulder at 463 nm and the color coordinates were (0.14, 0.12).

Strong σ-donating ligands such as carbenes were also used to realize true blue

and even near-UV emitting iridium complexes [51]. Wu et al. [56] developed a

weak conjugated benzyl carbene ligand to synthesize a complex of (dfbmb)2Ir(fptz)

(dfbmb¼ 1-(2,4-difluorobenzyl)-3-methyl-benzimidazolium) with a high quantum

yield (Φ¼ 0.73). The (dfbmb)2Ir(fptz)-based PhOLED with structure of ITO/NPB/

TCTA/CzSi/CzSi:(dfbmb)2Ir(fptz)/UGH2:(dfbmb)2Ir(fptz)/UGH2/BCP/Cs2CO3/Al,

exhibited a true blue light emission with CIE coordinates of (0.16, 0.13) with peak

efficiencies of 6.0 %, 6.3 cd A�1, and 4.0 lm W�1.

9.4.3 Platinum(II) Phosphors

9.4.3.1 Structures and Excited States

The first phosphorescent material used in PhOLEDs to increase the IQE of OLEDs

was a deep-red Pt(II) octaethylporphine (PtOEP) (structure shown in Fig. 9.15)

[2]. In 1998, Forrest and coworkers demonstrated the first electrophosphorescent
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device by using PtOEP as doped emitter in a hole-transporting host material. The

significance of this milestone work is to reveal the possibility to increase the

internal quantum efficiency of OLEDs by harvesting both singlet and triplet

excitons using phosphorescent emitters as opposite to the conventional fluorescent

devices. From then on, large amount of transition-metal complexes including those

of PtII have been developed for OLEDs application.

PtII ions have 5d8 electron configuration, and the 4-coordinate PtII complexes

have square-planar geometries. It is notable that the square-planar geometry of PtII

complexes allows formation of dimer and excimer and even aggregates through

axial coordination, resulting in distinctively different photophysical properties

when compared to the d6 octahedral metal complexes [57]. Thus, in addition to

the typical MLCT and ligand-centered π-π* transition that occurred in the d6

complexes, a new type of electronic transition, denoted as metal-metal-to-ligand

charge transfer (MMLCT), became possible. This type of transition involves a

charge transfer between the filled Pt-Pt bonding orbital and a vacant, ligand-

based π* molecular orbital [58].

9.4.3.2 PtII Phosphors for OLEDs

Similar to IrIII complexes, PtII complexes are generally characterized by relatively

short triplet lifetimes, high phosphorescent quantum yields, and tunable emission

color over the entire visible light region, all of which are definitely favorable for

ideal device performance when they are used as emitters in OLEDs. In addition,

most of the PtII complexes have both good thermal stability and good solubilities in

common organic solvents as well, making them capable of both vacuum sublimat-

ing and solution processing [59]. Based on their structural features, these PtII

phosphors can be classified into three main categories for discussion according to

the dentition number of the main ligands chelated to the PtII centers: (a) tetradentate

ligands, including porphyrin and Schiff base; (b) tridentate ligands, including

N^N^C-, N^C^N-, C^N^C-, and N^N^N-coordinating ligands; and (c) bidentate

ligands, including N^C-, N^N-, and C^C-coordinating ligands. Obviously, the
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Fig. 9.15 Chemical structures of some Pt-porphyrins and Pt-Schiff base phosphors
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N^N^C-, N^C^N-, C^N^C-type tridentate ligands and N^C- and C^C-type

bidentate ligands are cyclometalating ligands since C–Pt bonds are formed in

their complexes.

PtII Phosphors with Tetradentate Ligands This type of triplet emitters mainly

includes Pt(II) porphyrin and Schiff base complexes. The pioneering phosphor of

this type was PtOEP (Fig. 9.15) that originally started the electrophosphorescence

research [2]. Pure red electroluminescence at 650 nm was achieved for PtOEP

device with an IQE of 23 % and an EQE of 4 %, which shows great improvement in

comparison with those with fluorescent molecules and typical rare earth metal

complexes as emitters. However, due to the intrinsically long triplet lifetime of Pt

phosphors with tetradentate ligands (e.g., phosphorescence lifetime of PtOEP is

91 μs), bulky substituents could be introduced to prevent intermolecular interac-

tions between the triplet excitons in OLEDs. For example, Pt tetraphenyltetraben-

zoporphyrin (Pt-TPTBP, in Fig. 9.15) [60] was designed in this way and exhibited

an improved EQE of 8.0 % due to reduced triplet-triplet (T-T) annihilation espe-

cially at higher current densities. Che and coworkers have prepared many

tetradentate Pt(II) Schiff base phosphors and tested their EL potentials in OLEDs

as well as investigating their structure-property relationships [61, 62]. For example,

OLEDs based on PtSB-2 (Fig. 9.15) showed a maximum EQE of 9.4 % and a

lifetime of more than 20,000 h at a brightness of 100 cd m�2 [62].

PtII Phosphors with Tridentate Ligands There are four types of tridentate

ligands to construct Pt(II) phosphors, including N^N^C-, N^C^N-, C^N^C-, and

N^N^N-coordinating ligands. Among them, the former three are cyclometalating

ligands since they contain C atoms and can form the C–Pt bond in the complexes.

These ligands are thought to improve the rigidity of the corresponding Pt

(II) complexes by suppressing the D2d distortion to induce higher phosphorescent

quantum yields, hence promoting the performance of electrophosphorescent

devices.

Figure 9.16 illustrates some typical Pt(II) phosphors with tridentate N^N^C-,

N^C^N-, C^N^C-, and N^N^N-coordinating ligands. Much work on Pt

(II) complexes based on N^N^C-coordinating ligands and their emitting character-

istics have been reported by Che et al. [63]. In solution, tridentate Pt(II) complexes

bearing σ-alkynyl auxiliary ligands (PtNNC in Fig. 9.16) can emit a variety of

colors from 550 to 630 nm, induced by ligands with different steric and electronic

properties. However, most of these Pt complexes did not show acceptable perfor-

mance when they are used as emitters in OLEDs. Fortunately, the luminescent

performance of the tridentate Pt complexes could be improved by replacing the

N^N^C-ligands with N^C^N ligands. It was proved that higher rigidity of the

molecular skeleton generally leads to higher ФP. Williams et al. reported that the

Pt–C bond lengths in Pt(N^C^N) complexes are around 1.90 Å, about 0.14 Å
shorter than those in typical Pt(N^N^C) complexes [64]. Furthermore, the shorter

Pt–C bond length is expected to deactivate the metal-centered d-d states by raising

their energy, and hence lead to superior performance. This can be seen in a new
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series of Pt(N^C^N) complexes bearing various aryl substituents (PtNCN in

Fig. 9.16) [65]. All of the new phosphors display ФP values from 0.46 to 0.65

with emission maxima from 481 to 588 nm. OLEDs employing this group of

complexes PtNCN as emitters [66] can achieve maximum EQE values from 4 to

16 % and current efficiency values from 15 to 40 cd A�1. It is worth mentioning that

the electron-donating groups attached to the lateral pyridyl rings of the Pt com-

plexes resulted in a blueshift in the monomer emission as well as excimer emission

resulting from the interactions between emitter molecules. Accordingly, PtNCN-10

[67] showed a blueshift emission compared with the similar molecule containing

methyl groups due to the stronger electron-donating ability of the methoxy group

(�OCH3). By tuning the doping concentration from 5 to 35 wt%, OLEDs based on

PtNCN-10 could emit nearly any color from blue to yellowish red. The dependence

of emission color on doping concentration offers a very simple and practical way to

regulate OLED emission color by adjusting the contributions of monomer and

excimer emission. The Pt(II) complexes containing the tridentate N^N^N- and

C^N^C-coordinating ligands, typically possessing the molecular skeletons like

PtNNN [68] and PtCNC [69] in Fig. 9.16, are also a group of green- to

red-emitting phosphors. However, they are not as popular as the former two types

of tridentate ligands-based Pt(II) due to poor emission.

PtII Phosphors with Bidentate Ligands Three types of bidentate ligands have

been used to prepare Pt(II) complexes, i.e., N^C-, N^N-, and C^C-coordinating

ligands. Complexes with one N^C-ligand (2-phenylpyridine-type or ppy-type) and

one ancillary β-diketonato ligand (acetyl acetone or its derivatives) (Ptppy-1 in

Fig. 9.17) represent the first and most developed type of EL phosphors, with good

emission and tunable color. Theoretical calculations indicate that the HOMOs of
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this type of Pt(II) complexes are contributed mainly by the π orbitals of the phenyl

ring and the dπ orbital of the Pt center, and LUMOs are located mainly on the

orbitals of the pyridyl ring in the ligands. Therefore, it is possible to tune the

emission color in a wide spectral range by incorporating electron-withdrawing or

electron-donating substituents into both phenyl and pyridine rings of the ligands. In

particular, some functional groups, such as the hole-transporting arylamine and the

electron-transporting Be(Mes)2, could be incorporated into the ppy ligand of Pt-NB

(Fig. 9.17), making it multifunctional when used as emitter in OLEDs. Pt-NB

exhibited outstanding EL performance with an EQE of 20.9 %, a CE of 64.8 cd

A�1, and a PE of 79.3 lmW�1 [70], which are among the best efficiencies achieved

for Pt(II) phosphors so far and are quite close to those obtained from Ir(III)

phosphors.

The N^N- and C^C-coordinating ligands-based Pt(II) complexes generally

exhibited blueshifted phosphorescence compared to N^C-ligands-based ones.

N^N ligands typically include N-heterocycle substituted pyrazole or triazole, like

pyridyltriazole ligand for complex PtNN-3 in Fig. 9.17. This complex [71] features

intense Pt-Pt intermolecular interactions due to the strong polarity induced by

pyridyltriazolate as well as its square-planar geometry. Generally, interactions

among the phosphor molecules will decrease EL efficiency. However, EL efficien-

cies could be enhanced by increasing the doping level of PtNN-3 and a maximum

EQE of 19.7 %, a PE of 44.7 lm W�1, and a CE of 62.5 cd A�1 were achieved at a

doping level of 65 %. This interesting result may be attributed to energy-level

matching among the functional layers within the devices to balance the hole/

electron ratio and confine the recombination zone in the EML. Furthermore, the

short lifetime of PtNN-3 in the solid film may play a critical role in reducing triplet-

triplet annihilation and thus enhancing the device efficiencies. Carbene-based

structures have been employed as C^C-coordinating ligands to prepare novel Pt

phosphors. However, many C^C-ligands-based Pt(II) complexes are luminescent in

ultraviolet (UV) light region, which makes them not suitable for fabricating

OLEDs. Then modified carbenes, like the main ligand of complex PtCC-2 in

Fig. 9.17, were developed, and the corresponding complex PtCC-2 exhibited

moderate EL performance with peak EQE of 6.2 % in its OLEDs.
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Excimer of PtII Complexes and White OLEDs Pt(II) complexes are very differ-

ent from those of 6-coordinate d6 complexes that present an effectively spherical

profile to their environment. Square-planar platinum(II) complexes with sterically

undemanding ligands are essentially flat, and this allows close and intimate inter-

actions, either with other identical molecules (e.g., intermolecular stacking or

dimerization in the ground state or excimer formation in the excited state) or with

other molecules (e.g., exciplex formation with Lewis bases). Therefore, the flat

molecular conformation and thus excimer formation of these Pt(II) complexes

could be used in fabrication of white OLEDs. For example, the tridentate ligand-

based Pt(II) complex Pt-4 (Fig. 9.18) is intrinsically a highly efficient blue phosphor

[72] with a maximum ФP of 0.8 in degassed dichloromethane, which was ascribed

to both its rigid triplet state configuration and very high ligand field strength giving

a strong destabilization to the metal-centered d-d excited states. A deep-blue device

with Pt-4 doped in a cohost gave a maximum EQE of 16 % and a power efficiency

of 20 lm W�1. A WOLED containing 8 wt% of Pt-4 in 1,3-bis(N-carbazolyl)

benzene (mCP) host exhibited a maximum EQE of 9.3 %, a PE of 8.2 lm W�1,

and CIE coordinates of (0.33, 0.35) at 1,300 cd m�2, very close to the pure white

point at (0.33, 0.33). Evidently, combination of the intrinsic blue phosphorescence

of the monomer Pt(II) complex and the yellow emission from its excimer provides a

practically facile way to fabricate white OLEDs.

9.4.4 Copper(I) Phosphors

As stated before, most organic electrophosphorescent materials, including the IrIII,

PtII, RuII, and OsII complexes, are organometallic phosphors based on noble metals.

Although excellent performances have been achieved for these noble metal com-

plexes in PhOLEDs, the noble metal nature severely restricts their large-scale and

long-term applications. Therefore, it is strongly desired to develop cheap phospho-

rescent materials for commercialization of PhOLEDs. Copper is such a type of
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Fig. 9.18 Chemical structure of blue-emitting Pt complex Pt-4, and the EL spectra of its blue

(middle) and white (right) OLEDs. Blue device (device 4): ITO/PEDOT:PSS/55 nm PVK/25 nm

26mCPy:OXD-7(49 %):Pt-4 (2 %)/40 nm BCP/CsF/Al; White device (device 5): ITO/PEDOT:
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reproduced with permission from Ref. [72]. Copyright 2008 Wiley-VCH Verlag GmbH &
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transition metal characterized by high relative abundance, low cost, and nontoxic

properties. Accordingly, the copper(I) complexes have been regarded as the most

ideal phosphorescent materials for OLEDs application and have drawn more and

more research attentions nowadays.

All the concurrent Cu(I) complexes can be classified into mononuclear and

multinuclear complexes. Different from IrIII and PtII complexes, almost all the Cu

(I) complexes only contain Cu–N, Cu–P, and Cu–X(halogen) bonds between the

ligands and metal center, some of which are chelate bonds and some others are σ
bonds. There are few examples of Cu(I) complex containing Cu–C bond, except

several Cu(I) complexes containing carbene ligands [73]. It seems that the ionic

complexes of Cu(I) are more frequently observed as luminescent materials than

other transition metals.

9.4.4.1 Distortion in Excited States

The MLCT excited state properties of Cu(I) complexes had been found for a long

time [74, 75]. The application of Cu(I) complex as phosphorescent emitters in

OLEDs was first reported in 1999 by Ma and coworkers [7]. However they did not

become popular and were almost ignored for use in PhOLEDs for a long time due to

a low photoluminescence (PL) and EL efficiency resulting from their typically

excited-state distortion [76].

Cu(I) ions have d10 electron configuration and the four-coordinated Cu

(I) complexes have tetrahedral geometry. The complete filling of d orbitals prevents

MC d-d electronic transitions in Cu(I) complexes. Such transitions are available to

d9 Cu(II) complexes, however, and they are deactivated via ultrafast non-radiative

processes. Accordingly, the most luminescent Cu complexes are not Cu(II) com-

plexes but Cu(I) complexes [77]. The coordination behavior of Cu(I) complexes

is strictly related to its electronic configuration. The complete filling of d orbitals

(d10 configuration) leads to a symmetric localization of the electronic charge, which

favors a tetrahedral disposition of the ligands around the metal center in order to

locate the coordinative sites far from one another and minimize electrostatic

repulsions, as shown in Fig. 9.19. However, these four-coordinated Cu(I) complexes

readily suffer a Jahn-Teller based distortion (flattening) in the excited state and

consequent formation of a five-coordinated exciplex, which promotes non-radiative

decay and leads to weak emission efficiency (Fig. 9.19) [76, 78].
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In order to improve the PL quantum yields (PLQY) of the Cu(I) complexes, the

flattening distortion in excited states should be suppressed as much as possible.

Incorporation of sterically bulky substituents on the ligands was proved to avoid

this distortion. Introduction of bulky groups R instead of H atoms in phenanthroline

ligands of complex [Cu(NN)2]
+ (Fig. 9.20) was found to be favorable for high

quantum yields. However, the PLQY of these modified [Cu(NN)2]
+ complexes are

still lower than 1 % [79]. On the other hand, the [Cu(NN)(PP)]+ type complexes

containing PP ligands have much higher PLQYs than the general [Cu(NN)2]
+

complexes. For example, the PLQY of complexes [Cu(dbp)(pop)]BF4 and

Cu2(PNP)2 (Fig. 9.20) are increased to 16 % and 65 %, respectively [80]. The

appearance of these high-PLQY [Cu(NN)(PP)]+ complexes stimulated great

research interests. Only from then on, the research on Cu(I) complexes as potential

phosphorescent materials for OLED application was really started.

9.4.4.2 CuI Phosphors for PhOLEDs

Green CuI Phosphors In 2007, Tsuboyama and coworkers [81] prepared a series

of mononuclear and binuclear Cu(I) complexes, among which the binuclear

Cu2I2(dppb)2 (Fig. 9.21) has the highest PLQY of 80 %. They fabricated a yellow

PhOLED using Cu2I2(dppb)2 as doped emitter and a current efficiency of 10.4 cd

A�1 was obtained with emission peak at 562 nm. Recently, Adachi et al. [82] used

this material as emitter to fabricate PhOLEDs. But the device structure was

carefully controlled by selecting a high-triplet-energy host and an appropriate

electron-transporting material. The EL emission was shifted to green region with

peak at 517 nm. At the same time, device performance was greatly improved with a

current efficiency of 30.6 cd A�1 and an EQE of 9.0 %. Osawa et al. [83] reported

the properties of a three-coordinate Cu(I) complex (dtpb)CuBr (Fig. 9.21). The

green-emitting PhOLED based on this complex exhibited an extremely high current

efficiency of 65.3 cd A�1 and an EQE of 21.3 %. It is clear that the efficiencies of

these green OLEDs based on Cu(I) complexes are already close to the values

obtained from famous IrIII complexes.
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Red CuI Phosphors A series of orange-red to red phosphorescent heteroleptic

mononuclear Cu(I) complexes have been synthesized and fully characterized by

Wang [84]. With highly rigid bulky biquinoline-type ligands, complexes [Cu

(mdpbq)(PPh3)2](BF4) and [Cu(mdpbq)(DPEphos)](BF4) (Fig. 9.21) exhibit

photoluminescence quantum yields of 0.56 and 0.43 and emission maximum of

606 nm and 617 nm in 20 wt% PMMA films, respectively. The complex [Cu

(mdpbq)(DPEphos)](BF4) exhibits the best device performance among this series

of complexes. With the device structure of ITO/PEDOT/TCCz:[Cu(mdpbq)

(DPEphos)](BF4)(15 wt%)/TPBI/LiF/Al, saturated red electroluminescence was

obtained with CIE coordinates of (0.61, 0.39) and with a current efficiency up to

6.4 cd A�1 and an EQE of 4.5 %. As claimed by the authors, that was the first report

of the efficient mononuclear Cu(I) complexes with red emission.

Neutral Cu(I) Complexes Perform Better Than Charged Ones The ionic com-

plexes that contain the main cationic complex part and the counterion seem to be

more frequently observed for Cu(I) than other transition metals. Both neutral and

charged Cu(I) complexes are possibly luminescent and have been used as phos-

phors in PhOLEDs. However, different behavior and properties have been observed

for them. Wang and coworkers [85] prepared a group of mononuclear Cu

(I) complexes, including Cu(qbm)(DPEphos) and [Cu(Hqbm)(DPEphos)](BF4) in

Fig. 9.21, based on the same ligands. These complexes were used as emitter to

fabricate PhOLEDs and their device performance was compared. Multilayer

organic light-emitting diodes (OLEDs) were fabricated with the device structure

of ITO/PEDOT/TCCz:Cu complex (10 wt%)/BCP/Alq3/LiF/Al, where TCCz is

N-(4-(carbazol-9-yl)phenyl)-3,6-bis(carbazol-9-yl)carbazole and acts as the host

for these Cu(I) complexes in the emitting layer. It was observed that the neutral
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mononuclear complex Cu(qbm)(DPEphos) exhibited a current efficiency of 8.87 cd

A�1, higher than that (5.58 cd A�1) of its cationic counterpart [Cu(Hqbm)

(DPEphos)](BF4). In comparison with the charged counterparts, the neutral ones

show blueshifted emissions and longer lifetimes. This indicates that the neutral Cu

(I) complexes are more suitable for application as emitters in PhOLEDs than their

charged counterparts. This is reasonable since the ionic species generally have

lower volatility, and they may produce internal defects in OLEDs due to possible

current-induced migration. This is consistent with the observation for the lumines-

cent complexes of other transition metals.

White OLEDs Based on Cu(I) Phosphors Cu(I) phosphors were also used in

combination with other emitting materials to make white OLEDs. Li and coworkers

[86] fabricated a group of two-emitting-component white OLEDs by combining

blue fluorescence and yellow phosphorescence. The Cu(I) complex (Fig. 9.22) was

used as yellow emitter and N,N0-diphenyl-N,N0-bis(1-naphthyl)-(1,10-benzidine)-
4,40-diamine (NPB) as blue fluorescent material. The white OLEDs have the

structures of ITO/2-TNATA/NPB(60-dnm)/Bu-PBD/CBP:Cu(I) complex (c wt%,

d nm)/TPBI/Alq3/LiF/Al, in which 2-TNATA (4,40,400-tris[2-naphthyl(phenyl)
amino]triphenylamine) acts as hole-injecting layer, NPB as hole-transporting

blue-emitting layer, CBP:Cu(I) complex as yellow-emitting layer, and TPBI and

Alq3 as hole-blocking and electron-transporting layer, respectively. Interestingly, a

thin layer of Bu-PBD layer sandwiched between two emission layers acts as a

chromaticity-tuning layer. By carefully adjusting the film thickness of various

functional layers and tuning the doping level of Cu(I) complex in CBP host, the

optimized performance was obtained with CIE coordinates of (0.33, 0.36) and a

maximum luminance of 2,466 cd m�2, a peak current efficiency of 6.76 cd A�1, and

a power efficiency of 3.85 lm W�1. Although these data were not comparable with

those white OLEDs made from iridium complexes, this report is significant since it

reveals the possibility to apply cheap Cu(I) phosphors to realize white light

emission. It is quite reasonable to improve the overall performance of white

OLEDs by designing novel highly efficient Cu(I) complexes. Actually, many

newly developed Cu(I) complexes already show excellent performance of the

intrinsic monochromatic emission [82, 83], which indicates the great potential of

Cu(I) phosphors to fabricate high-performance and low-cost white OLEDs.
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9.5 Conclusions and Perspectives

New generation of lighting sources are strongly desired to be energy-saving and

environment-friendly. The semiconducting solid-state lighting sources including

white LEDs and OLEDs have been established as the most ideal candidates as

new-generation lighting sources. White OLEDs are intrinsically superior to LED

products in terms of large area and flexible substrates and are more suitable for

lighting application. Optimistic expectations predict that white OLEDs efficiencies

will rapidly increase in the next 10 years, reaching values of 200 lm W�1 similar to

those expected for inorganic LEDs. Although there have been reports of thermally

activated delayed fluorescence (TADF) that also possibly reach an internal quantum

efficiency of unity, all the high-performance white OLEDs are predominantly made

from phosphorescent materials so far. Transition-metal complexes are intrinsically

efficient phosphorescent at room temperature in comparison with organic mole-

cules and are actually the dominant phosphorescent materials used in PhOLEDs

now. It can be predicted that the transition-metal complex phosphors will retain as

the high-efficiency materials for a long time in the future. While enjoying the

excellent performance of these transition-metal complex phosphors, it should be

kept in mind that their noble metal nature is not favorable for low cost. Fortunately,

copper seems to be ideal alternatives for these noble metals due to high relative

abundance and low-cost merits. The comparable efficiency of some PhOLEDs

containing Cu(I) phosphors with those of famous iridium complexes lightened the

future of copper products. However, the overall performance of the Cu(I) phosphors

is still inferior to those for Ir and Pt complexes nowadays. Therefore, it is strongly

desired to further develop novel chemical structures for highly efficient Cu

(I) phosphors. At the same time, it is necessary to enhance light outcoupling by

certain device techniques.
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Chapter 10

White Organic Light-Emitting Diodes Based
on Organometallic Phosphors

Dongcheng Chen and Shi-Jian Su

Abstract Phosphorescent white organic light-emitting diodes (WOLEDs)

employing organometallic phosphors as the emitters have attracted considerable

attention in the past decade. Due to their capability of harvesting both singlet and

triplet excitons to generate highly efficient devices, phosphorescent WOLEDs

present potential applications in the next-generation solid-state lighting sources

and in the flat-panel display with the assistance of the color filters. In this chapter,

we attempt to give a brief overall introduction to the phosphorescent WOLEDs. The

basic concepts, like electric-light conversion efficiency, parameters to assess the

color quality of the emissive white light, device strategies to fabricate WOLEDs,

and the common device fabrication procedures, are introduced firstly. These fun-

damental understandings are also favorable to comprehend the monochromatic

OLEDs and the WOLEDs comprised of other emitters like fluorescent dyes. In

particular, we focus on the discussion of phosphorescent WOLEDs with various

device architectures and their corresponding device performances. We also note

that further enhancement of the device lifetime with simultaneous realization of

high efficiency and high quality of the emissive white light could make phospho-

rescent WOLEDs promising candidates for the alternative next-generation lighting

sources.

Keywords White organic light-emitting diodes • Energy saving • Organometallic

phosphors • Phosphorescence • Triplet excitons

10.1 Introduction

It is of a long history for mankind to utilize the artificial white light sources. The big

breakthrough is Edison’s invention, which for the first time transform the electricity

energy into light radiation, resulting in the born of the incandescent bulb. The

electric incandescent bulb is a heat light source, where the radiation light comes
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from the heat radiation of a metal with a high melting point, while it is cycled by the

electricity. Quite a small ratio of the electric power is utilized to finally give light,

because the power efficiency (ηp) of the bulb is quite low, typically with a value

below 20 lm/W. The appearance of the fluorescent tube greatly promotes

the utilization of the artificial white light sources. In contrast to the electric bulb,

the fluorescent tube can be more efficient to transform the electricity into visible

white light, yielding an enhanced ηp (20–80 lm/W). Besides, various emissive

white lights with different quality could also be achieved from fluorescent tube,

making its wider applications in different occasions, e.g., in the surgical operation

room, which severely inquires the light source to vividly reproduce the color of the

objects as illuminated in the sunshine. A fatal disadvantage of this kind of light-

emitting fluorescent tubes is their containing of mercury, which could be harmful to

the environment, and its disposal represents a great challenge. In the late 1990s, the

achievement of wide bandgap inorganic semiconducting materials based on the V

(III) and V(V) elements brings the inorganic blue-light-emitting diode (LED) to

reality. As a result, white LEDs can be fabricated using a blue LED coated by the

fluorescent powders with longer wavelength emissions or using red, green, and blue

(RGB) sub-LEDs to give mixed white emission. Inorganic LEDs are solid-state

lighting sources, which can get rid of the problems related to vacuum encapsulation

required for incandescent bulbs and fluorescent tubes. Inorganic LEDs also possess

many merits like low-driving voltage, energy saving, long lifetime, and fast

response time. These merits promote white LEDs’ wide application in solid-state

lighting, and the process of replacement of traditional white sources like bulbs and

even fluorescent tubes is undergoing. However, there are still some shortcomings

for LEDs: (1) heat production in a LED during the operation is dramatic, leading to

luminous decay when used for a long time; (2) fabrication of LEDs is quite

complicated and costly; and (3) realization of white LEDs with high color-

rendering index (CRI) above 80 is expensive due to the challenge of combining

RGB sub-LEDs to fabricate a white LED.

Based on the pioneering work of Tang et al. in 1987 [1], Kido and coworkers

firstly realized white organic light-emitting diodes (WOLEDs) via mixing three

fluorescent dyes (blue, green, and orange) into one single emission layer (EML)

[2]. Their work opened up a new approach to realize artificial white light sources. In

contrast to the aforementioned inorganic white light sources, WOLEDs can be

utilized as a lighting source with low cost, compatibility with flexible substrate,

large size, and feasibility of realizing a high CRI. Besides, WOLEDs also combine

most of the advantages of other cold light sources like LEDs while circumventing

the heat dissipation problem. These potential advantages have attracted much

research effort from both scientific field and industry.

According to the spin statistics, only 25 % of electric-generated excitons can be

harvested by singlet energy levels in a fluorescent emitter, followed by a probable

radiation process. Most of the electric-generated triplet excitons formed in the

triplet energy levels cannot contribute to light emission in a fluorescent emitter

due to the quantum spin forbidden, and this kind of excitons would finally decay in

a non-radiation means. As thus, for a fluorescent OLED, in which a fluorescent dye
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plays a role of light-emitting material, internal quantum efficiency (ηin) could only

be maximized to 25 %. When considering a light out-coupling factor of 0.2, a

maximum of external quantum efficiency (ηext) is limited to 5 %. This low effi-

ciency has brought a bottleneck of the fluorescent OLEDs for application in

artificial lighting sources. Fortunately, the discovery of the organometallic phos-

phors has rendered OLEDs to avoid this efficiency bottleneck since they can

harness both the singlet and triplet excitons to give the probability of unit ηin. An
organometallic phosphorescent emitter is generally comprised of a Ir(III), Pt(III), or

other heavy metal central atoms and the peripheral ligands, in which the heavy

metal atom effect leads to the mixing of singlet and triplet energy levels, thus

enhancing the reverse intersystem crossing and giving probably 100 % exciton

decay through radiation. Thereby, highly efficient phosphorescent WOLEDs can be

obtained using the phosphorescent dyes to construct the light-emitting layers. We

are focusing on the phosphorescent WOLEDs where organometallic materials are

involved as emitters in the following discussion.

10.2 The Fundamental Concepts of Phosphorescent
WOLEDs

10.2.1 Efficiency

ηext, current efficiency (CE), and ηp are the mostly used parameters to characterize

the device performances of a WOLED. ηext is defined as the ratio of the total

out-coupled photons divided by the injection of electron-hole pairs. It can be

written as following:

ηext ¼ ηinηout ¼ ϒe�hδsηiηout ð10:1Þ

where ηin is defined as the total number of generated photons within the devices per

injected electron-hole pair; ϒe�h is a balanced factor related to the ratio of minority

carrier to the majority carrier to give ϒe�h� 1; δs is the branching ratio of the

emissive excitons, which is 25 % for a fluorescent emitter and 100 % for a

phosphorescent emitter; and ηi is the intrinsic quantum efficiency of radiation

decays from both fluorescence and phosphorescence. ηext is a parameter to assess

the OLED performance independent of the perception of human’s eyes.
CE is defined as following:

CE ¼ A L=I ð10:2Þ

where A is the effective light-emitting area of the device and L is the luminance

under the corresponding current I. Noting that CE is a performance parameter
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related to naked eyes and has no connection with driving voltage, so it cannot give

information about whether or not an OLED is energy saving.

Whereas, ηp is greatly affected by the driving voltage (V ) and defined as the

following:

ηp ¼ CE π=V ¼ A L π= I Vð Þ: ð10:3Þ

ηp is described as integral output light per consumed electric power, which is

directly related to the consumption of electric energy, and tells whether a

WOLED is energy saving or not. Accordingly, high ηp values are always the

featured parameter for an efficient, energy-saving WOLED.

10.2.2 Quality of White Light

White light is generally characterized by three parameters: CIE (Commission

Internationale d’Eclairage) coordinates, correlated color temperature (CCT), and

color-rendering index (CRI).

A pair of two numbers [x, y] in 1931 chromaticity diagram is used to describe

how the human eyes perceive the emission color of any light source. A pure ideal

white light has a CIE coordinate of (0.333, 0.333), and the CIE coordinates of a

perfect white lighting source should be close to the ideal white point. For illumi-

nation applications, CCT needs to be equivalent to that of a blackbody source

between 3,000 and 7,500 K. Average daylight has a CCT of 6,500 K, and a warm

white fluorescent lamp has a CCT of 3,000 K. CRI is used to assess the ability of a

white lighting source to reproduce the true color of the illuminated objects com-

pared with the color of the same objects illuminated by a reference source of

comparable color temperature. CRI values range from 0 to 100, with

100 representing true color reproduction relative to the reference source. Typically,

fluorescent lamps have CRI ratings between 60 and 99. CRI of the mercury lamp is

near 50, and high-pressure sodium lamps can only have a CRI of 20. CRI above

80 is required for an indoor-lighting source.

10.2.3 How to Produce WOLEDs?

In principle, one can fabricate a WOLED with luminophors to emit RGB light. This

RGB WOLED generally exhibits a high CRI value, due to the wide coverage of

visible spectral region; however, it often bears a low ηp since highly efficient red

and blue emitters are quite challenging to date. An effective strategy toward highly

efficient WOLEDs is blending blue and yellow (BY) emission to yield white light.

Due to the absence of green and deep-red emission, CRIs of these WOLEDs based
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on BY system are quite low, generally below 70, limiting their indoor-lighting

applications.

From the device structure aspects, there are two commonly adopted structures to

fabricate WOLEDs. One is blending the RGB or BY luminophors into one EML

(Fig. 10.1a, c); another is depositing the RGB or BY luminophors as separated

layers to realize multilayer white light emission (Fig. 10.1b, d). Noting that for a

phosphor as a luminophor, host materials with a higher triplet state need to be

incorporated to avoid the triplet exciton concentration-induced quenching and

suppress the back energy transfer from the doped guest materials.

Another effective means to realize white light emission can be achieved from the

rational design of the emissive molecules. Grafting all RGB or BY subunits into one

polymer through covalent bonds can lead to white light electroluminescence from a

single polymer. The single white light emission polymer is generally processed by

simple solution spin-coating craft, which would lower the complexity and cost of

device fabrication. Another approach utilizing the excimer/exciplex emission of the

wide bandgap materials to cover the long-wavelength spectral region together with

their intrinsic high-energy blue monomer emission to give white light is also widely

investigated. This device configuration is suitable for a phosphor, like Pt(III)

derivatives, having a planar structure to induce the excimer emission, to realize

WOLEDs. Exciplex emissions are typically formed between an electron-rich donor

and an electron-deficient acceptor material, and when combined with the intrinsic

monomer emission from the donor or acceptor material, quite high quality of white

light electroluminescence could be achieved. These approaches, to a certain extent,

promote the selection of the white light emissive materials, since wide bandgap

materials even some charge transport materials can be used as emissive materials to

achieve high-quality white light emission.

10.2.4 Device Fabrication Procedures

In total, the current OLED fabrication procedures could be divided as two major

categories: thermal vacuum evaporation and wet-coating process. The fabrication

Fig. 10.1 Four basic device structures to fabricate the EML of the WOLEDs. (a) RGB emitters

blended in one layer, (b) RGB emitters as separated deposited layers, (c) BY emitters blended in

one layer, (d) BY emitters as separated deposited layers
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procedures of the WOLEDs have no obvious differences compared to those of

monochromatic OLEDs. Thermal vacuum evaporation is widely applicable to

deposit organic thin films relied on small molecular OLED materials in a high

vacuum of 10�4 Pa or better. One of the most attractive advantages of thermal

vacuum evaporation is that it enables the easy fabrication of multilayer devices, in

which the thicknesses of its separated layers can be precisely controlled. The

multilayer structures are favorable to the efficiency enhancement due to the feasi-

bility of tailoring the balance of the electrons and holes and less limitation of

selecting the surrounding functional materials. For wet-coating process, spin coat-

ing is one of the most widely adopted wet-processing approaches, because it can be

quite simply conducted on a spin processor, which is of low cost and easy operation.

Other wet-coating processes like roll-to-roll processing and ink-jet printing tech-

niques are also widely investigated. Generally, polymer-based OLED materials

should be solution processed, since polymer-based materials will decompose upon

heating at a high temperature. Solution-processed small molecular materials espe-

cially dendrimers are also of interest, recently. These materials also present satisfied

performance compared to their polymer counterparts. Solution processing offers a

good alternative to fabricate OLEDs with low cost, compatibility with flexible

substrates, a relatively small amount of wasted materials, and precise control of

doping level. However, because orthogonal solvents are required to process the

adjacent layers, this would limit the fabrication of multilayer solution-processed

OLEDs. As a result, an OLED containing less functional layers is generally

inefficient in relative to the thermal vacuum-fabricated multilayer OLEDs.

10.3 Phosphorescent WOLEDs Involving Organometallics

In this section, five parts are classified to introduce the phosphorescent materials

used for phosphorescent WOLEDs. We firstly discuss the WOLEDs fabricated by

all-phosphorescent dyes doped into a single layer or deposited as separated stacked

multilayers. Then, the fluorescent/phosphorescent (F/P) hybrid WOLEDs typically

employing the phosphors to achieve green, red, or yellow emission and fluorescent

dyes to achieve blue emission are discussed. Also, WOLEDs utilizing a single

polymer emission commonly grafted with phosphorescent dyes in the polymer

chains were combined into this section. Introduction of WOLEDs achieved by

excimer/exciplex emission is following. In addition, we also talk about tandem

phosphorescent WOLEDs as an independent final part.

10.3.1 All-Phosphorescent WOLEDs

All emitters are comprised of phosphorescent dyes. In order to circumvent the

concentration quenching, a rational choose of host materials is of importance to
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maximize the device performance. Several key factors should be considered to

choose a rational host material: (1) the triplet energy level (ET) of the host should be

higher than that of the guest phosphor to suppress exothermic back energy transfer

from the guest to the host; (2) suitable energy levels of the host materials approx-

imately aligned with those of the neighboring transport materials can contribute to a

low-driving voltage; (3) the host material should have bipolar-transport property to

balance the electron and hole flow within the EML to achieve a high recombination

efficiency and broaden the exciton recombination region to reduce the efficiency

roll-off; (4) compatibility of the host material and the guest phosphor should be

good to run around the potential phase separation, which is detrimental to the

device lifetime; and (5) a high glass transition temperature (Tg) of the host material

is also vital to withstand the heat generated during the device operation, and thus

favorable to a longer device lifetime.

10.3.1.1 Single EML

D’Andrade et al. fabricated WOLEDs with a single EML employing all the RGB

phosphorescent dyes, in which PQIr was used for red emission, Ir(ppy)3 for green

emission, and FIr6 for blue emission [3]. These phosphorescent dyes were

co-deposited with UGH2, a host material with a high ET above 3.0 eV, to serve

as an electroluminescent layer. Chemical structures of the materials used and the

device structures are shown in Fig. 10.2. It is shown that the LUMO level of TCTA

is higher than the ones of all-phosphorescent dopants and the host UGH2, which

could set up a barrier for the electrons traveling to the anode side. Similar condi-

tions could be found for TPBI with a deep HOMO of 6.3 eV, confining the injected

holes within the EML. Good confinement of the electrons and holes in the EML

enhanced the efficiency of their developed WOLEDs. Moreover, the host UGH2

has a high ET of 3.5 eV, which is the highest one among the host and the dopants.

The high ET of the host could suppress the back energy transfer from the dopant to

the host, maintaining the efficient electrophosphorescence from the dopants. It was

also demonstrated in their work that the direct triplet exciton formation on the blue

phosphor FIr6 was favorable to the carrier harvesting and exciton recombination.

Furthermore, a thin film craft was adopted in their devices; thus reduced driving

voltage was required, and enhanced ηp was obtained. As a result, white devices

having a ηp of (14� 1) lm/W at 10 mA/cm2, a maximum ηp of (42� 4) lm/W and

CIE coordinates that vary from (0.43, 0.45) at 0.1 mA/cm2 to (0.38, 0.45) at 10 mA/

cm2, had been demonstrated. Besides, the RGB triple doped WOLEDs also had a

high CRI of around 80. However, though inspiring ηp compared to that of an

incandescent bulb had been achieved for their WOLEDs, it is still lagging behind

in contrast to the high efficiency of a fluorescent tube, and the ηp values of their
devices were not satisfied under a relatedly high luminance. This is probably

attributed to the limitation of material selection when they fabricated the devices.

Enhancement of device performances may be realized by replacement of an ETL
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with a higher mobility and a higher triplet energy level than TPBI as well as a host

material with better bipolar-transport ability than UGH2.

Yang and Ma et al. reported efficient WOLEDs by using several newly devel-

oped bipolar hosts, which are universal for blue, green, and orange phosphorescent

dyes [4]. These bipolar hosts were developed based on UGH series hosts (see

Fig. 10.3). All have a centered tetraarylsilane core, and asymmetric substitutions

render these molecules with a hole-transport arylamine moiety and an electron-

transport benzimidazole or oxadiazole unit. Compared to UGH2, these host mate-

rials have quite balanced electron- and hole-transport abilities, lower ETs near

2.7 eV but still high enough for a sky-blue phosphor FIrpic. A device configuration

of ITO/MoO3 (10 nm)/NPB (80 nm)/TCTA (5 nm)/p-BISiTPA or p-OXDSiTPA:

8 wt% FIrpic: 0.67 wt% (fbi)2Ir(acac) (20 nm)/TPBI (40 nm)/LiF (1 nm)/Al
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(100 nm) was adopted for their WOLEDs. p-BISiTPA and p-OXDSiTPA were

selected as typical hosts used for WOLEDs, and (fbi)2Ir(acac) was incorporated to

give orange emission. Similar to the above devices reported by D’Andrade et al., all
the phosphorescent dyes were doped into a single EML; also, TPBI was used as an

ETL. OLEDs employing p-BISiTPA and p-OXDSiTPA as a host exhibited a

maximal ηp of 42.7 and 51.9 lm/W and a low turn-on voltage of 3.1 and 2.9 V,

respectively. These obtained efficiency values are much higher than that of the

traditional incandescent bulb. Reduced efficiency roll-offs were also observed in

their WOLEDs; however, due to the two-color system, these WOLEDs could only

have a moderate CRI ranging from 60 to 67.

The extra work of the vacuum-evaporated phosphorescent WOLEDs in which

the emission of white light comes from a single EML could be referred to the ref.

[4–9]. These works were improved from the engineering of host materials, electron-

transport materials, phosphorescent dyes, etc., typically with similar device

architectures.

Different from the aforementioned work done by vacuum fabrication, we intro-

duce here the fabrication of white phosphorescent OLEDs in which the organic

layers were deposited by solution spin-coating processing. Wu and coworkers

developed efficient phosphorescent OLEDs with a single active layer
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[10]. Figure 10.4 outlines the investigated device structures of the WOLEDs. RGB

dyes, Ir(piq) for red emission, Ir(mppy)3 for green emission, FIrpic for blue

emission, and the host material PVK were dissolved in a chlorobenzene solution.

PVK was selected as a host material due to its high-lying triplet state (3.0 eV),

excellent film-forming property, high Tg, and hole-transport characteristics. OXD-7
was also used as a co-host to facilitate the electron transport, leading to the EML

with good bipolar-transport property. A mixture was then obtained by mixing the

host and the dopants together in the chlorobenzene solution through precisely

controlling the doping ratios. These devices were fabricated with a single-active-

layer architecture via solution processing, indicating a low-cost, straightforward

approach toward efficient white phosphorescent OLEDs. An optimal device with

triple doped phosphorescent dyes (FIpic:Ir(mppy)3:Ir(piq)¼ 20:1:1) exhibited a

maximal CE of 24.3 cd/A, a CCT of 5,010 K, and a CRI of 77. Due to the relatedly

high driving voltage, a moderate ηp of 9.5 lm/W was obtained.

Though a simple device configuration was adopted to fabricate solution-

processed polymer-based WOLEDs with moderate performances, the low ηp values
limited its potential lighting application. Wu, Wong, and Choy et al. further pro-

mote the efficiency of solution-processed single-EML WOLEDs by simultaneous

optimization of charge-carrier balance and luminous efficacy [11]. Two novel

yellow phosphors were developed to be incorporated into a single EML to tune
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luminous efficacy of the WOLEDs (Fig. 10.5). FIrpic and yellow phosphors, 1 or 2,
were firstly doubly doped into a PVK:OXD-7 blending host matrix, to give an

efficient single EML. WOLEDs employing this kind of EMLs with various doping

ratios exhibited high CE values ca. 46.3 cd/A, corresponding to the ηp values

ranging from 19 to 25.9 lm/W. However, the color quality of the above devices

was moderate, with a CRI between 52 and 56. WOLEDs were further fabricated

based on a blue, green, yellow, and red (BGYR) doping system to improve the color

quality of the devices. An improved CRI of 76 could be achieved by using this

doping system. A CE value as high as 45.5 cd/A, corresponding to a ηp of 20.2 lm/

W, still can be achieved for a BGYR-based OLED. Moreover, if the anode buffer

layer of PEDOT:PSS (4083) was in replacement of PEDOT:PSS P8000, a further

enhanced peak ηp value of 37.4 lm/W in the forward-viewing direction was

obtained for the above device. In order to obtain the total ηp, a factor of 1.34

(deduced by comparing the forward-viewing ηext and the total ηext) was applied to

the forward-viewing efficiency, resulting in a total peak ηp of ~51 lm/W or a total ηp
of 30 lm/W at a practically relevant brightness level. The obtained high efficiency

in the solution-processed polymer-based WOLED is much higher than that of an

incandescent bulb. These WOLEDs present a promising candidate for the white

lighting sources given that the device lifetime is not a hindrance for the future

material and device optimization.

10.3.1.2 Multi-EML

D’Andrade et al. also fabricated phosphorescent WOLEDs with multilayer EMLs,

in which different layers emit different parts of the visible spectrum [12]. In fact,

they had done this work report in 2002 prior to the aforementioned work with a

single EML to give white phosphorescent OLEDs. Two typical device structures

were reported in their work, and the corresponding device structures can be found in

Table 10.1. Three phosphorescent dyes, FIrpic for blue emission, Btp2Ir(acac) for

red emission, and Bt2Ir(acac) for yellow emission, were employed in a CBP host in

a separated layer, respectively. Device 1 had a maximal ηp value of 6.4� 0.6 lm/W,
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along with a maximal CE value of 11� 1 cd/A and a maximal ηext of 5.2� 0.5 %. A

high CRI of 83 was achieved for device 1, indicating the potential applications

requiring a high-quality white light source. It is of interest that they placed a hole/

exciton blocker between the red and blue EML; exciton formation and recombina-

tion regions could be tuned, resulting in most emission from the FIrpic-doped layer,

thus leading to a matched white light spectrum mixed by the emissions from the

blue and red phosphors. Device 2 performed a low CRI of 50, since green or yellow

emission was absent; however, a CIE coordinate of (0.35, 0.36) was obtained,

which is closer to the equi-energy ideal white light point of (0.333, 0.333) (see

Table 10.2). Though yellow emission was absent, device 2 could find applications

for flat-panel displays, because the human perception of the white light from the

display panel will not be affected by the lack of yellow emission.

In order to further improve the efficiency of phosphorescent WOLEDs, Su and

Kido et al. fabricated efficient blue and WOLEDs with a carrier- and exciton-

confining structure [13]. A bipolar material DCzPPy was used as a host in their

devices, and hole-transport host TCTA was utilized to assist the more balanced

carrier recombination within the EML. The detailed information of the devices and

materials are shown in Fig. 10.6. The blue device with a double emission layer has a

ηp of 55 lm/W at the luminance of 100 cd/m2. A very efficient WOLED was

achieved with the insertion of ultrathin layers of orange-light-emitting PQ2Ir in

the host material used for FIrpic. A record ηp of 53 lm/W at a display-relevant

luminance of 100 cd/m2 was obtained in the forward direction and rolls off slightly

to 44 lm/W at an illumination-relevant luminance of 1,000 cd/m2. Without the use

of any out-coupling techniques, both are the highest values ever observed for

WOLEDs. When a factor of 1.7 is applied to obtain the total efficiency from all

Table 10.1 Device structures of the phosphorescent WOLEDs

Device 1 Device 2

Cathode [LiF/Al] Cathode [LiF/Al]

BCP (40 nm) BCP (40 nm)

Yellow EML [8 wt% Bt2Ir(acac):CBP (2 nm)] Red EML [8 wt% Bt2Ir(acac):CBP (2 nm)]

Red EML [8 wt% Btp2Ir(acac):CBP (2 nm)] Hole/exciton blocker [BCP (3 nm)]

Blue EML [6 wt% FIrpic:CBP (20 nm)] Blue EML [6 wt% FIrpic:CBP (20 nm)]

HTL [NPD (30 nm)] HTL [NPD (30 nm)]

PEDOT:PSS (40 nm) PEDOT:PSS (40 nm)

ITO/glass ITO/glass

Table 10.2 Key chromaticity and efficiency values for WOLEDs

Device

structure

Max ηext
[%]

Max CE

[cd/A]

Max ηp
[lm/W] CRI CIE(x, y) at 10 mA/cm2

1 5.2� 0.5 11� 1 6.4� 0.6 83 (0.37, 0.40)

2 3.8� 0.4 6.1� 0.6 3.6� 0.4 50 (0.35, 0.36)
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directions, high efficiencies of 90.1 lm/W at 100 cd/m2 and 74.8 lm/W at 1,000 cd/

m2 could be achieved for the developed WOLEDs. These values are comparable

with the efficiency of a fluorescent tube, in spite of the absence of the light

out-coupling technology.

Reineke et al. [14] reported a white phosphorescent OLED containing FIrpic, Ir

(ppy)3, and Ir(MDQ)2(acac) as the emitting phosphors, where the blue emission

layer was surrounded by red and green sublayers (2 nm of sublayer to suppress

Förster-type energy transfer) of the emission layer to harvest unused excitons from

the blue emission layer. Figure 10.7 outlines the energy level diagram of the devices

in their study. They achieved a high record ηp of 90 lm/W at 1,000 cd/m2 for a

WOLED combining a high refractive index (1.78) glass substrate with a periodic

light out-coupling structure. The obtained OLED has a CIE coordinate of (0.41,
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0.49) which indicates a yellow-like white light, owing to less contribution from blue

emission. ηp of 124 lm/W could even be anticipated when using a 3D light

extraction system with a more effective light out-coupling efficiency for their

WOLEDs. This high ηp value will surpass the efficiency of a fluorescent tube,

indicating a way for white organic light with efficiency beyond 100 lm/W.

10.3.2 Hybrid F/P WOLEDs

10.3.2.1 Small Molecule-Based F/P WOLEDs

Xu and Che et al. reported F/P WOLEDs using DNA as a blue-light source and

(R-C^N^N)PtCl complexes as a yellow-green- or orange-light source (Fig. 10.8).

For device I comprising complex 1 as an emitter, the peak ηext and the peak ηp were
determined to be 11 % and 12.6 lm/W, respectively. For device II containing

complex 2 as an emitter, the peak ηext and ηp were 11.8 % and 18.4 lm/W,

respectively. The use of (RC^N^N)PtCl complexes provides an entry to a new

family of electrophosphorescent platinum(II) emitters [15].

Novel bipolar molecule CPhBzIm (Fig. 10.9) was developed by Hung andWong

et al., and this material exhibits an excellent solid-state photoluminescence quan-

tum yield of 69 %, triplet energy of 2.48 eV, and bipolar charge transport ability

(μh� μe� 10�6–10�5 cm2 V�1 s�1). A non-doped deep-blue OLED was fabricated

exhibiting promising performance with an ηext of 3 % and a CIE coordinate of (0.16,

Fig. 10.7 Energy level diagrams of the highly efficient phosphorescent WOLEDs (Reprinted by

permission from Macmillan Publishers Ltd: ref. [14], copyright 2009)
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0.05). When CPhBzIm served as a blue emitter and simultaneously a host material

for a yellow-green phosphorescent dye (pbi)2Ir(acac), a simple single-doped, two-

color-based WOLED was obtained with a peak ηp of 12.8 lm/W, corresponding to

an ηext of 7 %. The CIE coordinates of the WOLED are located at (0.31, 0.33),

which is quite close to the ideal white point (0.333, 0.333) [16].

A high-efficiency and pure WOLED has been realized and reported by only

doping one novel phosphorescent orange-light-emitting complex (bzq)2Ir(dipba)

(see Fig. 10.9) into a deep-blue-emitting fluorescent complex Bepp2 as an emissive

layer [17]. A peak ηp of 48.8 lm/W and a peak ηext of 27.8 % have been determined

in a WOLED with a simple HTL-EML-ETL architecture. The ηp and ηext at the
applicable brightness of 1,000 cd/m2 are 37.5 lm/W and 26.8 %, respectively.

F/P WOLEDs were fabricated combining an ideal sky-blue fluorophore,

DADBT (Fig. 10.9), which has been proved as a highly efficient sky-blue

fluorophore and an ideal host for orange phosphor by non-doped blue fluorescent

device and an orange phosphor Ir(2-phq)3. Tuning the doping concentrations could

effectively separate and, respectively, utilize the singlet and triplet excitons in a

single EML. The white device shows excellent electroluminescence performance

with a low turn-on voltage of 2.4 V, a maximum total ηext of 26.6 %, a CE of

53.5 cd/A, and a ηp of 67.2 lm/W, which further proves that high-efficiency F/P

hybrid WOLEDs could be obtained by such a simple single-EML device structure

using a doping concentration regulation strategy [18].
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10.3.2.2 F/P WOLEDs Using a F/P Polymeric Emitter

F/P WOLEDs were fabricated using the solution-processed method, by blending a

fluorescent blue polymer emitter PFO, a yellow polymer emitter PFO-F, and a

phosphorescent emitter Ir(HFP)3 (Fig. 10.10) [19]. These devices have a simple

active-layer configuration. Type I devices made from PFO co-spin coated with Ir

(HFP)3 have a CE of 4.3 cd/A. Type II devices made from blends of PFO, PFO-F,

and Ir(HFP)3 have a CE of 3 cd/A. The CIE coordinates, CCT, and CRI for type I

and type II devices are (0.329, 0.321), 6,400 K, 92 and (0.352, 0.388), 4,600 K,

86, respectively. The EL spectra of these devices are quite stable under various

current densities and the resulting luminance.

Efficient green-emitting polymer (FTO-BT5) was obtained through the incor-

poration of low-bandgap 2,1,3-benzothiadiazole (BT) moieties into the backbone of

a blue-light-emitting polyfluorene copolymer (PF-TPA-OXD), which contains

hole-transporting TPA and electron-transporting OXD pendent groups

(Fig. 10.14) [20]. A highly efficient three-band F/P WOLED was prepared using

PF-TPA-OXD as a blue-light-emitting host doped with green-emitting FTO-BT5

copolymer and a red phosphor Os(fppz). The WOLEDs reached a maximum ηext of
4.1 % (8.3 cd/A) at a luminance of 402 cd/m2 and a current density of 4.8 mA/cm2.

The resulting CIE coordinates located at around (0.33, 0.31) are quite stable under

various current densities.
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A green fluorophore and a red phosphor were covalently attached into the

backbone and the side chains of the polyfluorene. Additionally, charge transport

units like TPA and OXD pendants were also included to improve carrier injection

and transport (Fig. 10.11) [21]. F/P hybrid WOLEDs were constructed with a

configuration of ITO/PEDOT:PSS/W3/CsF/Al, in which the developed hybrid

polymer W3 was used as a single emitter to give white emission. The WOLEDs

exhibit a low turn-on voltage of 2.8 V and a luminance of ca. 103 cd/m2 at below

6 V. The peak CE and ηp are 8.2 cd/A and 7.2 lm/W, respectively, with an almost

constant CRI of 82 at various measured current densities.

Single fluorene-based copolymer to generate white light electroluminescence

was also synthesized by Yang and Qin et al., where a green-emitting fluorenone and

red-emitting iridium complex were incorporated into the copolymers (Fig. 10.11)

[22]. Single-active-layer polymer light-emitting devices with a configuration of

ITO/PEDOT/copolymer/CsF/Al have been fabricated. The P3-based device

exhibits a maximum CE of 5.50 cd/A with a CIE coordinate of (0.32, 0.45) and a
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maximum luminance of 3,361 cd/m2. The device from P5 shows a maximum CE of

3.25 cd/A with a CIE coordinate of (0.28, 0.32) and a maximum luminance of

1,015 cd/m2.

Wang et al. reported efficient all-phosphorescent WOLEDs with a fluorinated

poly(arylene ether phosphine oxide) backbone that has a high triplet energy and

appropriate HOMO/LUMO levels, grafted with blue and yellow phosphors FIrpic

and (fbi)Ir(acac) moieties (Fig. 10.11) [23]. Simultaneous blue and yellow triplet

emissions were achieved to generate two-band white electroluminescence with a

promising CE as high as 18.4 cd/A (8.5 lm/W, 7.1 %) and a CIE coordinate of (0.31,

0.43).

10.3.3 Excimer/Exciplex-Based Phosphorescent WOLEDs

The abovementioned methods are typically doping two or more phosphors into the

host materials to generate two-band or three-band white light emission. In these

systems, chromaticity stability is problematic due to the different efficiency of

energy transfer from the host to each dopant in the mix, leading to an imbalanced

white light emission or pronounced variations in color with luminance. One

approach involving the utilization of the excimer or exciplex emission is attempted

to produce WOLEDs with stable spectra under various electric fields. An excimer is

identified as an excited state whose work function overlaps with two adjacent

molecules of like composition, whereas an exciplex is noted as a state whose

work function overlaps with neighboring, dissimilar molecules. Both excimer and

exciplex lack a bound ground state; thus the color variation related to the energy

transfer from the host or higher-energy dopants (blue emitter) to the lower-energy

substances can be avoided. Due to the target topic of the utilization of organome-

tallics in WOLEDs, we will only discuss the WOLEDs using the phosphorescent

excimers or exciplexes as the emitters in the following. Unlike the pseudo-

octahedral geometry associated with d6 metal ions like Ir(III) and Pt

(II) complexes associated with a d8 metal ions are normally square planar. This

square-planar structure leads to the strong face-to-face interaction between the

neighboring molecules, easily enabling to cause excimer emission in the long-

wavelength region. That is why most of the WOLEDs fabricated by organometal-

lics are comprised of Pt(II) complexes. Through a rational design of molecular

structures and/or a careful control of device conformation, high-quality white light

electroluminescence can be achieved by simple doping and even single-doping

device structures.

A novel approach to generate WOLEDs was demonstrated by Forrest et al. in

2002, with the use of excimer emission from the phosphor FPt1, coupled with

FIrpic, or from FPt2 (Fig. 10.12) [24]. Square-planar Pt complexes easily form

excimer in concentrated solutions and thin films. FPt1 and FPt2 have a broad

emission spectrum spanning from 450 to 800 nm. The WOLED in a configuration

of ITO/PEDOT:PSS/NPD/(CBP:FIrpic/FPt1)/BCP/LiF:Al has a maximum ηext of
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4.0� 0.4 % corresponding to a CE of 9.2� 0.9 cd/A, a luminance of

31,000� 3,000 cd/m2 at 16.6 V, a ηp of 4.4� 0.4 lm/W, a high CRI of 78, and a

CIE coordinate of ca. (0.40, 0.44). FIrpic was doped to maintain the ratio of higher-

energy emission to give a more balanced white color. When FIrpic was removed

and FPt1 was replaced by FPt2 to form a single-doped EML, the emission from

NPD was observed. As thus, the CIE coordinates shift to ca. (0.34, 0.35), giving

relatively lower overall device efficiency.

Mixing excimer and exciplex emission was also demonstrated as an effective

means to fabricate WOLEDs by Kalinowski, Cocchi, and Williams, et al. [25]. An

emissive layer consisting of a Pt(II) phosphor named PtL2Cl, co-doped with an

electron-donating material m-MTDATA, was employed to yield white emission by

mixing the intrinsic bluish-green emission of the mono-molecule of PtL2Cl, the

orange emission from the exciplex transition formed by PtL2Cl and electron-

donating m-MTDATA, and a more red-shifted emission related to the excimer

transition formed between the similar adjacent PtL2Cl molecules. CBP and TAPC

were used to function as a spacer to tune the exciton recombination zones, respec-

tively. The device diagram and adopted materials are shown in Fig. 10.13. Device I,

having a CBP spacer, gives a more pronounced TPD emission peaking at 400 nm;

this is attributed to the recombination zone locating at (TPD:PC)/CBP interface.

This device has a CIE coordinate of (0.42, 0.47), a CRI of 84.02, and a CCT of

3,826 K at 22 V. In contrast, the TPD emission in device II with a TAPC spacer is

not obvious, because the HOMO level of TAPC facilitates the hole penetration into

the EML, enabling the exciton formation and recombination within the EML. As a

result, device II has a CIE coordinate of (0.46, 0.45), a higher CRI of 90, and a CCT

of 3,067 K. The TAPC spacer containingWOLED (device II) gives a maximum ηext
of (6.5� 0.5) % at low brightness levels (L¼ 0.1 cd/m2) and (3.0� 0.5)% at a

luminance L¼ 500 cd/m2. The EL color stability under various voltages and

luminances of device II is also better than device I.

Based on a blue emission cyclometalated Pt complex Pt-4 (Fig. 10.14), Li and

Jabbour et al. reported an efficient single-doped WOLED in a configuration of

ITO/PEDOT:PSS/TCTA/26mCPy:Pt-4(8 %)/BCP/CsF/Al [26]. The intrinsic blue

emission from the isolated emission of Pt-4 and the red-shifted excimer emission

from the interaction between the adjacent molecules render this WOLED with quite

pure emission with a CIE coordinate of (0.33, 0.36). The ηp and ηext of this device at
100 cd/m2 are 7.3 lm/W and 9.3 %, respectively.

Cocchi and Williams also reported a phosphor PtL30Cl (Fig. 10.14) with a

tridentate N^C^N coordinating ligand similar to Pt-4 [27]. In order to achieve a
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more blue-shifted monomer emission, the electron-donating amino groups were

introduced to the 4-position of the pyridyl rings to destabilize the LUMO without

obviously affecting the HOMO. Thus, in relative to Pt-4, a wider bandgap for

PtL30Cl was anticipated. The combination of monomer emission of the isolated

PtL30Cl and the red-shifted emission emanating from the triplet excimer renders

PtL30Cl of potential application for fabricating WOLEDs. A reasonable choice of
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host materials (TCTA:TCP) and a careful adjustment of the doping ratio (20 wt.%)

make the realization of PtL30Cl-based efficient single-doped WOLEDs with a CRI

of 87, a CIE coordinate of (0.36, 0.37), an ηext of 3.7 %, and a CE of 7.4 cd/A.

It is of interest to demonstrate an effective means by Su et al. to obtain efficient

WOLEDs with high CRIs by utilizing the exciplex emission emanating from the

host material and the dopant [28]. Figure 10.15 depicts the structures of the EML

materials used. TCPZ, a newly developed host material, is capable of small singlet-

triplet exchange energy (ΔEST) and a low-lying LUMO level, which are favorable

to lower the device driving voltage. When the conventional blue phosphor FIrpic

was doped into this host material to serve as an EML in the OLEDs, a new band

peaking at 535 nm emerges during the electroluminescent process, whereas this

new band is not observed during their photoluminescence process. Ir(piq)3 was

inserted accompanied with FIrpic to fabricate WOLEDs in a configuration of

ITO/TPDPES:TBPAH (20 nm)/TAPC (30 nm)/TCPZ:11 wt.% FIrpic (4.75 nm)/

TCPZ:4 wt.% Ir(piq)3 (0.5 nm)/TCPZ:11 wt.% FIrpic (4.75 nm)/BmPyPB (40 nm)/

LiF (0.5 nm)/Al. This two-dopant three-band WOLED has a high CRI of 82 at the

applicable brightness of 100 and 1,000 cd/m2. An ηext of 5.4 % and a ηp of 9.4 lm/W

at 100 cd/m2 were obtained for this novel OLED.

10.3.4 Tandem Phosphorescent WOLEDs

A tandem OLED is consisting of two or more vertically stacked sub-OLEDs linked

by the charge generation layers (CGLs). The typical characteristic of a tandem

OLED is that the current efficiency and luminance can scale linearly with the

number of emitting units (sub-OLEDs). Generally, the driving voltage of a tandem

OLED also increases linearly as a function of the number of the emitting units.

Thereby, power conversion efficiency of a tandem OLED compared to a single

OLED is not enhanced; in other words, a tandem OLED cannot save more elec-

tricity energy relative to a single one. However, tandem OLEDs are still of

particular importance because of the potential long device lifetime which is
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associated with the suppression of thermal degradation due to the reduced excessive

current.

The CGL is commonly comprised of a p-n heterojunction that is inversely linked

between two emitting subunits to generate carriers (electrons and holes) under

electricity excitation. The choice of CGLs plays an important role of achieving

an excellent tandem OLED. Two basic requirements must be satisfied for a CGL:

(1) electric potential drop across the CGL should be almost neglected to avoid of

the extra increase of driving voltage of the whole tandem device and (2) the CGL

should be homogeneous and transparent over the wavelength range of whole visible

region in order not to block any emissive light. We are here only discussing the

tandem WOLEDs containing organometallic phosphors.

Chen et al. reported two kinds of stacked WOLEDs employing Alq3:20 wt.

% Mg/MoO3 as a charge generation layer (see Fig. 10.16) [29]. This CGL is

transparent in a range between 400 and 800 nm. Tandem WOLEDs are fabricated

by connecting the blue fluorescent unit and the orange phosphorescent emission
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unit separately or by connecting double-white light emission units in series. DPVBi

and (F-BT)2Ir(acac) were used as a fluorescent blue emitter and a phosphorescent

orange emitter, respectively. The former device with CGL-separated blue and

orange emission units exhibited a better color stability under various voltages and

brightness. Moreover, the efficiency of the former device is also higher than the

latter. This difference of device performance is attributed to the avoidance of the

movement of charge recombination zone and elimination of the Dexter energy

transfer between blue and orange emission layers occurring in the latter. The former

WOLED has a CE value of 35.9 cd/A and a CRI> 70 at 1,000 cd/m2.

Based on the similar device architecture of the abovementioned device A using

Alq3:Mg/MoO3 as a charge generation layer, Chen et al. further demonstrated

charge-carrier separation takes place only in the MoO3 layer [30]. Enhancement

of device performance was obtained by simply adjusting the thickness of MoO3.

The stacked WOLED with a CE value of 39.2 cd/A has excellent color stability

with the CIE coordinate only changing from (0.407, 0.405) to (0.398, 0.397) when

luminance increases from 22 to 10,000 cd m�2.

By utilizing 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP):Li/MoO3 as

an effective CGL, Ma et al. demonstrated that extremely high-efficiency tandem

phosphorescent WOLEDs could be realized by using single-emitting-layer device

configurations [31]. This stacked device achieved maximum forward-viewing CE

of 110.9 cd A�1 and ηext of 43.3 % at 1 μA/cm2 with a stable CIE coordinate of

(0.34, 0.41). The emitting phosphors in their study are FIrpic and (fbi)2Ir(acac)

(Fig. 10.3).

Ma et al. adopted interface-modified C60/pentacene organic heterojunction

accompanied with TPBI:Li2CO3 and TCTA:MoO3 as charge generation layers to

fabricate efficient phosphorescent WOLEDs [32]. Figure 10.17 shows the investi-

gated device structures with or without C60/pentacene bilayer. It was demonstrated

that C60/pentacene bilayer not only enhances the efficiency of the tandem devices

but also lowers the device driving voltage, accordingly, unlike other tandem

devices with an almost unchanged ηp relative to the single-unit device, and
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Fig. 10.17 Tandem device structures w (a) or w/o (b) C60/pentacene bilayers
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improved ηp was obtained for this tandem WOLEDs. The resulting tandem

WOLED exhibits a maximum ηp of 53.8 lm/W and a maximum CE of 101.5 cd/A

without any out-coupling techniques. More importantly, the efficiency roll-off is

significantly suppressed, remaining ηp of 53 lm/W at 100 cd/m2 and 45 lm/W at

1,000 cd/m2. Meanwhile, they also demonstrated a high-efficiency white

top-emitting OLEDs by introducing tandem structure using C60/pentacene as the

CGL [33]. The resultant tandem top emissive WOLED possesses a CIE coordinate

of (0.39, 0.43) and a CRI of 70, which retains high color stability toward driving

voltage. The maximum forward-viewing ηext and CE of the device are 16.9 % and

41.1 cd/A, respectively.

Furthermore, Ma et al. developed a new organic heterojunction comprised of an

n-type C60 layer and a p-type 5,5000-bis(naphth-2-yl)-2,20:50,200:500,2-
000-quaterthiophene (NaT4) layer to replace the functionality of C60/pentacene

bilayers. Figure 10.18 shows their investigated device structures. C60/NaT4 bilayer

was also demonstrated with the ability to boost the ηp of tandem devices, to reduce

efficiency roll-off, and to prolong the operational stability. The C60/NaT4-

containing device has a maximum CE of 111.3 cd/A, a maximum ηp of 50.5 lm/

W, and a maximum ηext of 38.7 % [34].

10.4 Conclusions

In the past decade, WOLEDs, especially those containing organometallic phos-

phors, have seen a huge development under the continuous effort from the

researchers in both academia and industry. Simultaneous improvement of device
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physics, device structures, and new excellent materials has put this area forward.

Various device structures, e.g., EMLs with doping or nondoping, single layer or

multilayer, and all phosphors or fluorescent/phosphorescent hybrid composition,

are utilized to fabricate WOLEDs toward high-quality white emission with high

efficiencies, ideal CIE coordinates, high CRIs, and suitable CCTs. The inner

physical mechanism investigation of the WOLEDs is also favorable for us to

rationally design and fabricate a white light-emitting device. It is worth noting

that materials play the most important roles of further improving the device

performance of WOLEDs. All functional materials like electrode materials, carrier

injection materials, carrier transport materials, hosts, and the emitters in WOLEDs

are required to be optimally chosen to maximize the performance. To date, phos-

phorescent WOLEDs capable of full utilization of the generated singlet and triplet

excitons have already exhibited their potential application as a new class of

artificial white light-emitting sources. Compared to the fluorescent tubes and the

inorganic LEDs, one of the most challenging issues for the commercial application

of the phosphorescent WOLEDs should be the device lifetime, which is of partic-

ular importance, however, is infrequently referred in the research papers. Future

work on the achievement of phosphorescent WOLEDs with a long lifetime, high

efficiency, and good color quality would really bring the realization of WOLEDs as

the alternative next-generation lighting sources.
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Chapter 11

Kinetics and Mechanisms of Reduction
of Protons and Carbon Dioxide Catalyzed
by Metal Complexes and Nanoparticles

Shunichi Fukuzumi, Tomoyoshi Suenobu, and Yusuke Yamada

Abstract Kinetics and mechanisms of reduction of protons and CO2 catalyzed by

metal complexes and nanoparticles have been discussed in this chapter. Kinetic

studies including deuterium kinetic isotope effects on heterogeneous catalysts for

hydrogen evolution by proton reduction have been demonstrated to provide essen-

tial mechanistic information on bond cleavage and formation associated with

electron transfer. The rate-determining steps in the catalytic cycles are clarified

by kinetic studies, providing valuable information on observable intermediates. The

most important intermediates in the catalytic reduction of protons and CO2 are

metal-hydride complexes, which can reduce protons and CO2 to produce hydrogen

and formic acid, respectively. The catalytic interconversion between hydrogen and

a hydrogen storage compound has been made possible by changing pH, providing a

convenient hydrogen-on-demand system in which hydrogen gas can be stored as a

liquid (e.g., formic acid) or solid form (NADH) and hydrogen can be produced by

the catalytic decomposition of the hydrogen storage compound.

Keywords Proton reduction • CO2 reduction • Metal hydride • Kinetics •

Nanoparticles

11.1 Introduction

The global annual energy consumption is increasing rapidly, whereas fossil fuels,

which are currently the primary source of the energy, will be depleted eventually in

the future. In addition, the burning of fossil fuels releases large amounts of carbon

dioxide (CO2) to the atmosphere, leading to global warming. Before the depletion

of fossil fuels, which are the products of photosynthesis, artificial photosynthesis

should be realized to produce solar fuels and to fix CO2 using solar energy, which is
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the most abundant on the earth [1–4]. In an ideal artificial photosynthesis, water is

split using solar energy into hydrogen (H2) and dioxygen (O2), which in turn can be

converted into water releasing its energy as electricity in H2 fuel cells [5–10]. Once

H2 is formed from water, CO2 can be reduced by H2 to produce carbon monoxide or

formate, which can be further reduced to methanol and methane [11–16]. Such

reduction of CO2 by H2 provides the possibility of storing solar energy as these C1

compounds, contributing to reduced emission of CO2. There have so far been many

reviews on each step of artificial photosynthesis, i.e., light harvesting and charge

separation [17–23], proton reduction [24–28], CO2 reduction [29–33], and water

oxidation [34–42]. However, the detailed catalytic mechanisms of reduction of

protons for hydrogen evolution and reduction of CO2 have yet to be fully clarified.

Kinetic studies certainly help in understanding catalytic mechanisms of proton

reduction and CO2 reduction, which are catalyzed by metal complexes and

nanoparticles. Thus, in this review, we have chosen to focus on kinetics and

mechanisms of reduction of protons and CO2 catalyzed by metal complexes and

nanoparticles.

11.2 Mechanisms of Catalytic Hydrogen Evolution

11.2.1 Cobalt Hydride Complexes

Platinum is currently used as the most efficient catalyst for the reduction of protons

to H2 [43]. Because of the scarcity and high cost of platinum, replacement of

platinum by more earth-abundant metals such as cobalt as proton reduction cata-

lysts has attracted much attention [44–48]. In order to develop efficient proton

reduction catalysts, it is quite important to elucidate mechanisms of the catalytic

proton reduction. The mechanism of the proton reduction by Co complexes has

been clarified using a dinuclear Co complex with bis(pyridyl)pyrazolato (bpp�) and
terpyridine (trpy) ligands, [CoIII2(trpy)2(μ-bpp)(OH)(OH2)](PF6)4(1(PF6)4,

Fig. 11.1) [49].

Fig. 11.1 Structure of

[CoIII2(trpy)2(μ-bpp)(OH)
(OH2)]

4+ (14+)
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The dinuclear cobalt(III) complex (14+) undergoes step-by-step reduction by

decamethylcobaltocene (Co(Cp*)2, Cp
*¼ η5-pentamethylcyclopentadienyl) to 1,

because the one-electron oxidation potential of Co(Cp*)2 (Eox¼�1.53 V

vs. SCE) is lower than the one-electron reduction potential of 1+ (Ered¼�1.09 V

vs. SCE) [49]. Addition of 4 equiv. of Co(Cp*)2 to a deaerated MeCN solution

containing 14+ resulted in rapid formation of 1, which exhibits visible and NIR

absorption bands at 560 and 1,050 nm [49]. Addition of 10 equiv. of CF3COOH to

the MeCN solution of 1 resulted in the two-step decay of absorbance at 560 nm due

to 1 (Fig. 11.2a) [49]. The two-step reaction of 1 with CF3COOH suggests that the

protonation of 1 affords a hydride complex, [(CoIII–H)(CoIII–H)]2+, which is in

equilibrium with 1, followed by the reaction of the hydride complex with protons to

produce H2 [49]. The first-order dependence of kobs with respect to the concentra-

tion of CF3COOH in the second step indicates that the protonation of the Co(III)–H

moiety is the rate-determining step to produce H2 [49].

When cobaltocene (Co(Cp)2, Cp¼ η5-cyclopentadienyl) was used as a reduc-

tant, 1+ was obtained by the three-electron reduction of 14+ with Co(Cp)2, because

the one-electron oxidation potential of Co(Cp)2 (Eox¼�0.9 V vs. SCE) is more

negative than the Ered value of 1
2+ (�0.78 V vs. SCE) but less negative than the Ered

value of 1+ (�1.09 V vs. SCE) [49]. The reaction of 1+ with CF3COOH also

exhibited a two-step decay (Fig. 11.2b) [49].

Based on the two-step kinetics, the reaction mechanism of H2 production from

1+ is shown in Scheme 11.1 [49]. Three-electron reduction of 14+ by 3 equiv. of Co

(Cp)2 occurs to produce 1
+ (Eq. 11.1). 1+ is protonated by CF3COOH to produce the

hydride complex ([CoIICoIII–H]2+), which is in equilibrium with 1+ (Eq. 11.2, the

first step in Fig. 11.2b). The formation of hydride complex was confirmed by the 1H

NMR spectra which exhibit a typical Co(III)–H peak at δ¼�8.64 ppm [49]. The
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Fig. 11.2 Time profiles of absorbance at 560 nm due to (a) the CoICoI complex (1, 0.087 mM)

and (b) the CoIICoI complex (1+, 0.087 mM) with CF3COOH (0.87 mM) in deaerated MeCN at

298 K. Insets: Plots of kobs vs. concentration of CF3COOH for the second step reaction of (a) 1 and
(b) 1+ with CF3COOH (Reprinted with the permission from Ref. [49]. Copyright 2011 American

Chemical Society)
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hydride complex reacts with protons to produce H2 and 13+ (Eq. 11.3). This is the

rate-determining step for the H2 production, because the kobs values for the second
step are proportional to the proton concentration (inset of Fig. 11.2b) [49]. 13+ is

reduced by 1+ to produce two equivalent 12+ (Eq. 11.4) [49]:

CoIIICoIII
� �4þ þ 3Co Cpð Þ2 ! CoIICoI

� �þ þ 3Co Cpð Þþ2 ð11:1Þ
CoIICoI
� �þ þ HþÐ CoIICoIII � H

� �2þ ð11:2Þ
CoIICoIII � H
� �2þ þ Hþ ! CoIICoIII

� �3þ þ H2 ð11:3Þ
CoIICoI
� �þ þ CoIICoIII

� �3þ ! 2 CoIICoII
� �2þ ð11:4Þ

�d CoIICoI
� �þh i

=dt ¼ k Hþ½ � CoIICoI
� �þh i

= 1 þ K Hþ½ �ð Þ ð11:5Þ

According to Scheme 11.1, the rate of decay of 1+ is given by Eq. 11.5, where

k is the rate constant of protonation of the hydride complex to produce H2 (Eq. 11.3)

and K is the protonation equilibrium constant of 1+ to produce the hydride complex,

[CoIICoIII–H]2+ (Eq. 11.2). Based on the kinetic results in Fig. 11.2, the k and

K values of 1+ at 298 K were determined to be 2.9 M�1 s�1 and 5.3� 102 M�1,

respectively [49]. Similarly the k and K values of 1 at 298 K were also determined to

be 3.3 M�1 s�1 and 1.1� 103 M�1, respectively [49]. The K value of 1 is twice

larger than that of 1+, because 1 has two CoI sites as compared with 1+ which has

one CoI site. The similar k values between 1+ and 1 suggest that the two CoI sites in
1 act rather independently in the reaction with proton.

A cobalt tetraaza-macrocyclic complex [CoIII(CR)Cl2]
+ (CR¼ 2,12-dimethyl-

3,7,11,17-tetraazabicyclo(11.3.1)-heptadeca-1(17),2,11,13,15-pentaene) has been

Scheme 11.1 Reaction

mechanism of H2

production with [CoIICoI]+
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reported to act as an efficient proton reduction catalyst in photocatalytic hydrogen

evolution with ascorbate (HA�) and ascorbic acid (H2A) as an electron donor and a

proton donor, respectively, and [Ru(bpy)3]
2+ as a photocatalyst in water [50]. The

catalytic activity and stability of [CoIII(CR)Cl2]
+ were higher than that of other

cobalt complexes such as cobaloxime derivatives [51–53] to afford a high turnover

number (TON¼ 1,000) [50]. The Co(III) complex was reduced with HA� to

produce the Co(II) complex [50]. The Co(II) complex was further reduced by

electron transfer from the excited state of [Ru(bpy)3]
2+ ([Ru(bpy)3]

2+* where *

denotes the excited state) to produce the Co(I) complex, which reacts with protons

to yield H2 and the Co(II) complex similar to 1+ in Scheme 11.1 [50]. In this case,

however, formation of the Co(III)-hydride complex has not been detected [50]. The

detailed photocatalytic mechanism of hydrogen evolution is discussed in the next

section.

11.2.2 Rhodium Hydride Complexes

A water-soluble rhodium-aqua complex, [RhIII(Cp*)(bpy)(H2O)](SO4) (2(SO4),

bpy¼ 2,20-bipyridine), acts as an efficient catalyst for H2 evolution from HCOOH

in an aqueous solution at 298 K [54]. The kinetic study revealed the catalytic

mechanism of the catalytic decomposition of HCOOH to H2 and CO2 with 2

(SO4) as shown in Scheme 11.2 [54]. The rate of H2 evolution increased linearly

with increasing concentrations of 2(SO4) as shown in Fig. 11.3a. On the other hand,

the TOF value increased with increasing [HCOOH] to reach a limiting value as

shown in Fig. 11.3b. Such a saturation behavior indicates that the formation of the

formate complex is in equilibrium with HCOO�, followed by β-hydrogen

Scheme 11.2 Catalytic mechanism of decomposition of HCOOH by 2 in D2O
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elimination from the formate complex to produce the RhIII-hydride complex, which

becomes the rate-determining step at large concentrations of HCOO�. The formate

complex ([RhIII(Cp*)(OC(O)H)(bpy)]+) was detected by the electrospray ioniza-

tion (ESI)-mass spectrometry at m/z¼ 439.2 [54]. When pH was changed, the

maximum TOF value was obtained at pH 3.9, which corresponds to pKa of

HCOOH. No catalytic reactivity was observed at pH higher than pKa of 2(SO4),

indicating that the hydroxo complex [RhIII(Cp*)(OH)(bpy)]+ has no catalytic

reactivity [54].

When HCOOH was replaced by DCOOH, the catalytic decomposition of

DCOOH in H2O with 2(SO4) afforded not only HD but also H2 [54]. A significant

deuterium kinetic isotope effect was observed in the catalytic decomposition of

DCOOH because the rate-determining step is the β-deuterium elimination from the

formate complex to produce the RhIII-D complex (vide supra) [54]. The formation

of H2 suggests that the deuteride species ([RhIII(Cp*)(D)(bpy)]+), formed by

deuteride transfer from DCOO� to [RhIII(Cp*)(bpy)(H2O)]
2+, undergoes rapid

H/D exchange with H2O to afford [RhIII(Cp*)(H)(bpy)]+ that reacts with H+ to

produce H2. When the decomposition of HCOOH was performed with 2(SO4) in

D2O, D2 was formed as a major product (73 %) together with HD (24 %) and H2

(3 %) [54]. In this case, hydride transfer from HCOO� to [RhIII(Cp*)(bpy)(H2O)]
2+

occurs to afford [RhIII(Cp*)(H)(bpy)]+ that undergoes H/D exchange with D+ to

produce [RhIII(Cp*)(D)(bpy)]+ [54]. Then, the reaction of [RhIII(Cp*)(D)(bpy)]+

with D+ yields D2 as the main product [54]. The unexchanged hydride complex

[RhIII(Cp*)(H)(bpy)]+ reacts with D+ and a small amount of H+ derived from

HCOOH to yield HD and a small amount of H2, respectively [54]. Thus, rapid

a b

Fig. 11.3 (a) Plot of rate of H2 evolution vs. the concentration of 2(SO4) in the decomposition of

HCOOH/HCOONa (1.7 M) catalyzed by 2(SO4) in deaerated H2O at pH 4.1 at 293 K. (b) Plot of
TOFs vs. the concentration of HCOOH/HCOONa in the decomposition of HCOOH/HCOONa

catalyzed by 2(SO4) (7.0 mM) in deaerated H2O at pH 3.8 at 298 K (Reproduced from Ref. [54] by

permission of John Wiley & Sons Ltd)
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H/D exchange between the hydride (or deuteride) species and proton (or deuteron)

occurs as shown in Scheme 11.2, suggesting that the formal hydride species has a

protic character.

The protic character of the hydride species was confirmed by formation of

[RhI(Cp*)(bpy)] by deprotonation from [RhIII(Cp*)(H)(bpy)]+ with a base

(NaOH) [54]. Such a protic character of metal-hydride species was reported for

the corresponding Ir complex with the same ligand as the Rh complex, i.e.,

[IrIII(Cp*)(H)(bpy)]+, which undergoes efficient H/D exchange with deuteron [55,

56]. DFT calculations showed that the positive charge of metal-hydride (M-H)

(+0.571) was larger for [IrIII(Cp*)(H)(bpy)]+ as compared to the value for

[RhIII(Cp*)(H)(bpy)]+ (+0.481) [54].

The Rh(III) complex (2(SO4)) can also be used as a proton reduction catalyst in

photocatalytic hydrogen evolution with ascorbate (HA�) as an electron donor and

[Ru(bpy)3]
2+ as a photocatalyst [57]. The photocatalytic mechanism is shown in

Scheme 11.3, where photoinduced electron transfer from HA� to [Ru(bpy)3]
2+*

(* denotes an excited state) occurs to produce [Ru(bpy)3]
+, which reduces

[RhIII(Cp*)(bpy)]2+ to [RhII(Cp*)(bpy)]+, which was detected as a transient absorp-

tion band at 750 nm in Fig. 11.4a [57]. Disproportionation of [RhII(Cp*)(bpy)]+

occurs to produce RhI(Cp*)(bpy) and [RhII(Cp*)(bpy)]+ as indicated by the second-

order decay of absorbance at 750 nm due to [RhII(Cp*)(bpy)]+ (see the second-order

plot in inset of Fig. 11.4b) [57]. RhI(Cp*)(bpy) is protonated to produce the hydride

complex ([RhIII(Cp*)(H)(bpy)]+), which reacts with proton to produce H2, accom-

panied by regeneration of [RhIII(Cp*)(bpy)]2+ [57]. In the same manner, when a

heterodinuclear iridium–ruthenium complex [IrIII(Cp*)(H2O)(bpm)RuII(bpy)2]

(SO4)2 (3(SO4)2, bpm¼ 2,2-bipyrimidine) was used in place of 2(SO4),

photocatalytic H2 evolution was confirmed to proceed via disproportionation of

[IrII(Cp*)(H2O)(bpm)RuII(bpy)2]
3+. Thus, disproportionation of [RhII(Cp*)(bpy)]+

or [IrII(Cp*)(H2O)(bpm)RuII(bpy)2]
3+ is the key step to convert one-electron pro-

cess induced by one photon to the two-electron process for H2 evolution

(Scheme 11.3). This shows sharp contrast to the case of [CoIII(CR)Cl2]
+, which is

reduced by HA� to produce the Co(II) complex, which is further reduced to the Co

(I) complex via photoinduced electron transfer from [Ru(bpy)3]
2+* to the Co

(II) complex (vide supra) [50].

Scheme 11.3 Catalytic mechanism of hydrogen evolution with 2 or 3 as a proton reduction

catalyst, ascorbate as an electron donor, and [Ru(bpy)3]
2+ as a photocatalyst
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The same type of photocatalytic H2 evolution with ascorbate and [Ru(bpy)3]
2+

occurs using [RhIII(dmbpy)2Cl2]Cl (dmbpy¼ 4,40-dimethyl-2,20-bipyridine) as a

proton reduction catalyst [58]. The catalytic reactivity of [RhIII(dmbpy)2Cl2]Cl

was higher than that of [RhIII(Cp*)(bpy)]2+ to afford high TON and TOF values

(1,010 and 857 h�1) at pH 4.0 [58]. The high catalytic activity may result from

formation of colloidal rhodium nanoparticles during the photocatalytic reaction,

which are known to promote the reduction of protons into H2 [59]. This possibility

was ruled out, because the addition of a large excess of mercury had no significant

effect on the catalytic activity of [RhIII(dmbpy)2Cl2]Cl. Mercury is known to form

amalgam with colloidal metal or to adsorb to nanoparticular metal catalysts, and

mercury poisoning has been reported for rhodium colloids [60].

11.2.2.1 Iridium Hydride Complexes

A heterodinuclear iridium–ruthenium complex [IrIII(Cp*)(H2O)(bpm)RuII(bpy)2]

(SO4)2 (3(SO4)2, bpm¼ 2,2-bipyrimidine) also acts as an efficient catalyst for H2

evolution from HCOOH in an aqueous solution at 298 K [61]. The maximum TOF

a

b

Fig. 11.4 (a) Transient
absorption spectra of 2
(SO4) (1.6� 10�4 M) after

laser excitation of [Ru

(bpy)3]
2+ (8.0� 10�5 M) at

λ¼ 455 nm in the presence

of H2A (0.8 M) and NaHA

(0.3 M) in deaerated H2O at

pH 3.6 at 298 K. (b) Decay
time profile of absorbance at

λ¼ 750 nm due to

[RhII(Cp*)(bpy)]+. Inset:
Second-order plot

(Reproduced from Ref. [57]

by permission of John

Wiley & Sons Ltd)
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value (426 h�1) was obtained at pH 3.8 which agrees with the pKa value of HCOOH

[61]. The TOF value is much higher than that of [RhIII(Cp*)(bpy)(H2O)](SO4)

under the same experimental conditions (TOF¼ 27 h�1) [61]. The catalytic mech-

anism is shown in Scheme 11.4, which is similar to the case of [RhIII(Cp*)(bpy)

(H2O)](SO4) in Scheme 11.2 [61]. The reaction of 34+ with HCOO� affords the

formate complex ([IrIII(Cp*)(O(CO)H)(bpm)RuII(bpy)2]
3+), followed by β-hydro-

gen elimination to give the Ir–hydride complex ([IrIII(Cp*)(H)(bpm)RuII(bpy)2]
3+)

which reacts with H+ to produce H2, accompanied by regeneration of 34+

[61]. Rapid H/D exchange between the hydride (or deuteride) species and proton

(or deuteron) also occurs as the case of 22+ in Scheme 11.2 [61]. In Scheme 11.4,

however, the rate-determining step in the overall hydrogen evolution reaction is not

the β-hydrogen elimination step but the reaction of the hydride complex with H+ to

evolve H2 at pH 3.8 [61]. The Arrhenius plots for TOF in D2O (red circles) vs. H2O

(black circles) in Fig. 11.5 afforded AH/AD¼ 3.1� 10�5, Ea(D)�Ea(H)¼
8.2 kcal mol�1, and an unusually large KIE value at 298 K (KIE¼ 40) [61]. Such

values for the Arrhenius parameters AH/AD << 1 and Ea(D)�Ea(H)>
1.2 kcal mol�1 together with a large KIE value at 298 K (KIE> 9) are generally

taken to unambiguously demonstrate the involvement of tunneling [62–

65]. Because a protic character of metal-hydride species is more enhanced for the

Ir–hydride complex as compared with the Rh-hydride complex, the reaction of the

Ir–hydride complex with proton becomes the rate-determining step.

The catalytic activity for hydrogen evolution from formic acid was further

enhanced by using a C^N cyclometalated organoiridium complex, [IrIII(Cp*){4-

(1H-pyrazol-1-yl-κN2)benzoic acid–κC3}(H2O)]2SO4 ([4]2•SO4, Fig. 11.6), as a

Scheme 11.4 Catalytic mechanism of decomposition of HCOOH by 3 in D2O
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catalyst with TOF value over 2,000 h�1 at 298 K (Fig. 11.7) [66]. The catalytic

mechanism is shown in Scheme 11.5 [66].

As pH was increased, the Ir(III) complex [IrA–H2O]
+ released protons from the

carboxy group and the aqua ligand to form the corresponding benzoate complex

[IrB–H2O]
0 and the hydroxo complex [IrB–OH]�, respectively (Scheme 11.6). The

pKa values of [IrA–H2O]
+ and [IrB–H2O]

0 were determined from the spectral

titration to be pKa1¼ 4.0 and pKa2¼ 9.5, respectively [66]. The saturation behavior

of TOF of hydrogen evolution with increasing concentration of [HCOOH]

+ [HCOOK] at pH 2.8 (Fig. 11.7) indicates that hydrogen is produced via the

formate complex of [IrA–H2O]
+, followed by β-elimination to produce the hydride

Fig. 11.5 Arrhenius plots

of TOF for the decomposition

of HCOOH/HCOONa

(3.1 M) catalyzed by

3(SO4)2 (0.3 mM) in

deaerated H2O (closed
circles) or D2O (open
circles) at pH 3.8 or pD 3.8,

respectively (Reprinted with

the permission from Ref.

[61]. Copyright 2010

American Chemical

Society)

Fig. 11.6 ORTEP drawing

of 4. Hydrogen atoms are

omitted for clarity

(Reprinted with the

permission from Ref.

[68]. Copyright 2012

American Chemical

Society)
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Fig. 11.7 Plot of TOF

vs. concentration of

HCOOH and HCOOK

mixture (HCOOH/

HCOOK), i.e., [HCOOH]

+ [HCOOK] in the

decomposition of HCOOH/

HCOOK catalyzed by [IrA–
H2O]

+ (0.20 mM) in

deaerated H2O at pH 2.8 at

298 K (Reproduced from

Ref. [66] by permission of

The Royal Society of

Chemistry)

Scheme 11.5 Catalytic mechanism of H2 evolution and decomposition of HCOO� with 4 in H2O

Scheme 11.6 Acid–base equilibria of iridium aqua complexes
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complex, which reacts with proton to produce H2 (Scheme 11.6) [66]. The activa-

tion energy was determined to be 18.9 kcal mol�1, which is much smaller than the

activation energy of the decomposition of formic acid without catalysts

(78 kcal mol�1) [67].

The C^N cyclometalated organoiridium complex [IrA–H2O]
+ can also act as an

efficient catalyst for hydrogen evolution from NADH (dihydronicotinamide ade-

nine dinucleotide), which is a natural electron and proton source in respiration and

CO2 fixation [68], in water at pH 4.1 [69]. NADH has been frequently used as an

electron and proton source in photocatalytic hydrogen evolution with a

photocatalyst and a proton reduction catalyst [70–73]. Under acidic conditions,

NADH can reduce thermally proton to produce H2 and NAD+ by the catalysis of

[IrA–H2O]
+ (Eq. 11.6). The catalytic cycle is shown in Scheme 11.7 [69]. Under

acidic

NADHþ Hþ ! NADþ þ H2

½IrA � H2O�þ ð11:6Þ

conditions, hydride transfer from NADH to [IrA–H2O]
+ occurs to produce NAD+

and the Ir(III)-hydride complex [IrA–H]0, which reacts with H3O
+ to produce H2,

accompanied by regeneration of [IrA–H2O]
+ [69]. Under basic conditions, how-

ever, the catalytic cycle was reversed, when H2 can reduce the deprotonated

carboxylate form [IrB–H2O]
0 to produce the Ir(III)-hydride complex, which

reduces NAD+ to NADH, accompanied by regeneration of the deprotonated form

of [IrB–H2O]
0 [69]. Thus, interconversion between NADH and H2 at ambient

pressure and temperature can be efficiently catalyzed by [IrA–H2O]
+ and [IrB–

H2O]
0 depending on pH.

According to Scheme 11.6, the Ir(III) complex [IrA–H2O]
+ is converted to the

hydroxo complex [IrB–OH]� at pH 13.6. When ethanol was added to an aqueous

solution of [IrB–OH]� at pH 13.6, hydride transfer from ethanol to [IrB–OH]�

Scheme 11.7 Catalytic mechanism of interconversion between H2 and NADH with 4 in H2O

324 S. Fukuzumi et al.



occurred to produce acetaldehyde and the hydride complex [IrB–H]� [74]. When

CD3CD2OH in place of CH3CH2OH was added to an aqueous solution of [IrB–

OH]�, a kinetic deuterium isotope effect (KIE) for the formation of [IrB–D]� was

observed to be kH/kD¼ 2.1 [74]. The observation of KIE indicates that the reaction

of ethanol with [IrB–OH]� involves the C–H bond cleavage. Thus, the β-hydrogen
elimination of the ethoxy complex which is produced by the replacement of a

hydroxy (OH) ligand of [IrB–OH]� by a ethoxy (CH3CH2O) ligand, may be the

rate-determining step for formation of the hydride complex [IrB–H]�

(Scheme 11.8). Other alcohols can also reduce [IrB–OH]� to produce the hydride

complex [IrB–H]� [74].

The hydride complex [IrB–H]� is stable at pH 14. When pH was decreased to

0.8 by adding H2SO4, however, the hydride complex [IrB–H]� was converted to an

aqua complex [IrA–H2O]
+ as shown by Fig. 11.8a, accompanied by evolution of

hydrogen (H2) [74]. The conversion between the hydride complex [IrB–H]� and the

aqua complex [IrA–H2O]
+ accompanied by H2 evolution was repeated by alternate

change in pH between 12 and 2 in the presence of excess amount of ethanol as

shown in Fig. 11.8b (Scheme 11.9) [74]. Without changing pH, however, no

catalytic H2 evolution from ethanol occurred with [IrA–OH]0 [74].

Photoirradiation of the hydride complex [IrB–H]� resulted in the conversion to

the [C,C] cyclometalated complex [IrC–H]� (Scheme 11.10) [74]. In contrast to the

[C,N] cyclometalated Ir–hydride complex [IrB–H]�, the [C,C] cyclometalated Ir–

hydride complex [IrC–H]� can react with water to produce H2 under basic condi-

tions as shown in Fig. 11.9. The turnover number (TON) of H2 evolution from

isopropanol with [IrC–H]� (Eq. 11.7) increases linearly with time to reach 3.3

(2.5 h), whereas [IrB–H]� has no catalytic reactivity even at elevated temperature at

323 K (Fig. 11.9). TON for H2 evolution from isopropanol with [IrC–H]� increases

with increasing temperature to be 26 (1.0 h) at 353 K (Fig. 11.9) [74]. The enhanced

catalytic activity of [IrC–H]� results from the electronic donating effect of

phenylpyrazole ligand on the metal center with a [C,C] cyclometalated iridium as

indicated by the upfield shift of a hydride signal bonded to IrIII center (δ¼�17.48)

as compared with that of [IrB–H]� (δ¼�14.34) [74]:

ðCH3Þ2CHOH ! ðCH3Þ2COþ H2

½IrC � H�� ð11:7Þ

Scheme 11.8 Dehydrogenation reaction of alcohols by [IrB–OH]� in H2O
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11.2.2.2 Ruthenium Hydride Complexes

The catalytic activity of hydrogen evolution from alcohols has been reported to be

remarkably enhanced by using ruthenium complexes containing pincer-type

ligands [75]. Catalytic hydrogen evolution occurred in methanol containing KOH

(8.0 M) with [RuHCl(CO)(HN(C2H4P
iPr2)2)] (5), which exhibited high activities

Fig. 11.8 (a) UV-vis absorption spectral change of an aqueous solution of [IrB–OH]� (0.12 mM)

and ethanol (82 mM) by alternate change in pH. (b) Changes of absorbance at λ¼ 350 nm due to

the formation of a hydride complex [IrB–H]� in the reaction of [IrB–OH]� (0.12 mM) with

ethanol (82 mM) in water (pH 11.8–12.2) and due to the hydrogen evolution in the reaction of the

hydride complex [IrB–H]� with proton in water at 298 K (pH 2.0–3.3) by adding an aqueous

solution of H2SO4 (5.0 M) or NaOH (5.0 M) (Reprinted with the permission from Ref. [74]. Copy-

right 2012 American Chemical Society)

Scheme 11.9 Catalytic mechanism of H2 evolution from ethanol with [IrA–H2O]
+ in H2O

Scheme 11.10 Conversion from a [C,N] to [C,C] cyclometalated Ir complex under

photoirradiation
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up to TOF¼ 4,700 h�1 and TON¼ 350,000 at 368 K [75]. Under catalytic condi-

tions, both formate and carbonate ions were observed as traces of the reaction

mixtures, indicating that the formate is an intermediate in this dehydrogenation

sequence and that CO2 is trapped as carbonate [75]. The overall stoichiometry of

the hydrogen evolution from methanol with NaOH is given by Eq. 11.8. The

Ru-hydride species were observed in solution under catalytic conditions [75]:

CH3OHþ 2NaOH ! 3H2 þ Na2CO3

5
ð11:8Þ

Base-free hydrogen evolution from methanol without formation of CO has

recently been achieved by using the ruthenium-based PNP pincer complex (6:

Ru-MACHO-BH) in Eq. 11.9 [76]. The combination of Ru-MACHO-BH (6) with

Ru(H)2(dppm)2 (7) further enhanced the catalytic activity for hydrogen evolution

from neutral methanol [76]. A long-term experiment gave a 26 % yield of H2

(relative to H2O) and a TON> 4,200 [76]. In this case full conversion of all

“available” hydrogen atoms in methanol to H2 has been achieved by synergetic

homogeneous catalysis of 6 and 7 [76]:

CH3OHþ H2O ! 3H2 þ CO2

6, 7
ð11:9Þ

Hydrogen is also produced by the electrocatalytic reduction of protons with a Ru

(II) complex [RuII(tpy)(bpy)(S)]2+ (tpy¼ 2,20:60,200-terpyridine, bpy¼ 2,2-
0-bipyridine, S¼ solvent) in acetonitrile (MeCN) [77]. The Ru(II)-hydride complex

Fig. 11.9 Time course of H2 evolution from 2-propanol (4.3 M) catalyzed by 5 (55 μM) in water

(pH 11.9) at 353 K i) and 323 K (ii) and that from ethanol (5.7 M) catalyzed by [IrC–H]� (55 μM)

in water (pH 11.9) at 323 K (iii). Time course of H2 evolution from 2-propanol (4.3 M) catalyzed

by [IrB–H]� (55 μM) in water (pH 11.9) at 323 K (iv) (Reprinted with the permission from Ref.

[74]. Copyright 2012 American Chemical Society)
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[RuII(tpy)(bpy)(H)]+ is produced by the reaction of the ligand-based two-electron-

reduced species [RuII(tpy•–)(bpy•–)(MeCN)]0 with water (Eq. 11.10) [77]:

½RuIIðtpy�Þðbpy�ÞðMeCNÞ�0 þ H2O ! ½RuIIðtpyÞðbpyÞðHÞ�þ þ OH� ð11:10Þ

Further reduction of the hydride to [RuII(tpy• –)(bpy)(H)]0 at �1.41 V (vs. NHE) is

proposed to trigger the catalytic water reduction via formation of the dihydrogen–

dihydride complex [RuII(tpy)(bpy)(H2)]
+ (Eqs. 11.11, 11.12, and 11.13) [77]. How-

ever, this intermediate has yet to be detected. In the presence of an acid,

½RuIIðtpy�ÞðbpyÞðHÞ�0 þ H2O ! ½RuIIðtpy�ÞðbpyÞðH2Þ�þ þ OH� ð11:11Þ
½RuIIðtpy�ÞðbpyÞðH2Þ�þ þ e� ! ½RuIIðtpy�Þðbpy�ÞðH2Þ�0 ð11:12Þ

½RuIIðtpy�Þðbpy�ÞðH2Þ�0 þMeCN ! H2

þ ½RuIIðtpy�Þðbpy�ÞðMeCNÞ�0 ð11:13Þ

[RuII(tpy)(bpy)(H)]+ can react with H+ to produce H2 [77]. Many other metal

hydrides are known to catalyze electrochemical reduction of protons to H2 [78–83].

11.2.2.3 Proton-Coupled Electron Transfer to Metal Nanoparticles

Pt nanoparticles (PtNPs) act as the best catalyst for catalytic reduction of protons to

H2 [43]. Photocatalytic H2 evolution occurred efficiently using NADH as a sacri-

ficial electron donor, 9-mesityl-10-methylacridinium ion (Acr+–Mes) [84] as an

organic photocatalyst, and PtNPS as a proton reduction catalyst (Scheme 11.11)

[85]. Photoexcitation of Acr+–Mes resulted in intramolecular electron transfer from

the Mes moiety to the singlet excited sate of the Acr+ moiety to produce the

electron-transfer state (Acr•–Mes•+) [84, 86–88]. NADH is oxidized by the Mes•+

moiety of Acr•–Mes•+ to produce two equivalents of Acr•–Mes. Electron transfer

from Acr•–Mes to PtNPs with protons resulted in H2 evolution [85].

The kinetics and mechanism of the PtNP-catalyzed hydrogen evolution by an

Acr•–Mes were studied by simultaneous determination of the rate of hydrogen

Scheme 11.11 Chemical structure of Acr+–Mes and overall photocatalytic cycle for H2 evolution
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evolution and the rate of electron transfer from Acr•–Mes to PtNPs [85]. The rate of

H2 evolution in a (pH 5.0, 50 mM) CH3COOH/CH3COONa buffer and MeCN [1:1

(v/v)] mixed solution is virtually the same as the rate of electron transfer from Acr•–

Mes to PtNPs, which was monitored by decrease in absorbance at 520 nm due to

Acr•–Mes as shown in Fig. 11.9 [85]. This indicates that electron transfer from

Acr•–Mes to PtNPs is the rate-determining step for the catalytic H2 evolution. The

rate constant of electron transfer from Acr•–Mes to PtNPs (ket) is proportional to
proton concentration (Fig. 11.10) [85]. When CH3COOH/CH3COONa buffer

(pH 4.5, 50 mM) in H2O was replaced by CH3COOD/CH3COONa in D2O, an

inverse kinetic isotope effect (KIE¼ 0.68) was observed in electron transfer from

Acr•–Mes to PtNPs [85]. Such an inverse kinetic isotope effect results from the

difference in the zero-point energy for Pt–H (Pt–D) bond at the transition state as

compared with that before electron transfer when the interaction between Pt and H+

(or D+) is much smaller as shown in Fig. 11.11 [85]. This indicates that proton-

coupled electron transfer (PCET) from Acr•–Mes to PtNPs producing a Pt–H bond

is the rate-determining step (r.d.s.) in the catalytic hydrogen evolution. The inverse

KIE (0.68) in Fig. 11.12 shows sharp contrast to the large KIE (40) observed for the

hydrogen evolution from formic acid, catalyzed by an Ir–hydride complex

([IrIII(Cp*)(H)(bpm)RuII(bpy)2]
3+) when the heterolytic Ir–H bond cleavage by

proton is the rate-determining step in Scheme 11.4 (vide supra) [61]. Based on

the results in Figs. 11.10 and 11.12, the PtNP-catalyzed H2 evolution mechanism

was proposed as shown in Scheme 11.12 [85]. PCET from Acr•–Mes to PtNPs

produces the Pt–H bond, followed by rapid elimination of H2 from two Pt–H bonds.

When Acr+–Mes was replaced by 2-phenyl-4-(1-naphthyl)quinolinium ion

(QuPh+–NA) [89], photocatalytic H2 evolution also occurred efficiently with

NADH and PtNPs (Scheme 11.12) [90]. However, the rate constant of electron

transfer from QuPh•–NA to PtNPs was invariant with pH [90], in contrast to the

Fig. 11.10 (a) Time profile

of electron transfer from

Acr•–Mes to spherical

PtNPs with the diameter of

4.5 nm (0.1 μg), monitored

by decrease in absorbance at

520 nm due to Acr•–Mes in

a (pH 5.0, 50 mM)

CH3COOH/CH3COONa

buffer and MeCN [1:1

(v/v)] mixed solution. (b)

Time profile of H2 evolution

(Reproduced from Ref. [85]

by permission of John

Wiley & Sons Ltd)
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Fig. 11.11 Illustration of the PCET pathway to produce the Pt–H or Pt–D bond

Fig. 11.12 Dependence of

ket on [H+] or [D+] for

electron transfer from Acr•–

Mes to spherical PtNPs with

the diameter of 4.5 nm in

H2O/MeCN [1:1 (v/v)]

containing CH3COOH/

CH3COONa buffer

(50 mM) or in D2O/MeCN

[1:1 (v/v)] containing

CH3COOD/CH3COONa

buffer (50 mM) at 298 K

(Reproduced from Ref. [85]

by permission of John

Wiley & Sons Ltd)

Scheme 11.12 Mechanism of H2 evolution on Pt surfaces
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case of PCET from Acr•–Mes to PtNPs in which the rate constant was proportional

to proton concentration (Fig. 11.10) [85]. Thus, electron transfer from QuPh•–NA

to MNPs occurs without assistance of proton because of the much stronger reducing

ability of QuPh•–NA as compared with Acr•–Mes judging from the significantly

more negative oxidation potential of QuPh•–NA (Eox¼�0.90 V vs. SCE) [89] than

that of Acr•–Mes (Eox¼�0.57 V vs. SCE) [84]. Because the rate of hydrogen

evolution was much slower than the rate of electron transfer from QuPh•–NA to

MNPs and the hydrogen evolution was also pH independent at pH< 10, the rate-

determining step of the catalytic H2 evolution may be elimination of hydrogen from

two Pt–H bonds [90]. Thus, the rate-determining step for the catalytic H2 evolution

is changed depending on the reducing ability of one-electron reductants

(Scheme 11.13).

11.2.2.4 Kinetics and Mechanisms of Catalytic CO2 Reduction

The catalytic reduction of CO2 by H2 has attracted significant interest because

catalytic transformation of CO2 would be promising for the production of fuels as

liquid hydrogen sources and value-added chemicals [91–96]. However, the reac-

tions involving CO2 are commonly carried out at high pressure [97–106], which

may not be economically suitable and also poses safety concerns. In order to

improve the catalytic activity for the CO2 reduction, it is of primary importance

to elucidate the catalytic mechanism.

Kinetics and mechanism of the catalytic reduction of CO2 by H2 to produce

formic acid (HCOOH) were reported by using [IrIII(Cp*)(L)(H2O)](SO4) and

[RuII(η6-C6Me6)(L)(H2O)](SO4) (L¼ bpy or 4,40-OMe-bpy) as catalysts in

water [107]. The rates of the catalytic reduction of CO2 by H2 with [IrIII(Cp*)

(L)(H2O)](SO4) under acidic conditions in H2O are affected by the pressure of H2

and CO2. Turnover number (TON) of the catalytic reduction of CO2 (2.5 MPa) by

H2 with [IrIII(Cp*)(L)](SO4) increased with increasing H2 pressure at pH 3.0 at

40 �C to reach a constant value (Fig. 11.13a), whereas TON was proportional to

CO2 pressure at 5.5 MPa of H2 (Fig. 11.13b). The reactions of [IrIII(Cp*)(L)

Scheme 11.13 Chemical structure of QuPh+–NA and overall photocatalytic cycle for H2

evolution
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(H2O)](SO4) with H2 at pH 3.0 in a citrate buffer solution provide the Ir(III)–

hydride complexes [IrIII(Cp*)(L)(H)]2(SO4), which were detected by the

ESI-mass spectra and 1H NMR spectra. Because TON of the catalytic reduction

of CO2 by H2 was proportional to CO2 pressure, the rate-determining step may be

the reaction of the Ir(III)–hydride complex with CO2 to produce the formate

complex as shown in Scheme 11.14. In such a case, the rate of formation of

HCOOH in the catalytic reduction of CO2 by H2 with [Ir
III(Cp*)(L)(H2O)](SO4) is

given by Eq. 11.14,

d½HCOOH�=dt ¼ k1k2½½Ir�OH2�2þ�PH2PCO2=ðk�1 þ k1PH2Þ ð11:14Þ

where k1 is the rate constant of the reaction of the aqua complexes [IrIII(Cp*)

(L)(H2O)]
2+ with H2, k�1 is the rate constant of the back reaction, k2 is the rate

constant of the reaction of the hydride complex [IrIII(Cp*(L)(H))]+ with CO2, and

[[Ir–OH2]
2+]0 is the initial concentration of [IrIII(Cp*)(L)(H2O)]

2+ [107]. Under the

conditions such that k1PH2 >> k�1, the rate of formation of HCOOH becomes

constant at large H2 pressure as observed in Fig. 11.13a [107].

When [IrIII(Cp*)(L)(H2O)](SO4) was replaced by [RuII(η6-C6Me6)(L)(H2O)]

(SO4), TON was proportional to H2 pressure at 40 �C (Fig. 11.14a), whereas

TON exhibited a saturation behavior with increasing CO2 pressure (Fig. 11.14b)

[107]. In such a case, the rate-determining step was changed from the reaction of the

Ir(III)–hydride complex with CO2 to produce the formate complex to the reaction of

the Ru(III)–aqua complex with H2 to produce the Ru(III)–hydride complex

(Scheme 11.15) [107]. The rate of formation of HCOOH is given by Eq. 11.15,

Fig. 11.13 (a) Dependence of TONs at 0.5 h on H2 pressure for the reduction of CO2 (2.5 MPa) by

H2 catalyzed by 6(SO4) (20 μmol) at pH 3.0 in a citrate buffer solution (20 cm3) at 40 �C. (b)
Dependence TONs at 0.5 h on CO2 pressure for the reduction of CO2 by H2 (5.5 MPa) catalyzed by

the 6(SO4) (20 μmol) at pH 3.0 in a citrate buffer solution (20 cm3) at 40 �C (Reproduced from Ref.

[107] by permission of The Royal Society of Chemistry)
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which indicates that the rate becomes constant at large CO2 pressure as observed in

Fig. 11.14b [107]. The Ru(III)–hydride complex, which was prepared indepen-

dently by the reaction of the Ru(III)–aqua complex with NaBH4, reacted with CO2

to produce the formate complex, which was detected by ESI-mass and 1H NMR

spectra [108, 109]:

d½HCOOH�=dt ¼ k1k2½½Ru�OH2�2þ�PH2PCO2=ðk�1 þ k2PCO2Þ ð11:15Þ

Scheme 11.14 Catalytic

mechanism of CO2

reduction by H2 with

[IrIII(Cp*)(L)(H2O)](SO4)

to form HCOOH in H2O

Fig. 11.14 (a) Dependence of TONs at 3 h on H2 pressure for the reduction of CO2 (2.5 MPa) by

H2 catalyzed by 2(SO4) (20 μmol) at pH 3.0 in a citrate buffer solution (20 cm3) at 40 �C. (b)
Dependence of TONs at 3 h on CO2 pressure for the reduction of CO2 by H2 (5.5 MPa) catalyzed

by 2(SO4) (20 μmol) at pH 3.0 in a citrate buffer solution (20 cm3) at 40 �C (Reproduced from Ref.

[107] by permission of The Royal Society of Chemistry)
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The change in the rate-determining step in the catalytic reduction of CO2 by H2

between the Ir and Ru complexes results from the stronger Ir–H bond as compared

with the Ru–H bond as indicated by the higher Ir–H stretching frequency

(2,056 cm�1) than the Ru–H stretching frequency (1,899 cm�1) [107]. The stronger

Ir–H bond facilitates the formation of the Ir–H bond, but decelerates the Ir–H bond

cleavage by CO2, which becomes the rate-determining step in the Ir complex-

catalyzed CO2 reduction by H2. Conversely the weaker Ru–H bond facilitates the

Ru–H bond cleavage by CO2 but decelerates the formation of the Ru–H bond,

which becomes the rate-determining step. The initial TOF for the catalytic reduc-

tion of CO2 by H2 with [IrIII(Cp*)(L)(H2O)](SO4) was improved from 1 h�1

(L¼ bpy) to 27 h�1 (L¼ 4,40-OMe-bpy) [107]. Thus, the more electron-rich Ir–H

complex exhibits the higher catalytic reactivity. The X-ray crystal structures of the

Ir–H and Ru–H complexes are shown in Fig. 11.15 [55, 109]. In both cases, the

hydride complexes adopt a distorted octahedral coordination which has a terminal

hydride ligand.

The catalytic activity for the reduction of CO2 to HCOOH was enhanced by

using a C^N cyclometalated organoiridium complex ([IrIII(Cp*){4-(1H-pyrazol-1-

yl-κN2)benzoic acid–κC3}(H2O)]2SO4 ([IrA–H2O]
+)), which was employed for

the catalytic decomposition of HCOOH to H2 under acidic conditions in Fig. 11.7

(vide supra) [66]. At pH 7.5, the carboxylic acid is deprotonated to produce the

more electron-rich Ir complex ([IrB–H2O]
0) when the direction of the reaction was

reversed and the catalytic reduction of CO2 by H2 with [IrB–H2O]
0 occurred to

produce formate at ambient pressure and temperature as shown in Fig. 11.16, where

TON increased linearly with time to exceed over 100 [66]. Turnover frequency

(TOF) increased with decrease in pH to afford the highest value at pH 8.8

and decreased with further increase in pH to reach zero at pH 10.4 [66]. The pH

dependence of TOF is similar to pH dependence of the amount ratios of [IrB–H2O]
0

Scheme 11.15 Catalytic mechanism of CO2 reduction by H2 with [RuII(η6-C6Me6)(L)(H2O)]

(SO4) to form HCOOH in H2O
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over [IrB–OH]� and HCO3
� over CO3

2� (red line and red dashed line in Fig. 11.17,

respectively). Thus, the reduction of HCO3
� by H2 is catalyzed by [IrB–H2O]

0 at

pH 8.8. The TOF value at pH 8.8 increased linearly with increasing concentration of

CO2, which is converted to mixture of HCO3
� and CO3

2� (Fig. 11.18) [66]. Thus,

the rate-determining step in the catalytic reduction of CO2 to formate by H2 is the

insertion of CO2 to the Ir–H complex [IrB–H]0 to produce the formate complex in

Scheme 11.16 [66].

A dinuclear Cp*Ir catalyst with 4,4,6,6-tetrahydroxy-2,2-bipyrimidine as a

bridging ligand (see the crystal structure in Fig. 11.19) can also catalyze the

reduction of CO2 by H2 at ambient pressure at pH 8.4 with TOF¼ 70 h�1 at

298 K [110]. Mononuclear Cp*Ir complexes with biazole ligands also act as

Fig. 11.15 ORTEP

drawings of (a) [IrIII(Cp*)
(bpy)(H)](PF6) [109] and

(b) [RuII(η6-C6Me6)(H)]

(CF3SO3) [55]. The counter

anions are omitted for

clarity (Reprinted with the

permission from Ref. [55,

109]. Copyright 2003

American Chemical

Society)
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efficient catalysts for reduction of CO2 by H2 to formate at ambient pressure and

temperature [111].

Iridium complexes mentioned above act as efficient catalysts for the selective

decomposition of formic acid to H2 and CO2 without formation of CO under acidic

conditions at ambient temperature [55, 66, 110, 111]. Thus, the catalytic intercon-

version between hydrogen and formic acid has been made possible by changing pH

Fig. 11.16 Time course of

the concentration of formate

and TON for the formate

formation in the reduction

of CO2 by H2 catalyzed by

[IrB–H2O]
0 (0.26 mM)

under atmospheric pressure

of H2 (50 mL/min) and CO2

(50 mL/min) in deaerated

H2O at 303 K at pH 7.5

(Reproduced from Ref. [66]

by permission of The Royal

Society of Chemistry)

Fig. 11.17 pH dependence of the formation rate (TOF) of formate in the catalytic generation of

formate from H2, HCO3
�, and CO3

2� ([HCO3
�] + [CO3

2�]¼ 2.0 M) catalyzed by [IrB–H2O]
0

(0.18 mM) in deaerated H2O at 333 K (solid line). Alternate long and short dashed lines, (i) and
(ii) show the amount ratios of complex [IrB–H2O]

0 and [IrB–OH]�, respectively, to the total

amount of these complexes. Dashed lines, (i0) and (ii0) show the ratios of HCO3
� and CO3

2�,
respectively (Reproduced from Ref. [66] by permission of The Royal Society of Chemistry)
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with the same catalyst, providing a convenient hydrogen-on-demand system in

which hydrogen (gas) can be stored as formic acid (liquid) and whenever needed

hydrogen is produced by the catalytic decomposition of formic acid [11, 66,

112]. Formic acid can also be directly used as a fuel in direct formic acid fuel

cells, which have recently attracted much attention due to high electromotive force,

limited fuel crossover, and high practical power densities at low temperatures as

compared with direct methanol fuel cells [113–116].

Fig. 11.18 Plot of TOF

vs. the concentration of

KHCO3 and K2CO3 mixture

(KHCO3/K2CO3), i.e.,

[KHCO3] + [K2CO3] in the

hydrogenation reaction of

KHCO3/K2CO3 with H2

catalyzed by [IrB–H2O]
0

(0.18 mM) under

atmospheric pressure of H2

in deaerated H2O at

pH 8.8 at 333 K

(Reproduced from Ref. [66]

by permission of The Royal

Society of Chemistry)

Scheme 11.16 Catalytic

mechanism of CO2

reduction by H2 with [IrA–
H2O]

+ to form HCOO� in

H2O
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11.3 Conclusions

We have overviewed kinetic studies on catalytic reduction of protons and CO2 in

mainly homogeneous phase, providing valuable mechanistic insights. Kinetic stud-

ies including deuterium kinetic isotope effects on heterogeneous catalysts for

hydrogen evolution have also been demonstrated to provide essential mechanistic

information on bond cleavage and formation associated with electron transfer.

Kinetic studies have also enabled us to determine the rate-determining steps in

the catalytic cycles, providing valuable information on observable intermediates,

which can be detected by various methods. The most important intermediates in the

catalytic reduction of protons and CO2 are metal-hydride complexes, which can

reduce protons and CO2 to produce hydrogen and formic acid, respectively. Metal

η1-CO2 complexes that are formed by a nucleophilic attack to low-valent metal

complexes with the central carbon are responsible for the two-electron reduction of

CO2 to CO [33, 99, 117–119]. The key remaining challenge is not just two-electron

reduction of CO2 with two protons to formic acid or carbon monoxide (CO) but

multiple proton-coupled electron transfers to produce further reduced products such

a

b

Fig. 11.19 (a) X-ray

crystal structure and (b) the

structural formula of a

dinuclear Cp*Ir catalyst

with 4,4,6,6-tetrahydroxy-

2,2-bipyrimidine as a

bridging ligand employed

for efficient CO2 reduction

to formate by H2 (Reprinted

by permission from

Macmillan Publishers Ltd:

Ref. [110], copyright 2012)
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as methanol and methane. Such multi-electron reduction beyond two-electron

reduction of CO2 has so far been achieved in the heterogeneous systems by

photocatalysis and electrocatalysis [13, 16, 120–132]. A series of different homo-

geneous catalysts have also been employed to achieve the catalytic reduction of

CO2 by H2 to methanol in a single vessel to promote the various steps of the CO2

reduction sequence [133]. Recently the homogenously catalyzed reduction of CO2

by H2 to methanol has been achieved by a single ruthenium phosphine complex

[134, 135]. Methanol can also be obtained by the disproportion of formic acid

catalyzed by an Ir complex ([IrIII(Cp*)(bpy)(H2O)](OTf)2) [136]. Further kinetic

studies on such homogeneously catalyzed multi-electron reduction of CO2 by H2

may elucidate the catalytic mechanisms, which will certainly help develop efficient

catalysts for production of carbon-neutral alternatives to fossil fuels.
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Chapter 12

Molecular Catalysts and Organometallics
for Water Oxidation

Khurram Saleem Joya

Abstract Water can be used as a cheap and renewable source of electrons and

protons to make nonfossil fuel-based chemical energy carriers for a sustainable

power supply. However, water oxidation is an intricate chemical process and an

energy-intensive reaction involving the removal of four electrons with the release

of four protons at the same time. Inside the thylakoid membrane in plant leaves is

embedded a manganese-calcium molecular cluster in natural photosystem II

(PS-II), which represents an excellent model for designing an artificial equivalent

of the photosynthesis for light-to-fuel conversion via water splitting. Inspired by the

natural PS-II, the scientific community has been striving hard during the last two

decades to develop a bio-inspired catalytic system for water oxidation. However, a

truly biomimetic catalytic system matching the performance of photosystem for

efficient water splitting operating with four consecutive proton-coupled electron

transfer (PCET) steps to generate oxygen and hydrogen for hundred thousands of

cycles at high rate is yet to be demonstrated. In this chapter, we provide an insight

regarding the biomimetic approaches to make molecular and organometallic water

oxidation complexes that have been investigated recently in homogeneous solution

catalysis using chemical oxidants or as surface-immobilized heterogeneous species

for electro-assisted catalytic systems. After comparing their catalytic activities and

stabilities, an overview of the mechanistic aspects is also discussed.
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12.1 Introduction

The quest for renewable fuels and alternative energy carriers from earth-abundant

materials is currently one of the greatest scientific and technological challenges

[1]. It is expected that the future energy demand will get doubled by 2050 from the

present consumption value of 15 TW [2]. For the production of renewable and clean

fuel, easy and abundant supply of protons and electrons is required, and water is the

most abundant chemical feedstock (covers about 71 % of the earth’s surface) for

obtaining the reducing equivalents that can be used to produce energy carriers [3,

4]. However, splitting water to release protons and electrons at tremendous rate is an

energy-demanding chemical reaction and needs efficient catalytic system obtained

from renewable and inexpensive sources [5]. There is enormous amount of sunlight

that strikes the earth’s exterior (at a rate of 1.2� 105 TW), and its effective use offers

a potential solution to make protons and electrons via water oxidation process [6]. So

the generation of hydrogen or carbon-neutral nonfossil fuels using sunlight and water

as the raw materials represents an attractive solution for environmentally clean and

renewable energy sources providing a mean to capture CO2 and its useful conversion

into energy-bearing chemical feedstock [6, 7].

The most challenging task is to develop a stable, efficient, and easily accessible

water oxidation catalyst (WOC) from earth-abundant materials that is capable of

multi-electron oxidation of water with simultaneous O2 release at a high rate and

optimal activity. This parallels the development of electrochemically driven water

oxidation systems with molecular catalysts and oxide-based systems [8]. Natural

PS-II offers an excellent model for developing an artificial solar-to-fuel conversion

device, where a manganese-calcium oxygen-evolving complex (OEC) is involved

in the process of four-electron water oxidation to generate dioxygen and release of

four protons in a four-step consecutive proton-coupled electron transfer cycle [8,

9]. It also shows how a self-repairing structural framework of water oxidation

catalytic chemistry can be applied to couple efficient charge separation with a

four-step proton-coupled electron transfer pathway [9]. Mechanistically, incident

light activation of the P680 chlorophylls induces the generation of a P680+· radical

cation by charge separation [9, 10]. The P680+· cation radical is then re-reduced by

the oxidation of tyrosine Yz in the vicinity. This acquires the oxidizing power in the

Mn-cluster towards water oxidation by extracting four electrons from two water

molecules with simultaneous dioxygen release as depicted in Scheme 12.1.
Both the water oxidation and reduction reactions are pH dependent. In catalytic

systems, the two half reactions (pH¼ 0) are given as:

Oxidation:

2H2O ! 4Hþ þ 4e� þ O2 E� ¼ 1:23 V vs: NHEð Þ ð12:1Þ
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Reduction:

4Hþ þ 4e� ! 2H2 E� ¼ 0:00 V vs: NHEð Þ ð12:2Þ

and the overall four-electron water oxidation reaction is given by:

2H2O lð Þ ! 4e� þ 4Hþ
aqð Þ þ O2 gð Þ E�cell ¼ 1:23 V; ΔG ¼ 475 kJ=mol ð12:3Þ

Inspired by natural phenomenon, in molecular complexes, under acidic conditions

in contact with the catalytic site [11], the water oxidation proceeds according to the

following mechanisms:

2H2OðlÞ þ ½Cat�ðOH2Þ�2þ ! ½Cat�ðOHÞ�2þ þ 2H2OðlÞ þ Hþ þ e� ð12:3aÞ
! Cat ¼ Oð Þ½ �2þ þ 2H2O lð Þ þ 2 Hþ þ e�ð Þ ð12:3bÞ
! ½Cat�ðOOHÞ�2þ þ H2OðlÞ þ 3ðHþ þ e�Þ ð12:3cÞ
! Cat- OOð Þ½ �2þ þ H2O lð Þ þ 4 Hþ þ e�ð Þ
! Cat- OH2ð Þ½ �2þ þ O2 gð Þ þ 4 Hþ þ e�ð Þ ð12:3dÞ

In the change in the chemical potential of the protons at the catalytic site as induced

by an alkaline surrounding [11], the four-electron reaction proceeds according to

following pathway:

4OH� þ Cat- OH2ð Þ½ �2þ ! Cat- OHð Þ½ �2þ þ H2O lð Þ þ 3OH� þ e� ð12:3eÞ

Scheme 12.1 Extended

Kok cycle of light-induced

water oxidation driven by

P680+· cation radical with

tyrosine (Yz) acting as

intermediate. The S1–4
transient states are indicated

by a* (the exact pathway of

proton release is not known

yet) (For further details, see

Ref. [10])
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! Cat ¼ OHð Þ½ �2þ þ 2H2O lð Þ þ OH� þ 2e� ð12:3fÞ
! Cat- OOHð Þ½ �2þ þ 2H2O lð Þ þ OH� þ 3e� ð12:3gÞ
! Cat- OOð Þ½ �2þ þ 3H2O lð Þ þ 4e�

! Cat- OH2ð Þ½ �2þ þ O2 gð Þ þ 2H2O lð Þ þ 4e�
ð12:3hÞ

In order to circumvent higher-energy intermediates in neutral pH condition, a good

water oxidation catalyst must release four electrons and protons in four consecutive

proton-coupled electron transfer steps [6, 11]. With four PCET steps (12.3a to 12.3d

and 12.3e to 12.3h), a transformation of the reaction to a pH-independent reference

frame provides a unified picture that is particularly useful when aiming for the

design of complex device topologies [11].

The PS-II catalytic machinery has inspired many efforts in recent years to mimic

the catalytic design and devised an artificial WOC using ruthenium and iridium

metals in the molecular complexes and organometallics [10]. A major task is to

establish an efficient and stable oxygen-evolving catalyst that displays multi-

electron oxidation activity for hundred thousands of cycles [11]. There are many

water-splitting models based on noble metal complexes, organometallics, and

inorganic metal oxide catalysts, but none of them have proven good overall

efficiency for water splitting that is considered as a bottleneck in constructing an

artificial photosynthetic device [12]. In this chapter, we give an overview of the

biomimetic approaches that were undertaken to make molecular and organometal-

lic water oxidation complexes for homogeneous solution catalysis and surface-

immobilized heterogeneous electrochemical assemblies for solar fuels.

12.2 Homogeneous Versus Heterogeneous Water
Oxidation Catalysts

On the catalytic induction, the water oxidation reaction is induced by use of an

external chemical oxidant, also known as a catalyst activator. One electron chem-

ical oxidation is very useful as it gives more control over the reaction, kinetics, and

mechanistic understanding [13]. The molecular catalytic species can be employed

for water oxidation reaction, either by suspending in homogeneous solution or on

the inert surfaces of nanoparticles, inorganic oxides, and conducting anodic mate-

rials [14]. The classical chemical oxidant that is used in labs for testing the

molecular complexes for water oxidation in aqueous solution is cerium ammonium

nitrate (NH4)2[Ce(NO3)6], or CAN. Recently, some research groups also reported

the use of NaIO4 as primary oxidant in water oxidation. As long as the molecular

complex stays intact, it is a homogeneous chemical species, but at times it tends to

undergo self-oxidation or decomposition to generate metal nanoparticles or oxide

materials and turns out as a heterogeneous entity. So, there is a lot of debate about
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the integrity and homogeneity of the molecular water oxidation catalysts in harsh

oxidizing conditions and their chemical fate during catalytic phase [15]. Metal

oxides of transition metals (RuOx, IrOx, CoOx, MnOx, etc.), on the other hand, have

also been studied extensively for water oxidation as pure heterogeneous phase

catalysis; however, these inorganic materials are required in bulk quantities for

application in catalytic systems [16].

In solution catalysis, the catalytic species are suspended in the homogeneous

phase, preferably in aqueous acidic solutions (0.1 M HNO3 or HClO4), and Ce

(IV) is added externally in excess to activate the metal complex (Eq. 12.2). Cerium

ammonium nitrate with its tetravalent cerium is a monomeric species in aqueous

solution and is thought to act as a single-electron oxidant [17]:

Catþ 2OH2 lð Þ þ 4CeIVaqð Þ ! 4Hþ
aqð Þ þ O2 qð Þ þ 4CeIIIaqð Þ ð12:4Þ

Here the four Ce(IV) species are changed to Ce(III) while abstracting four

electrons during water oxidation to make one molecule of O2 as shown in

Scheme 12.2. However, EXAFS spectroscopy and density functional theory calcu-

lations have revealed that Ce(IV) generates oxo- and/or hydroxo-bridging binuclear

complex, and a part of the oxygen is suggested to be generated from the NO3
� ions

in the CAN rather than from water [10]. This work has already put question marks

on many studies using CAN in homogeneous phase. Moreover, the high concen-

tration of the chemical oxidant probably promotes decomposition or decay of the

catalyst. This suggests that one needs to be careful while using these strong

oxidizing chemicals in water oxidation studies.

12.3 Molecular Approaches to Catalytic Water Oxidation

The molecular chemistry for water oxidation catalysis has started almost forty years

ago aiming for biomimicking the Mn-Ca cluster in natural PS-II in design, PCET

pathway, and stability to perform for hundred thousands of cycles at high rate

Scheme 12.2 Catalytic

mechanism of water

oxidation using CAN with

molecular catalyst in

aqueous phase
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[18]. The first example of a molecular catalytic system for water oxidation came in

the early 1970s with the introduction of a di-μ-oxo-bridged di-manganese (MnIII–

MnIV) 2,20-bipyridine complex by M. Calvin [19]. This work was followed by

several other studies during the next two decades of molecular water oxidation

catalysts using essentially the same ligand architecture, with binuclear ruthenium

and manganese motifs [9]. Only recently molecular catalysts with other metals like

iridium, iron, cobalt, and copper in mononuclear or multisite regime have been

introduced for water oxidation reaction in solution [20]. At present, the field is

growing, and many research groups funded with huge budgets are focusing on the

molecular science for water oxidation and solar fuels. Here we classified the water

oxidation catalysis via molecular species into three groups—metal complexes,

organometallics, and polynuclear polyoxometalate (POM)—and the description is

given in the following sections.

12.3.1 Water Oxidation with Metal Complexes
in Solution-Phase Catalysis

The development of bio-inspired water oxidation catalysts started with the advent

of few Mn- and Ru-based complexes; however, the catalytic efficiency was very

low [11]. In recent reports, transition metals (like Ru, Ir, Mn, Fe, Co) coordinated to

nitrogen-based ligands are synthesized to develop homogeneous WOCs, and the

catalysis was investigated using CAN as chemical catalyst activator. In mono-metal

or multisite Mn or Ru-derived molecular complexes, bi- or tri-nitrogen ligands like

bpy (bpy¼ 2,20-bipyridine), phen (1,10-phenanthroline), or terpy

(terpy¼ 2,20:60,200-terpyridine) are employed to make catalysts for oxygen evolu-

tion from water oxidation [9].

12.3.1.1 Mn-Based Catalysts for Water Oxidation

During early development in manganese-based WOCs, a tetramanganese complex,

Mn4O4L6 (L¼ diphenylphosphinate), with a Mn4O4 (2MnIII, 2MnIV) cubane-like

core mimicking the active site of the PS-II water oxidation cluster was introduced,

but the catalytic activity and homogeneity are still debatable [21]. Two years later, a

diaqua Mn-terpy dimer, [(terpy)(H2O)Mn(μ-O)2Mn(terpy)(H2O)]
3+, with di-μ-oxo

motif, was reported giving maximum turnover number (TON) of 4, but the catalyst

was found to undergo decomposition forming permanganate ions after 6 h [22]. For

a di-Mn catalyst, [Mn2(mcbpen)2(OH2)2]
2+, with a tetra nitrogen carboxy ligand N-

methyl-N0-carboxymethyl-N,N0-bis(2-pyridylmethyl)ethane-1,2-diamine

(mcbpen), TON of 20 was reported, and membrane inlet mass spectrometry

(MIMS) analysis showed that each of two oxygen atoms in the evolved O2 came
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both from water and TBHP (tert-butyl hydrogen peroxide) used as an oxidant

[23]. Recently, a bio-inspired dinuclear Mn-complex was presented for water

oxidation with central 4-methylphenol ligand and two benzimidazole units having

carboxylate arms bridging two manganese sites (Fig. 12.1). With 480-fold excess of

[Ru(bpy)3]
2+ as single-electron oxidant, the catalyst operated with an initial turn-

over rate (TOF) of 0.027 s�1 lasting for an hour with a TON of< 30. This is claimed

to be the most stable molecular system based on two manganese sites [24].

12.3.1.2 Ruthenium and Iridium Complexes for Oxygen Generation

The bi-ruthenium tetra aqua tetrakis-bipyridine [(bpy)2(H2O)Ru
III(μ-O)RuIII(H2O)

(bpy)2]
4+ with a RuIII(μ-O)RuIII core, also known as blue dimer, is considered the

first working homogeneous water oxidation catalyst [25]. This study was followed

Fig. 12.1 (Top) Dinuclear Mn-derived complexes and (bottom) single-site [(dcabpy)-Ru-(isq)2]

complex (6,60-dicarboxy-2,20-bipyridine (dcabpy); isq¼ isoquinoline), for homogeneous water

oxidation
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by a tetra aqua terpy-Ru dimer, [(terpy)(H2O)2Ru(μ-O)Ru(terpy)(H2O)2]
4+ analo-

gous to the Mn-dimer, but the catalyst deactivated just after 1 turnover. The major

reason for the catalytic decomposition was ascribed to be the presence of the μ-oxo
bridge between two adjacent metal centers [26]. This problem was addressed by

developing a dinuclear Ru complex with a Hbpp-type bridging mode [Ru2
II(bpp)

(trpy)2(H2O)2]
3+ [Hbpp¼ 2,20-(1H-pyrazole-3,5-diyl)bis(pyridine)]. In this cata-

lyst, two Ru metals have been deliberately placed in a close proximity using a

dinucleating bridging ligand Hbpp instead of a μ-oxo bridge. This modification of

the catalyst design avoids the decomposition by reductive cleavage and makes it

more active than other Ru-based homogeneous WOCs [27].

Recently, mono-metal Ru-catalyst complexes are reported for water oxidation

suggesting that one site can also perform the water catalysis using a chemical

oxidant. The best example for a rapid WOC is the [(dcabpy)-Ru-(isq)2]

(dcabpy¼ 6,60-dicarboxylic acid-2,20-bipyridine, isq¼ isoquinoline) that shows

an unprecedented oxygen generation rate greater than 300 s�1 (Fig. 12.1). The

complex also generates more than 8,000 TONs showing its good stability in

aqueous acids [28]. Single-site half-sandwiched iridium complexes with

di-nitrogen bpy, phen, and bpm (2,20-bipyrimidine) ligands in combination with

relatively strong donating Cp* moiety (Cp* is pentamethylcyclopentadiene) are

also described to produce oxygen very rapidly using CAN in aqueous solutions.

However, the water oxidation mechanism is still debatable [20].

12.3.1.3 Abundant Transition Metals Derived Molecular Complexes

for Water Oxidation

Besides Mn-, Ru-, and Ir-based molecular complexes, other common transition

metal-based catalysts have also been studied for oxygen evolution in solution. Fe-,

Co-, and Cu-derived molecular complexes are the most prominent among them.

Iron-based coordination complexes with nitrogen surroundings have shown high

efficiency for long-term homogeneous water oxidation (Fig. 12.2). Turnover num-

bers in excess of 350 and 1,000 were obtained using cerium ammonium nitrate at

Fig. 12.2 Iron-based single-site coordination complexes with nitrogen surroundings for water

oxidation
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pH¼ 1 and sodium periodate at pH¼ 2, respectively [29]. Recently, cobalt-derived

molecular complexes are also shown to be active for water oxidation. However, the

catalysis is undertaken in electrochemical conditions with the homogeneous sus-

pension of the catalyst in solution.

12.3.2 Water Oxidation Catalysis with Organometallics
in Homogeneous Solution Phase

Recently, iridium- and ruthenium-based organometallics are also described to be

effective for homogeneous-phase water oxidation. The first working example was

a group of iridium organometallic complexes with (2-pyridyl)phenylate anion

(2-ph-py)]-type ligand motif. Up to 2,500 TONs have been reported in the

presence of Ce(IV), though the rate was lower than for the ruthenium analogues

[30]. Recently, Brudvig and Crabtree have prepared single-site half-sandwiched

iridium complexes by combining relatively strong donating Cp* motif with a

2-(2-pyridyl)phenylate ligand (Fig. 12.3). With this new system, an oxygen

generation rate of 0.9/s was achieved in the homogeneous phase [31]. Many

other Ir-organometallics have also been studied for water oxidation; however,

they were found to be transformed into heterogeneous nanoparticle species acting

as the WOC for water oxidation by CAN (Fig. 12.3). Crabtree and coworkers

recently suggested that the homogeneous Ir(IV) species are observed that relates

organometallic iridium complexes to homogeneous water oxidation complex

using NaIO4 as chemical oxidant.

12.3.3 Polynuclear Polyoxometalate for Water Oxidation
in Homogeneous Phase

Another class of molecular water oxidation catalysts comprises of polyoxometalate

(POM) of Ru and Co. In ruthenium catalysts, the close placing of the Ru–Ru

atoms at 0.318 nm is considered to be a key factor for O–O bond formation.

Recently, a tetra-cobalt POM catalyst with Co4O4-core [Co4(H2O)2(PW9O34)2]
10�

was investigated showing a high TOF �5 in pH¼ 8 solution. However, an electro-

chemical study suggests the formation of a heterogeneous CoOx species for

oxygen evolution [32]. A list of molecular complexes and organometallics for

water oxidation in homogeneous solution using chemical oxidants is given in

Table 12.1.
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12.4 Surface Electrochemical Assemblies for Water
Oxidation

In order to develop a solar fuel generation device, the molecular bio-inspired

catalysts need to be transferred to electrode surface in an electrochemical setup.

Many molecular complexes have been investigated in electrolytic cell, but the

oxygen evolution current densities (J ) were very low. Molecular electrocatalytic

assemblies operate at a potential in excess to the thermodynamic water-oxidation

potential, i.e., E� ¼ 1.23 V (vs. NHE, pH¼ 0). This excess potential or the

overpotential is usually 500–700 mV that renders the large-scale application of

molecular system for water oxidation [9]. Many Ru complexes along with few Ir

and Co complexes were studied under electrochemical condition. The catalysts

were either suspended in the solution in contact with the anode or were immobilized

on electrodes with surface-anchoring groups. Catalytic modifications with carbox-

ylic [–O–(C¼O)–], phosphonate [–(O)2–(P¼O)–], or silyl [–(O3)–Si–]

Fig. 12.3 Mono-site iridium-Cp*-based organometallics for homogeneous water oxidation
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functionalities have been shown to make a covalent linkage with conducting TiO2,

SnO2, or ITO (indium tin oxide) surfaces in water oxidation assemblies [1, 10].

12.4.1 Molecular Complexes for Electrochemical Water
Oxidation Catalysis

In surface-linked ruthenium complexes, up to 30,000 turnover numbers were

achieved at a potential of 1.80 V (vs. NHE, pH¼ 0) in an acidic medium, but at

low current density, J< 50 μA cm�2 [33]. This low current density for O2 evolution

suggests a low performance for the electrochemical water oxidation. Co-porphyrin-

and Co-corrole-type systems have also been proposed, but the catalytic activity

remains low with low O2 yield. We recently showed that the mono-site iridium-Cp*

complexes can be efficiently anchored to an ITO surface via COOH or PO3H2

Table 12.1 Water oxidation catalytic systems derived from molecular complexes and organo-

metallics for homogeneous oxygen evolution using catalyst activator or external chemical oxidant(s)

Catalysts System Conditions TOF TONa Ref.

Blue dimer Homogeneous,

aqueous

Ce(IV) 0.0042

s�1
13 [25]

Mn-terpy dimer Homogeneous,

aqueous

Ce(IV) in NaClO � 4 [22]

Ru-terpy dimer Homogeneous,

aqueous

Ce(IV) in HClO4 � ~1 [26]

Ru2-Hbpp.terpy2 Homogeneous,

aqueous

Ce(IV) in triflic acid � ~15 [27]

Terpy-Ru(N–N)b Homogeneous,

aqueous

Ce(IV) in 0.1 M acids ~0.02

s�1
~600 [13,

20]

Cp*-Ir-(ph-py)Clc Homogeneous,

aqueous

Ce(IV) in MeCN/H2O 0.9 s�1 1,500 [31]

FeIII-TAMLd Homogeneous, pH

¼ 0.7

Ce(IV) in H2O 1.3 s�1 ~12 [9]

[Co4O4] cubane Homogeneous,

photochemical

[Ru(bpy)3]
2+ in

Na2S2O8 solution

0.02 s�1 40 [10]

Co4O4–POM
e Homogeneous, pH

¼ 8

[Ru(bpy)3]
2+ ~5 s�1 75 [32]

Fe-tetradentate

N-ligand

Homogeneous, pH

¼ 1,2

Ce(IV) in H2O 150–

850 h�1
~1,000 [29]

[(bipyridine)-Ir-

Cp*-(OH2)]

Homogeneous, pH

¼ 1–2

Ce(IV) in aq. HNO3 150–

850 h�1
~1,000 [34]

aTotal turnover produced at the end of catalysis operation
bN–N is di-nitrogen ligands
cCp* is pentamethylcyclopentadiene and ph-py is 2-(2-pyridyl)phenylate
dTAML is tetraamido macrocyclic ligand
eCo-polyoxometalate [Co4(H2O)2(PW9O34)2]

10� complex
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linkers (Fig. 12.4). During long-term controlled potential electrolysis (CPE) of

water (Fig. 12.5), the electrocatalytic system generates greater than 200,000

TONs for O2 generation with a TOF of more than 6.7 s�1. The oxygen evolution

current density was >1.75 mA cm�2 in a pH¼ 4 solution [34]. Another interesting

report describes a copper bipyridine (Cu-bpy) hydroxo-complex, [(bpy)Cu

(μ-OH)]22+, for alkaline water electrolysis. The Cu hydroxo-complex self-assem-

bles in a pH> 11 solution and shows a turnover frequency up to 100 s�1 [35]. How-

ever, the system operates at a high overpotential, 700–900 mV in alkaline

electrolyte, which may limit its large-scale application for the H2/O2 evolution

via water electrolysis, especially when used for liquid fuel production

(in combination with a CO2 reduction module).

12.4.2 POM-Based Catalyst for Electrochemical Water
Oxidation

Another example for the electro-driven water oxidation was introduced in the form

of a polyoxometalate diruthenium-substituted catalyst for oxygen evolution. A

POM is an inorganic structure with two metal sites bridged by oxygen and

hydroxo-units and is potentially more robust than the organic molecular catalysts

Fig. 12.4 A surface-immobilized electrochemical water oxidation assembly showing Cp*-irid-

ium-derived complexes with L2bpy (L¼COOH, PO3H2) ligands for electro-driven oxygen

evolution

358 K.S. Joya



for optimal catalytic performance. The water electrolysis was conducted in aqueous

phosphate buffer (pH¼ 8), and a catalytic current is observed at 0.55 V that

increases with the applied potential up to a maximum of 1.05 V. A Tafel slope of

~120 mV per decade was observed, which excludes the formation of Ru-oxide

during catalysis [36]. Recently, a tetraruthenate core POM assembly was integrated

with a multiwalled carbon nanotube (MWCNT)/ITO surface to form a nanostruc-

tured oxygen-evolving assembly for electrochemical water oxidation (Fig. 12.6). In

a pH¼ 7 solution, TOFs from 36 to 306/s were obtained, depending on the applied

potential, which are higher than the previous practices. The excellent performance

of the system is attributed to the synergistic coupling of the Ru4-POM with

MWCNT on ITO surface which provides good electrical plugging of the hybrid

material to make the nanoscale structure [37]. A list of molecular complexes for

electrochemical oxygen evolution is given in Table 12.2, which summarizes vari-

ous concepts related to molecular complexes developed during water oxidation.

12.5 Mechanism of Water Oxidation

Formation of O2 is realized by the extraction of four electrons and protons in four

consecutive PCET steps from two water molecules in Mn4CaO5 cluster embedded

in the photosystem II. The stepwise increase in the oxidation state of the Mnn+ gives

Fig. 12.5 Controlled potential water electrolysis with the ITO, ITO/Cat.Ir–PO3H2, and (inset)
ITO/Cat.Ir–COOH in deoxygenated 0.1 M buffer solution (pH¼ 4) at 1.75 V (vs. NHE). Catalyst

density is 1.55–1.75� 10�10 mol cm�2. Reproduced from ref. [34] by permission of JohnWiley &

Sons Ltd
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rise to the accumulation of the four oxidizing equivalents, and consecutive PCET

steps enable the accumulation of four redox equivalents while circumventing high-

energy intermediates during the multi-electron water oxidation cycle [38]. In arti-

ficial biomimetic molecular catalytic systems, the maximum oxygen evolution

activity is thought to be constrained by a minimum overpotential of ~0.4 V. In

Fig. 12.6 Nanostructured

oxygen-evolving material

comprises of a

tetraruthenate core POM

integrated with MWCNT

surface on ITO anode for

electrochemical water

oxidation

Table 12.2 Electrocatalytic water oxidation systems derived from molecular complexes

Catalysts System Conditions TOF, Ja TON Ref.

Mn4O4

cubane

complex

Heterogeneous, photo-

and photo-

electrochemical

1.0 V (Ag/AgCl) Xe

lamp

� 1,000 [10,

18]

PO3H2-terpy-

Ru dimer

Heterogeneous, pH ¼
6

1.5 V (Ag/AgCl) � 3 [12]

Ru2-Hbpp.

t_trpy

Heterogeneous, pH ¼
1

1.17 V (Ag/AgCl) in

triflic acid

� 120 [9,

10]

Ru2-Btpyan Heterogeneous, pH ¼
4

ITO +1.7 V (Ag/AgCl) 0.12

mA/cm2
33,500 [8]

Mebimpy-Ru

(N–N)b
Heterogeneous, pH ¼
5

1.85 V (NHE) in 0.1 M

acetate buffer

0.36 s�1,

14.8 μA/
cm2

11,000 [33]

Terpy-Ru(N–

N)Ru(bpy)3L
c

Heterogeneous, pH ¼
1

1.80 V (NHE) in 0.1 M

HClO4

0.3 s�1,

6.7 μA/
cm2

8,900 [33,

40]

[(PO3H2)2-

bpy]-Ir-Cp*-

(OH2)
d

Heterogeneous, pH ¼
4

1.75 V (NHE) in 0.1 M

acetate buffer

~6.5 s�1 2 �
105

[34]

[(bpy)Cu

(μ-OH)]22+
Heterogeneous, pH >
4

700–900 mV

overpotential in alka-

line electrolyte

~100 s�1 [35]

[Ru(dcabpy)

(py-pic)2]
e

CNT/ITO, pH ¼ 7e 1.4 V (vs. NHE) 0.22

mA/cm2
11,000 [10]

aJ ¼ current density (in mA/cm2)
bN–N is di-nitrogen-based ligands and Mebimpy is 2,6-bis(1-methylbenzimidazol-2-yl)-pyridine
cTpy-Ru(N–N)Ru(bpy)3 L is [{4,40-(H2O3PCH2)2-bpy}2Ru

II (bpm)RuII(tpy)-(OH2)]
4+

dCp* is pentamethylcyclopentadiene and bpy is 2,20-bipyridine
epy is pyrene and pic ¼ 4-picolin; CNT is carbon nanotube
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these systems the cycle proceeds through an HOO* intermediate, and there is a

constant difference of 3.2� 0.1 eV in the affinity between the HOO* and the HO*

intermediates [39]. In many WOCs, a detailed mechanistic insight for water

oxidation and O–O bond formation is difficult to obtain [9, 11]. Both single-site

and binuclear Ru complexes are unable to construct a four-step PCET mechanism

for water oxidation. In mono-site ruthenium complexes, an HOO* intermediate is

formed at high overpotential from a [RuV¼O]3+ species generated by an electron

transfer pathway in a non-PCET rate-limiting step [13]. The formation of dioxygen

in binuclear Ru systems is realized either by intramolecular O–O bond formation

through oxo-oxo coupling at two catalytic sites without HOO* generation, which is

prone to catalytic deactivation after few cycles, or by nucleophilic OH2 insertion

generating a higher-energy HOO* intermediate in a non-PCET step [40].

In iridium organometallics and metal complexes [(Cp*)IrIII(N–C)OH2]
+ and

[(Cp*)IrIII(N–N)OH2]
2+, the Ir-oxo species [IrV¼O)]n+ (n¼ 1 for N–C and 2 for

N–N) is suggested to be generated from [IrIII-(OH2)]
n+ oxidation with two protons

released [31]. The O–O bond formation possibly proceeds by the nucleophilic

attack of an OH2 to a [IrV¼O)]n+ intermediate (Scheme 12.3). At the same time,

a proton is thought to leave from the attacking OH2 to make a hydroxide ion that

enhances the nucleophilicity for Ir-oxo complex [31, 34]. It is already defined that

on second aqua insertion, the next electron removal is not coupled with the proton

transfer. Most likely the [IrIII–OOH)](n-1)+ complex is generated by deprotonation

accompanying the second OH2 ligation to the [Ir
V¼O)]n+. This can eject an electron

to form a [IrIV–OOH)]n+-type intermediate in the next step (Scheme 12.3) and then

loses the fourth electron and proton and generates dioxygen while re-coordinating

to another OH2 to regenerate the aqua complex for the next catalytic turnover

[31]. As the catalyst shows a fast rate for oxygen evolution, the last OH2 ligation is

not likely to be the rate-limiting step, and the [IrV–OO)]n+ may not be a reaction

intermediate but a lowered transition state or transient species [Scheme 12.3 (II)].

Most probably the large bite angle of the bpy-Ir and Cp* provides a wide gap to

facilitate rapid OH2 insertion at the beginning of the second half of the water

oxidation cycle. Moreover, the strong electron-donating character of the Cp*

helps to stabilize the complex and intermediates during the catalytic cycle [34].

12.6 Conclusions and Outlook

Catalytic water oxidation to make hydrogen or other nonfossil carbon-neutral fuels

using sunlight is an attractive and feasible approach for future renewable energy

carriers. Establishing a stable and efficient light-induced electrochemical molecular

water oxidation system is a key step towards the development of a bio-inspired

solar-to-fuel conversion device [41]. With the advent of modern technology and

chemical science developments, the picture is getting clear towards a stable and

efficient WOC derived from molecular complexes and organometallics. Significant

scientific steps have been made in the recent years related to water-splitting science

and solar fuel research [42]. Thermodynamically speaking, water oxidation process
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is an energy-intensive regime, but the smart design of the catalytic material

biomimicking the Mn4CaO5 cluster in the photosynthetic system could make it

possible to split water with ease, aiming to operate with small activation barriers

and at moderate overpotential. From noble metal complexes to transition metal

organometallics, multinuclear to mono-site systems, various water oxidation cata-

lysts have been investigated both in a homogeneous solution and immobilized on

surfaces in electrochemical or photo-electrochemical setups. In this chapter, we

attempted to give an overview of the recent progress in the design and implemen-

tation of molecular catalysts and organometallics for water oxidation in homoge-

neous phase and surface electrochemical assemblies. The field of water oxidation

catalysis is growing, and the next step is the synergistic combination of the various

components to make the artificial device for conversion of water, sunlight, or

carbon dioxide into oxygen, hydrogen, or low-carbon fuels for a sustainable and

greener future.

Scheme 12.3 A plausible water oxidation mechanism and O–O bond formation by the [(N–N)

IrIII(Cp*)–OH2]
2+ complex (Reproduced from Ref. [34] by permission of John Wiley & Sons Ltd)
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Chapter 13

Recent Development in Water Oxidation
Catalysts Based on Manganese and Cobalt
Complexes

Lawrence Yoon Suk Lee and Kwok-Yin Wong

Abstract Energy directly harvested from sunlight offers an ultimate method of

meeting the needs for clean energy with minimal impact on our environment.

Intensive research efforts are currently being put on the development of efficient

conversion system that can transform solar energy into fuel via light-driven water

splitting to generate H2 and O2, learning from Nature’s photosynthesis to collect

and store solar energy in chemical bonds. Especially, the development of efficient

water oxidation catalysts is one of the key issues for achieving artificial photosyn-

thetic devices. From a practical point of view, it is highly desirable to replace noble

metal catalysts, which have been quite successful so far, by earth-abundant metal

catalysts. In recent years, there has been noticeable progress in the development of

water oxidation catalysts (WOCs) based on earth-abundant metals. This review

chapter covers the most significant achievements in WOCs based on manganese

and cobalt complexes, with emphasis on recent developments in the last three years.

Keywords Water oxidation • Proton-coupled electron transfer • Photocatalysis •

Electrocatalysis • Manganese complex • Cobalt complex • Homogeneous catalysis

13.1 Introduction

The civilization of mankind has accelerated with the discovery and use of energy in

a wise and productive way. Our society now has become so dependent on the

energy mostly generated by burning the fossil fuels that a single day without it is

difficult to imagine. After the exponential growth through the industrial era, the

realization that the use of traditional fossil fuels produces much carbon dioxide,

creating a significant negative impact on the environment such as global warming,

has sparked vast efforts in search for substitutes of fossil fuels from the academic

circles to the industries. The fossil fuels on which we are heavily relying for our
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daily activities currently provide more than 80 % of total energy consumption

worldwide and have started to show the signs of depletion. Oils, for example, are

predicted to deplete in next 50 years [1]. The current situation has put the search for

clean and renewable energy sources as the highest priority and one of the most

urgent matters for sustaining the progress and development of our society. Novel

renewable carbon-free or carbon-neutral energy sources must be identified and

generated in next 10-50 years. Among all the energy options available, solar energy

is the most promising and the only source of truly renewable energy. Earth receives

solar energy at the rate of approximately 120,000 TW (1 TW¼1012 W), which

vastly exceeds the current annual worldwide energy consumption rate of approxi-

mately 17 TW [2]. Many strategies are under intensive development for a better

utilization of this endless energy from the sun, including solar to electricity

(photovoltaics) and solar to fuel (photosynthesis). Nonetheless, the efficiencies of

such solar-energy conversion have not yet met the standards required by consumers

market. Most techniques developed so far carry some weaknesses, either in low

conversion efficiency or economic viability. There are also technical limitations in

scaling up which set a high barrier to the market. Nature has shown us a hint:

photosynthesis that occurs every day in the plants provides an excellent example of

efficient utilization of solar energy on the large scale. Solar-energy conversion via

water splitting occurs in the reaction center of photosystem II (PS-II) in

cyanobacteria, algae, and green plants. The advance in understanding the natural

photosynthetic water-splitting chemistry can offer a solid basis for unraveling the

mechanisms of water splitting into oxygen and hydrogen gases. Hydrogen produced

from the water splitting can serve as an ultimate clean energy and used in fuel cells.

It can be also used in industries for chemical synthesis. In industry, a large amount

of ammonia is currently being synthesized using hydrogen that is produced from

fossil fuels, such as natural gas by steam reforming. Alternate production of

hydrogen from water can avoid the massive coproduction of CO2 in the conven-

tional method and serve as the storage of solar energy in chemical bonds.

Extensive efforts have been devoted to the research of mimicking Nature’s
photosynthesis process, the artificial photosynthesis, to harness solar energy for

clean and sustainable fuel production. Artificial photosynthesis is a collective

system of multiple processes: light harvesting, charge separation, catalytic oxida-

tion and reduction of water, and CO2 fixation. There have been remarkable

advances in photovoltaic researches that new materials efficient in harvesting the

sunlight and separating charges are now available [3–7]. Many excellent water

reduction catalysts for hydrogen evolution [8–11] and CO2 fixation using homoge-

neous catalysts under mild conditions [12–14] have been developed. The most

difficult step in artificial photosynthesis is water oxidation. Over the last three

decades, many water oxidation catalysts were developed. However, the majority

of these effective catalysts are based on rare and precious metals. Contrast to our

achievements, Nature only uses a Mn4Ca cluster as an active catalyst. It is made of

abundant and thus cheap metals and still beats our catalysts with incomparable

efficiency and stability. The manganese complexes in Nature are known for all

oxidation states between MnII and MnV, thereby making multiple one-electron
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oxidation processes possible. Despite of less successful examples so far, all of these

facts make manganese complexes a potential candidate for water oxidation catalyst.

In this review chapter, we will start from the understanding of how Nature

efficiently handles the process of splitting water molecule and briefly summarize

the early efforts to mimic this process using non-noble metal complexes. As

inexpensive water oxidation catalysts are highly desirable for the development of

photocatalytic solar cells and fuel production from water and sunlight, manganese

and cobalt catalysts appear as very relevant choices. We mainly focus on recent

achievements in the development of water oxidation catalysts based on earth-

abundant manganese and cobalt with emphasis on homogeneous molecular

complexes.

13.2 Water Oxidation in Nature

13.2.1 Oxidation of Water

In the process of splitting water, the oxidation part is considered as a bottleneck for

the realization of artificial photosynthesis. The electrochemical oxidation of water

or hydroxide ion involves the following reactions.

4e� þ 4Hþ þ O2 Ð 2H2O E� ¼ 1:23 V vs: SHE pH ¼ 0ð Þ ð13:1Þ
4e� þ 2Hþ þ O2 Ð 2OH� E� ¼ 0:41 V vs: SHE pH ¼ 14ð Þ ð13:3Þ

These four-electron oxidations of water afford a good measure of the thermody-

namic requirements for the electrochemical processes. The electrons required for

these redox processes are continuously supplied from an electrode, either by

simultaneous or sequential transfer of multiple electrons. However, the photochem-

ical processes of these reactions are largely limited by the transfer of necessary

electrons which is induced through one-photon absorption by a sensitizer molecule

under highly specific photon–flux–density conditions. The alternative one-electron

oxidation of hydroxide ion (Eq. 13.3) by photochemical approach requires UV light

irradiation, since the standard potential is rather high. The two-electron oxidation of

water (Eq. 13.4) generally produces hydrogen peroxide. Water oxidation is not only

a thermodynamically demanding reaction (E�¼1.23 V vs. SHE at pH 0) but also

represents tremendous molecular complexity from the mechanistic perspectives.

This reaction involves the removal of four protons and four electrons from two

water molecules, with the concurrent formation of bonding between two oxygen

atoms. Thus, the water oxidation process is recognized as the bottleneck for the

development of solar-energy conversion devices, such as artificial photosynthesis,

and remains as one of the most important and urgent research fields. One way

of facilitating this complicated task would be via a pathway known as proton-

coupledelectron transfer (PCET). This coupling of electron transfer to proton transfer
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allows the total charge of a chemical species to remain unchanged and avoids the

charge buildup and high-energy intermediates and thus is of fundamental importance

in many biological and chemical processes, including the water oxidation in Nature.

e� þ OH� Ð OH� E� ¼ e2 V vs:SHE ð13:3Þ
2e� þ 2Hþ þ H2O2 Ð 2H2O E� ¼ 1:77 V vs: SHE pH ¼ 0ð Þ ð13:4Þ

13.2.2 Photosystem II (PS-II)

In Nature, light-driven oxygen generation occurs at the oxygen-evolving complex

(OEC) of photosystem II (PS-II) present in photosynthetic organisms, such as

cyanobacteria, algae, and green plants [15–20]. PS-II is a multi-subunit enzyme

complex that features a chlorophyll-based antenna system and a special chlorophyll

pair to absorb photons and separate charges. Upon the absorption of visible light

(λ¼~400–700 nm) by chlorophyll antenna, the immediate and efficient charge

separation at the chlorophyll pair results in the reduction of quinones and the

formation of a strong oxidant, P680
+ (E�¼1.2 V vs. NHE). Through a sequential

PCET involving a chain of redox-active cofactors in a so-called Kok cycle [21],

four electrons from two water molecules are subtracted, releasing dioxygen at the

unique tetranuclear manganese cluster embedded in PS-II [22–24]. This cluster is

called the oxygen-evolving complex (OEC) as two water molecules are bound to

and oxidized to molecular oxygen.

It is striking that there are only minor differences on the level of this water-

splitting complex found from a wide range of organisms, even after billions of years

of evolution. The oxidation of water in the OEC has continued since the advent of

cyanobacteria with little alteration. This uniqueness in structure and function as

well as the complexity has made PS-II, especially OEC, the subject of intense

research efforts in order to gain a detailed understanding of light-driven water-

splitting process [15, 16, 18, 19, 25–29]. In PS-II, more than a thousand water

molecules are found, providing extensive hydrogen-bonding networks that may

serve as channels for protons from the manganese cluster to the reduction site.

Recent studies with a resolution down to 1.9 Å have unveiled many structural

details of OEC. Five metal atoms (four Mn and one Ca) connected by five oxygen

atoms as oxo-bridges are suggested to form a cubane-like Mn4CaO5 cluster where

four water molecules are bound [15]. In this suggested structure, each metal ion has

three μ-oxo bridges in a Mn3CaO4 cubane structure which is connected to another

Mn ion by a mono-μ-oxo bridge. The linking mode of metal ions is still a matter of

debate and several other models were suggested, for example, one in which the fourth

manganese is connected to an μ-oxo ligand of theMn3Ca cubane and one in which it is

connected to aMn ion of this cubane through carboxylate bridges. The fourth dangling

Mn was proposed to undergo stepwise oxidation coupled with proton liberation.

The formation of a MnV¼O unit was also suggested for this dangling Mn atom, on

which water attack is responsible for the O–O bond formation [15, 16].
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13.2.3 Homogeneous and Heterogeneous Catalytic Water
Oxidation

Homogeneous catalytic systems for water oxidation have the advantages in study-

ing the detailed mechanisms and detecting the active intermediates, such as high-

valent metal-oxo species [22, 30, 31]. The properties of catalysts can be readily

tuned through careful ligand modification, which also allows a controlled coupling

of the catalysts to photosensitizers. An important issue on homogeneous catalysts is

their structural integrity during the water oxidation, especially those metal com-

plexes with organic ligands. Organic ligands are prone to the oxidation by the

oxidants used in water oxidation, resulting in the formation of insoluble metal

oxides or hydroxide particles after the hydrolysis of released metal ions. The highly

oxidizing conditions required for O2 evolution can also cause the oxidation and

decomposition of even durable inorganic ligands, such as polyoxometalate, in some

cases. The resulting metal oxides or hydroxides are also known as robust and highly

active catalysts for water oxidation. The question that whether catalysis is accom-

plished by the soluble molecular catalyst or the molecular catalyst is merely a

precursor for an insoluble heterogeneous metal oxide, which is the true catalyst for

water oxidation, has become the subject of intensive debate [32]. Thus, very careful

examination would be required for homogeneous catalytic systems when analyzing

the kinetics and detecting the intermediates in water oxidation.

13.3 Manganese Complex Catalysts

Since the recognition of its involvements in biological redox systems in the 1970s,

manganese complexes have long been contributed to the studies related to the

structure and function of the OEC in PS-II [22, 33–37]. In the effort of understand-

ing the structural and mechanistic aspects of the OEC, a number of such

oxomanganese complexes of varying nuclearity, ligands, and type and number of

oxo-bridges had been synthesized and characterized in the 1980s. However, most of

these complexes which were designed as a structural model for the OEC have not

been successful in generating O2 from water except for a handful of examples such

as trans-MnIV(ans)2Cl2 (ans¼N-alkyl-3-nitrosalicylimide) [38–40],

[(bpy)2MnIII(μ-O)2MnIV(bpy)2)]
3+ (bpy¼2,20-bipyridine, μ is a bridging mode)

[41], and o-phenylene-linked dimanganese porphyrin complex [42].

13.3.1 Early Manganese Complex Catalysts: Dimer
and Related Catalysts

Inspired by the manganese porphyrin dimer [42] and μ-oxo ruthenium dimer [43],

both of which were thought to catalyze water oxidation through a terminal

oxo-ligand of a high-valent metal ion M¼O, another di-μ-oxo dinuclear complex
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with terpyridine ligands [(tpy)(H2O)MnIII(μ-O)2MnIV(tpy)(H2O)]
3+ (tpy¼

2,20:60,200-terpyridine; Mn dimer, Fig. 13.1a) was synthesized for catalytic O2

evolution by Limburg’s group [44, 45]. A homogeneous O2 evolution from the

reaction of Mn dimer and an oxygen donor (sodium hypochlorite (NaClO) or

Oxone®) in an aqueous solution was reported with a maximum turnover number

(TON) of 4 for 6 h. Several other reports followed to show the catalytic O2

evolution by similar dinuclear manganese complexes and Oxone [46–50]. There

are still controversies regarding the water oxidation catalyzed by the Mn dimer,

because the evolved oxygen can also be transferred from Oxone (HSO5
–) or the

organic peroxide t-BuOOH, not water. Although they tried an 18O-isotope-labeling

experiment to demonstrate the O atom originated from water not the oxidant, the

isotope exchange between ClO� and H2
18O was completely ignored to puzzle the

18O-isotope-labeling results. Their proposed catalytic cycle for O2 evolution

involved a hypothesized intermediate of di-μ-oxo MnV–MnV dimer with terminal

Fig. 13.1 Dimeric manganese complexes investigated as water oxidation catalysts (WOCs) [41,

44, 61, 62, 70, 73]
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manganese-oxo (Mn¼O) group. This intermediate was proposed to react with OH�

to produce O2 and di-μ-oxo diaquo-MnIII–MnIII dimer, yet it had not been detected

during the reaction. Later, in another reaction of Mn dimer with a one-electron CeIV

oxidant, a smaller amount of O2 was detected with a lower TON of less than unity

(0.54), suggesting non-catalytic O2 evolution by Mn dimer which eventually

decomposed to permanganate ions by ligand oxidation after 6 h [44]. Other groups

also investigated the catalytic water oxidation by Mn dimer in an aqueous phase

using a non-oxygen-containing oxidant CeIV or [Ru(bpy)3]
3+, but no O2 evolution

was observed [51–53]. Baffert and coworkers concluded that Mn dimer is not a

suitable homogeneous catalyst for water oxidation due to the formation of an

inactive tetranuclear linear complex with a μ-oxo bridge from MnIV–MnIV state

of Mn dimer [52, 54]. Later, studies using resonance Raman spectroscopy by

Limburg and coworkers revealed that the exchange of oxygen atoms between

OCl� and water is rather fast (t1/2<10 s) and thus may account for another pathway

toward O2 evolution [45]. More recent results of 18O-isotope-labeling experiments

gave deeper insights on possible explanations for the water oxidation by μ-oxo Mn

dimers [55, 56]. Based on the mass spectrometric analysis of O2 evolution exper-

iments in H2
18O-enriched aqueous solutions, either no (H2O2, t-BuOOH) or only

50 % ( HSO5
�) of 18O-isotope label was found to be incorporated into the O2

produced. The reactions with peroxides, therefore, seem to follow a different

pathway from the water oxidation reaction, which involves the transfer of at least

one oxygen atom from the oxidant to a manganese center. Very recently, a new

mechanism of the O2 evolution catalyzed by Mn dimer was proposed by

Hatakeyama and coworkers based on density functional theory (DFT) calculations

[57]. In order to explain the results of the isotope study without including the

MnV¼O intermediate, they considered the dinuclear manganese complex in the

presence of excess oxidants (OCl� or HSO5
�) to be neutralized by three counter-

ions that enables HO� to form from Mn-bound water (OCl� acting as an activator)

and an O–O bond to form by accepting an electron transferred from HO�.
In 1986, Kaneko and coworkers [41, 58] first reported the O2 evolution catalyzed

by [(bpy)2MnIII(μ-O)2MnIV(bpy)2)]
3+ (Fig. 13.1b) using CeIV as oxidant in hetero-

geneous phase, with the manganese dimer adsorbed on the surface of clay. Several

attempts have followed to directly attach the Mn dimer and similar dinuclear

manganese complexes onto supporting layers of clay minerals, such as kaolin,

montmorillonite, and mica [51, 59–64]. The adsorption of dimanganese complexes

on the supporting layers induced the catalytic evolution of O2 from the reaction of

water with CeIV, with maximum TONs ranging from 15 to 17. Yagi and coworkers

observed that the supporting layers are essential for preventing the decomposition

of Mn dimer to MnO4
– by disproportionation [51]. The use of kaolin or mica as a

solid support not only suppressed the formation of MnO4
� but also provided a

surface of highly concentrated Mn dimers, which was favorable for the cooperative

catalysis. These aluminum silicates serve as very hydrophilic and layered surfaces for

the metal complexes to strongly bind to, and they are also stable to oxidation and

13 Recent Development in Water Oxidation Catalysts Based on Manganese. . . 371



hydrolysis, which make them suitable for water oxidation under highly acidic

conditions. The adsorption-induced water oxidation with CeIV was not limited to

Mn dimers. The manganese complexes [(HB(pz)3)MnIII(μ-O)(OAc)2MnIII((pz)3BH)]

(pz¼pyrazole, Fig. 13.1c) and [(tpdm)MnIII(μ-O)(OAc)2MnIII(tpdm)]2+ (tpdm¼ tris
(2-pyridyl)methane, Fig. 13.1d) which are inactive in homogeneous phase were

reported to form active heterogeneous water oxidation catalysts when immobilized

on kaolin or montmorillonite [61, 62]. Electron-withdrawing or electron-donating

groups introduced to the tpy ligands of Mn dimer/mica system strongly affected the

rate and extent of water oxidation using CeIV as oxidant, suggesting that theMn-dimer

derivatives were also active catalysts for water oxidation [64].

UV/Vis spectroscopy revealed that the immobilization of Mn dimer greatly

altered its electronic properties, indicating strong interactions of the Mn dimer

with the clay surfaces [61, 63]. More importantly, kinetic studies and electron

paramagnetic resonance (EPR) spectroscopy suggested that the catalysis involves

the cooperation of two or more manganese centers, which was facilitated by the

adsorption on interlayers of clay minerals [60, 62, 65]. It was proposed that these

manganese aggregates are built up from oxo-linked manganese centers of an

oxidation state �+3, as the adsorption of MnII ions on montmorillonite did not

lead to an active catalyst [62]. Although the dimerization of two Mn dimers has

been demonstrated to occur viaoxo-bridging of manganese centers, and the precise

structures of resulting Mn4 species were obtained using X-ray crystallography [52,

66], the exact nuclearity, structure, and geometry of them on the clay support are

not yet confirmed. In fact, there is still a question on what species is truly respon-

sible for the catalytic water oxidation. Recently, Najafpour and coworkers reported

detailed studies on the surface characterizations of clay or mica that has adsorbed

Mn-dimer molecules. Using various techniques including XPS, FT-IR, XRD, SEM,

and TEM, they showed that it takes only a few minutes of water oxidation to cover

the surface with nanosized manganese oxides which is proposed to be the active

catalyst [67, 68]. Similar conversion of chloro-bridged iridium dimer complex to

the iridium oxide nanoparticles was reported during the water oxidation with

CeIV [69].

Another interesting homogeneous dinuclear manganese complex based on a

ligand containing two imidazole groups was reported by Karlsson and coworkers

(Fig. 13.1e) [70]. They improved previously reported ligand [46, 71, 72] by

substituting benzylic amines with more oxidatively stable imidazole groups and

introducing negatively charged carboxylate groups which dramatically reduced the

redox potentials of the metal center. In the presence of a single-electron oxidant [Ru

(bpy)3]
3+, this complex showed catalytic oxidation of water to molecular oxygen

giving a TON of ca. 25 after 1 h. 18O-labeling experiments confirmed that both

oxygen atoms of dioxygen produced are derived from water. Moreover, it was also

capable of catalyzing photochemical water oxidation using either [Ru(bpy)3]
2+ or

[Ru(bpy)2(deeb)]
2+ (deeb¼4,40-bis(ethoxycarbonyl)-2,20-bipyridine). The oxidation-

resistant ligand environment was claimed to allow homogeneous catalytic oxidation
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of water by use of the mild single-electron oxidant, although the involvement of

heterogeneous manganese oxide as an active catalyst is still in question.

A series of related dinuclear manganese complexes were reported by Arafa and

coworkers while we were preparing this review chapter [73]. They introduced a

variety of substituents as non-innocent distal groups in order to investigate their

impacts on promoting proton transfer processes during water oxidation catalysis. In

the presence of [Ru(bpy)3]
3+, the complex possessing distal carboxylate group was

reported to evolve O2 most efficiently among all the derivatives with a TON

of 12 (Fig. 13.1f). This was ascribed to the decreased redox potentials in the

manganese complex, which would improve the O–O bond formation. In addition,

DFT calculations supported that the distal carboxylates in the ligand framework

allow the accommodation of a bridging hydroxide/aqua molecule to yield a

hydrogen-bonded scaffold, which might facilitate the oxidation of water.

13.3.2 Dye-Sensitized Manganese Catalytic Systems

In order to utilize sunlight as a driving force for water oxidation, oxygen-evolving

electrocatalysts were coupled to light-absorbing dyes and sacrificial electron accep-

tors in attempts to engineer homogenous photocatalysts. Dyes with an oxidation

potential higher than +0.82 V (vs. NHE) are required to drive water oxidation in a

solution of pH 7. Conventional [Ru(bpy)3]
2+ and [Ir(bpy)3]

2+ dyes are routinely

used to harvest visible light and to generate the sufficient oxidizing driving force for

the activation of catalyst. The activated catalyst then extracts electrons from water

molecule to complete the redox cycle.

Sun and coworkers reported a MnII complex covalently linked to [Ru(bpy)3]
2+ as

a first step of mimicking PS-II and showed that after initial electron transfer from

the photoexcited RuII to an external electron acceptor, methyl viologen (MV2+),

intramolecular electron transfer takes place from the MnII to the photogenerated

RuIII in acetonitrile solution (Fig. 13.2) [74, 75]. They also showed that external

dinuclear manganese complex could be oxidized by the tyrosyl radical

photogenerated by intramolecular electron transfer in aqueous solution [76], and

Mn dimer covalently linked to Ru photosensitizer via a tyrosine unit could be

oxidized by photogenerated RuIII [77]. Burdinski and coworkers used a similar

approach with mono-, di-, and trinuclear manganese complexes with phenolate

ligands covalently linked to [Ru(bpy)3]
2+ [78]. They showed that intramolecular

electron transfer takes place from a MnII-trimer moiety to the photochemically

generated RuIII, as well as from a phenolate ligand to the RuIII in a MnIV-monomer

derivative [79]. Although catalytic O2 evolution was not demonstrated, these works

by Sun and Burdinski have offered mechanistic insight into the electron transfer

coupled with proton transfer which very likely plays an important role in photo-

synthetic water oxidation.
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A few studies on the photochemical and catalytic properties of oxomanganese

complexes immobilized on solid supports have followed. Yagi and coworkers

incorporated [Ru(bpy)3]
2+ and [(H2O](tpy)MnIII(μ-O)2MnIV(tpy)(H2O)]

3+ within

a mica support via cation exchange [80]. This configuration could bring the Ru

dye and Mn dimer close enough for reductive quenching of excited dye by the Mn

dimer. However, the isolation of these reactive centers within a mica support

limited the oxidative quenching by the dissolved S2O8
2�. Consequently, the

efficiency of the mica/Mn-dimer/Ru-dye photocatalytic system was not very high

that it yielded a TON of 3.4 after 17 h of visible light irradiation.

Co-attachment of both dye and manganese catalyst onto the surface of a support,

such as TiO2 nanoparticle, was expected to help resolving this problem. This would

ensure the oxidative quenching by the conduction band of TiO2 as well as the

proximity-enhanced reductive quenching of excited dye. Similar attempts have

been made with Pt nanoparticles attached onto TiO2 which had been shown to

split water molecule by UV light irradiation in the gas phase but not in the liquid

phase [81]. Brudvig and coworkers reported the direct deposition of a Mn dimer

[H2O(tpy)MnIII(μ-O)2MnIV(tpy)H2O](NO3)3 onto TiO2 nanoparticles, either by

substituting one of its water ligands with TiO2 nanoparticle [65] or using a robust

chromophoric covalent linker [82, 83]. Although these two systems successfully

demonstrated the visible light-induced formation of MnIV tetramers [65] and a

higher oxidation state of MnIV–MnIV [83], photocatalytic O2 evolution was not

observed. Both configurations required the activation with Ce4+ as the primary

one-electron oxidant for the splitting of water.

13.3.3 Manganese–Corrole Systems

Corroles are naturally occurring macrocyclic ligands and known to stabilize the

coordinated metal centers in high-valent oxidation states. In 2007, Gao and

Fig. 13.2 Photoinduced

electron transfer pathway of

a MnII complex linked to

[Ru(bpy)3]
2+ dye in the

presence of MV2+.The

curved arrows show the

transfer of an electron from

excited RuII complex to

MV2+ and intramolecular

electron transfer from

coordinated MnII to

photogenerated RuIII [74]
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coworkers showed water oxidation electrochemically catalyzed by a manganese

complex where a xanthene backbone functionalized with mono- and bis-corrole

units was used to bind the metal (Fig. 13.3a) [84]. In the latter complex, two corrole

units are configured in a face-to-face manner, keeping the two manganese centers in

a close and rigid environment that is beneficial for stabilizing them in high-valent

states. From a potential-controlled electrolysis in a 3:2 CH3CN:CH2Cl2 solution

containing nBu4NOH, O2 evolution was detected with the potential scanning from

1.0 to �1.5 V. In the absence of mechanistic details, electrocatalysis at 0.85 V for

15 min at 20 �C showed that the binuclear manganese complex was able to generate

O2 more efficiently (46 μM) than the mononuclear complex (16 μM). The moderate

difference in their catalytic efficiency suggested that both catalysts operated

through a common single-site mechanism which was further verified by DFT

calculations indicating that both manganese–corrole catalysts react via nucleophilic
addition of water or hydroxide to a MnIV¼O intermediate [85]. Bis-corrole man-

ganese catalyst may react via O–O coupling, but this route was energetically less

favorable than the nucleophilic attack. The authors prepared another manganese

(III) corrole complex in a subsequent report in order to get a better understanding of

manganese–corrole system and investigate the possibility of O–O bond formation

by the attack of water (Fig. 13.3b) [86]. The nucleophilic attack of hydroxide on a

high-valent MnV¼O species that was generated by adding the oxidant triggered

rapid oxygen evolution, as verified by real-time MS measurements, and it was

suggested as a potential mechanism for oxidation of water to molecular oxygen.

MnV¼O and MnIV-OO� species were identified as catalytic intermediates by

means of electronic absorption measurements, high-resolution mass spectroscopy,

and 18O-isotope-labeling experiments. Although only very small amounts of O2

Fig. 13.3 Manganese and other WOCs based on corrole system [84, 86–88]

13 Recent Development in Water Oxidation Catalysts Based on Manganese. . . 375



were detected with a TON of 0.01, it is a valuable finding that water oxidation can

proceed via nucleophilic addition of hydroxide to a mononuclear MnV¼O.

This corrole system has been extended to other metal catalysts. Nocera and

coworkers reported a series of cobalt–corrole water oxidation catalysts, an

octafluorinated “hangman” complex being the best one, which will be described

more in detail later (Fig. 13.3c) [87]. Mayer and Goldberg also showed one of the

highest rate catalytic water oxidations using a copper–bipyridine complex formed

by a self-assembly reaction (Fig. 13.3d) [88].

13.3.4 Manganese Cubane Systems

Recent high-resolution X-ray crystallographic studies on single crystals of PS-II

elucidated the three-dimensional structure of its many subunits and the environ-

ments around the OEC [15, 16, 19, 20]. Inspired by the manganese cluster in natural

PS-II, many multinuclear catalysts have been developed to mimic the structural and

functional properties of OEC. Several multinuclear manganese complexes of var-

ious configurations have been reported, and most of them were thoroughly

reviewed in recent years [89, 90]. It is noteworthy that a plentiful number of

tetranuclear manganese complexes with different motif of the Mn4O5 core have

been prepared as more relevant catalysts for the oxygen evolution from water.

Among such a variety of tetramanganese complexes, however, only a few were

investigated for water oxidation and showed only mild catalytic activities.

Dismukes and coworkers developed a tetramanganese complex [Mn4O4L6] (L¼
diphenylphosphinate, (MeOPh)2PO2

�) with a (2MnIII–2MnIV)-cubane core [35,

91], where the manganese centers are bridged by diphenylphosphinate ligand, and

successfully isolated the one-electron oxidized [Mn4O4L6]
+ (MnIII–3MnIV) cubane

complex (Fig. 13.4) [92]. UV light-induced O2 release from [Mn4O4L6] was

observed by laser–desorption–ionization time-of-flight mass spectrometry

(LDI-TOF-MS) by vaporizing and ionizing the species with a pulsed N2 laser

operating at 337 nm [93–95]. With 18O-isotope-labeled experiment, the release of

O2 and a L� ligand from [Mn4O4L6] was confirmed, and a so-called butterfly

structure [Mn4O2L5]
+ was proposed. When [Mn4O4L6] complex reacted with the

hydrogen atom donor, phenothiazine, in CH2Cl2 solution, two of the [Mn4O4L6]’s
corner oxygens were released as two labile water molecules, resulting in the

formation of [Mn4O2L6] and [Mn4O2L5]
+, “incomplete cubane” and “butterfly”

structures (Fig. 13.4) [96]. Thus, they demonstrated that the [Mn4O4L6] cubane

structure has an intrinsically reactive topology that facilitates both chemical reduc-

tion to water and photo-rearrangement to an O2 molecule.

The illumination with visible light and small external potential of 1.2 V (vs.
NHE) triggered sustained photocurrents and oxygen evolution from the [Mn4O2L6]

complex suspended in a proton-conducting Nafion membrane coated onto a

conducting electrode in aqueous electrolyte at pH¼6.5 with >1,000 catalytic

cycles and its maximum TOF of 0.075 s�1 [97]. This was further developed to a
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composite photoanode by combining Mn-cubane catalyst/Nafion membrane hybrid

with a [RuII(bpy)2(COO)2bpy] light sensitizer supported onto a TiO2 film/FTO

electrode (FTO¼fluorine-doped tin oxide) [98]. Upon the irradiation of visible

light, the RuII dye injects an electron into the conduction band of TiO2 from which it

flows into an external circuit, generating a potent one-electron oxidant,

[RuII(bpy)2(COO)2bpy]
+. By coupling this charge separation with the [Mn4O4L6]

catalyst, a photoelectrochemical multilayer device system has been constructed to

oxidize water using only visible light, without any external potential. The average

peak photocurrent density was ca. 31 μA �cm�2 (faradic yield of O2 evolution¼
10 %, TOF¼47�10 h�1); however, the instability of the photocurrent increased

with irradiation time. A self-repair mechanism was suggested to be involved, in

which a “butterfly” structure was induced by the photolytic disruption of a

diphenylphosphinate ligand and the evolution of O2 followed by reassembly with

a water molecule regained the cubane structure.

Recently, Spiccia and coworkers performed a detailed study on the catalytic

mechanism of the [Mn4O4L6]
+ in a Nafion membrane by using in situ Mn K-edge

X-ray absorption spectroscopy (XAS) and TEM [99]. A decomposition product of

[Mn4O4L6] within the Nafion polymer matrix was revealed by spectroscopic ana-

lyses which was suggested to be MnII-type compounds (Mn(H2O)6
2+). Subsequent

Fig. 13.4 The structure of manganese cubane complex and its reaction pathways to the incom-

plete cubane and butterfly structures [92]
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electrochemical oxidation of these compounds was proposed to form MnIII/IV

oxides that are believed to be catalytically active species responsible for water

oxidation.

A variety of manganese catalysts were further confirmed to lose their integrity

on loading into acidic Nafion films and form MnII-type species, which were then

converted into MnOx nanoparticles on electrooxidation [100, 101]. Prolonged

water oxidation catalysis was observed by these 6–20 nm-sized MnOx

nanoparticles that were generated from precursors, [MnIV(Me3TACN)(OCH3)3]
+

and [Me3TACN]2MnIII2(μ-O)(μ-CH3COO)2]
2+ (Me3TACN¼N,N’,N”-trimethyl-

1,4,7-triazacyclononane) [101].

13.3.5 Other Manganese Systems

Anxolabéhère-Mallart and coworkers studied the sequential electrochemical oxi-

dation of a mononuclear MnII–OH2 complex with a non-porphyrinic six-coordinate

ligand to MnIII–OH and MnIV═O species (Fig. 13.5) [102]. The MnIV complex was

generated in cyclic voltammetric scans through either sequential or direct electro-

chemical oxidation, which was further characterized by UV/Vis and EPR spectra.

The analysis of X-ray absorption spectroscopy (XAS) data revealed a gradual

shortening of the Mn-O bond as the complex was oxidized to a higher oxidation

state. DFT calculations suggested that the bonding in Mn-O species is best

described as a MnIII–O˙ complex and it might be involved in the crucial role in

natural and artificial water-splitting reactions.

The encaging of a catalyst in pores of metal-organic frameworks (MOF) was

reported by Hansen and Das to improve the activity of water oxidation catalysts

[103]. They demonstrated that Mn dimers ([(tpy)MnIII(μ-O)2MnIV(tpy)]3+) encaged

in a Cr-based MOF catalyzed water oxidation in the presence of CeIV for more than

7 days with an initial TOF of 40 h�1, and the isolation of single molecules of

catalyst in small pores (one catalyst per pore) can sustain its activity.

Fig. 13.5 Structures of a

[N4O
�] ethane-bridged

ligand and a MnII–OH2

complex with the ligand

developed by

Anxolabéhère-Mallart and

coworkers [102]
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13.4 Cobalt Complex Catalysts

Cobalt ions (Co2+) have been known to catalyze the oxidation of water since the

early 1980s [104–106]. In the presence of [Ru(bpy)3]
3+ and persulfates (S2O8

2�),
aqueous solutions of CoII salts or cobalt oxides were reported to evolve oxygen.

However, the interests in these catalysts diminished as they tend to aggregate

quickly to form insoluble and catalytically inactive precipitates. In 2008, Nocera

and Kanan revitalized cobalt complexes as an interesting water oxidation catalyst

by reporting that the potential-controlled electrolysis of CoII salts in pH 7 phosphate

buffer at 1.3 V (vs. NHE) resulted in the deposition of a dark precipitate on the

electrode from which oxygen was evolved [107]. This solid material, CoPi, was

found to be active catalyst as catalytic water oxidation was observed on it even in

the absence of Co2+ ions. CoPi has attracted considerable interests as it operated at

low overpotentials and self-repairs under catalytic conditions in the presence of

protic buffers [108]. The phosphate ions have been suggested to play a major role

both as proton acceptors and self-repairing agents for their ability to continuously

re-integrate solubilized Co2+ ions into the film during catalysis through precipita-

tion of Co3+ ions. Characterization of deposited material with various techniques

including X-ray diffraction, extended X-ray absorption fine structure (EXAFS),

TEM, and X-ray photoelectron spectroscopy (XPS) identified it as an amorphous

cobalt oxide/hydroxide with its structural unit of active phase being a cluster of

edge-sharing molecular cobaltates where interconnected complete or incomplete

CoIII-oxo cubanes are condensed in the extended phase [2, 109–113].

In general, two possible active intermediates in transition metal complex-

catalyzed water oxidation can be considered (Fig. 13.6). Upon oxidation in water,

the catalyst is first converted to a molecular metal-oxo species (LM═O) that may

either oxidize the water or get decomposed to a metal oxide (MO) [114]. In the

latter case, the catalyst is only a precursor for MO which is the real active species

for water oxidation. The relative stability and reactivity of LM═O and MO would

determine the reaction pathway. It will depend on the nature of metal, redox

potential, chelating ability, and the robustness of the ligands with respect to

oxidation, as well as the oxidation method. With a strongly binding ligand to the

metal, k2 exceeds k3 making LM═O the active catalyst, whereas the metal catalyst

with a less stable ligand will have a faster conversion to another form of active

catalyst MO (k3 >> k2).
Nocera’s work has demonstrated that CoII or CoIII complexes are converted to

their oxide forms following the second pathway described above, and they act as

precursors for active water oxidation catalyst, CoOx. A large number of reports on

successful heterogeneous CoOx catalysts for oxygen evolution from water have

Fig. 13.6 Reaction

pathways of molecular

metal complex in the

catalytic water oxidation

[114]
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followed [115] as well as controversial cobalt polyoxometalates [116, 117]. Here,

we will only briefly discuss a few examples of Co complexes as precursor for active

water oxidation catalyst and focus more on recently developed molecular cobalt

complexes which do not decompose to heterogeneous CoOx phase.

13.4.1 Cobalt Complexes as a Precursor for Active Catalysts

Hong and coworkers reported photocatalytic oxygen evolution from water-soluble

mononuclear cobalt complexes [CoII(Me6tren)(OH2)]
2+ (Me6tren¼ tris(N,N0,N00-

dimethylaminoethyl)amine), [CoIII(Cp*)(bpy)(OH2)]
2+ (Cp*¼η5-pentamethylcy-

clopentadienyl), and [CoII(13-TMC)]2+ (13-TMC¼1,4,7,10-tetramethyl-1,4,7,10-

tetraazacyclotridecane) in combination with [Ru(bpy)3]
2+ and S2O8

2– (Fig. 13.7)

[118]. 1H NMR measurements suggested that these complexes were converted

to different species after photocatalytic water oxidation at catalyst concentration

>2.5 mM. X-ray photoelectron spectroscopy (XPS) revealed that the surface of the

formed nanoparticles is mainly covered with Co(OH)x, which can act as the actual

catalyst.

More recently, Fu and coworkers reported a mononuclear cobalt(II) complex

based on N,N0-bis(salicylidene)ethylenediamine ligand (CoII-salen, Fig. 13.7)

[119]. This cobalt salen complex is hydrolytically stable, but formation of

nanoparticles during the photochemical reaction was observed from dynamic

light scattering (DLS) measurements. Electrospray ionization mass spectrometry

(ESI-MS), 1H NMR, and XPS analysis indicated that the nanoparticles have a mixed

CoIII species composed of oxides and/or hydroxides. In this case, CoII-salen acted

Fig. 13.7 Water-soluble

cobalt complexes that act as

precursors to other active

WOCs [118, 119]
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as a precursor to an active heterogeneous cobalt catalyst which showed one of the

highest TONs of 854.

13.4.2 Cobalt Catalyst with Rigid Ligands

Homogeneous mononuclear cobalt catalysts have hardly been reported so far,

partially due to facile catalyst degradation as the ligand opposite to Co═O bond

is labile during catalysis. Berlinguette’s group demonstrated the prevention of

ligand dissociation with ([CoII(PY5)(OH2)]
2+ (PY5¼2,6-(bis(bis-2-pyridyl)-

methoxymethane)pyridine, Fig. 13.8a) by using a pentadentate pyridine ligand

[120]. The rigidity of the PY5 ligand and coordination of the other four pyridines

to cobalt prevent the pyridine trans to the aqua ligand to easily dissociate from the

complex. From the cyclic voltammetric (CV) experiments at various pH, they

showed that the complex is stable to undergo a well-defined PCET process to a

higher oxidation state [CoIII–OH]2+, which was oxidized to furnish [CoIV–OH]3+

required for water oxidation in the presence of base. The complex [CoII(PY5)

(OH2)]
2+ was claimed to be oxidatively stable from neutral to mildly basic

(pH 7.6–10.3), and the catalytic oxygen evolution was observed with a high TOF

of 79 s�1. Very similar CVs were also observed from [Co(OH2)6]
2+ which readily

decomposed to cobalt nanoparticles upon oxidation as in the cases of several other

cobalt complexes [121]. Further kinetic and electrochemical studies concluded that

[CoII(PY5)(OH2)]
2+ acts as a molecular catalyst, but it still remains unknown

whether the nanoparticles formed during electrocatalytic water oxidation contribute

to the catalytic activities and, if then, to what extent.

Rigsby and coworkers reported a binuclear cobalt(III) complex that was

supported by a bridging bispyridylpyrazolate (bpp) ligand ([Co(tpy)]2(μ-bpp)(μ-
1,2-O2)

3+, Fig. 13.8b) [122]. They ascribed the catalyst’s stability during

electrocatalytic water oxidation to the non-labile and kinetically inert bpp bridging

ligand framework which is believed to minimize ligand exchange and decomposi-

tion of catalyst under the forcing conditions. A catalytic wave responsible for water

oxidation was observed at 1.91 V (vs. NHE) with a quasi-reversible one-electron

oxidation peak at 1.56 V, suggesting that CoIII–CoIII dimer is oxidized by two

electrons before catalytic turnover is initiated. Controlled-potential electrolysis at

Fig. 13.8 Homogeneous

cobalt WOCs with rigid

ligands that stabilize the

complex [120, 122]
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2.0 V exhibited stable steady-state currents for 5 h, which could be modulated by

changing the ancillary ligand from tpy to a more electron-donating bis-(N-
methylimidazolyl)-pyridine ligand. However, the authors could not completely

exclude the possibility that O2 evolution arises from the decomposition of the Co

complexes.

13.4.3 Cobalt–Corrole Systems

Nocera’s group subsequently reported another series of interesting water oxidation

catalysts based on cobalt–corroles, bolstered by the studies on [CoII(PY5)(OH2)]
2+

[120] and Mn corroles bearing nitroaromatic meso groups [86]. The cobalt

(II) hangman porphyrin complex was previously shown to promote the 4e�/4H+

reduction of oxygen to water [123, 124], which is the reverse reaction of water

oxidation. Using fluorinated phenyl groups, two CoIII hangman corrole complexes,

CoHCX-CO2H and CoHβFCX-CO2H, were prepared (Fig. 13.9a and 9b) [87]. For

the latter complex, the β-pyrrolic positions of the macrocycle were also fluorinated

in addition to the fluorinated phenyl groups, aiming at increasing the oxidizing

power of the Co complex. Electrochemical studies revealed a catalytic water

oxidation step at +1.25 V (vs. Ag/AgCl) at neutral pH with a TOF of 0.81 s�1.

On the basis of the pH dependence of catalytic oxygen evolution, a PCET mech-

anism was suggested, and a CoIV species was postulated as the active catalytic state

for water oxidation. The exact electronic structure of the metal center and the

corrole ligand, however, remained unclear, as either CoIV–corrole or CoIII–

corrole•+ is possible. The fluorination also resulted in boosting the stability of

Fig. 13.9 Cobalt WOCs

based on corrole system [87,

126]

382 L.Y.S. Lee and K.-Y. Wong



catalyst during the electrochemical water oxidation based on the results from UV/

Vis, LD-MS MALDI-TOF, and high-resolution ESI-MS measurements. The hang-

ing group attached to corrole unit was suggested to play an important role in

pre-organizing water molecule within the cleft for the critical O–O bond formation

step.

Several other transition metal complexes containing β-octafluoro hangman

corrole ligand were reported to catalyze the O–O bond formation, for example,

Fe, Ru, Ir, and Mn. Lai and coworkers compared these metals for their catalytic

abilities using density functional theory (DFT) calculations [125]. They showed

that the CoV catalyst in its CoIV–corrole•+ S¼1 state is the most efficient water

oxidant, determined by the ease of two-electron reduction and the OH•+ affinity of

the MIV═O of the corresponding MV═O∙H2O complex.

Very recently, a simpler form of cobalt–corrole catalyst with bifunctionality of

oxygen evolution and hydrogen production was reported by Lei and coworkers

[126]. They prepared a cobalt–corrole catalyst without a hanging unit, [Co(tpfc)

(py)2] (tpfc¼5,10,15-tris(pentafluorophenyl)corrole, Fig. 13.9c), and coated it onto

ITO electrode for electrochemical water oxidation and proton reduction. A TOF of

0.20 s�1 at 1.4 V (vs. Ag/AgCl) was observed for catalytic water oxidation, while

the stability of catalyst was confirmed with UV/Vis, scanning electron microscope

(SEM) and energy disperse X-ray spectroscopy (EDX). Based on the pH-dependent

water oxidation and theoretical studies, the dissociation of a Co-bound pyridine

group and a PCET process were proposed.

13.4.4 Cobalt–Cubane Systems

Following Kanan and Nocera’s investigations on CoPi [107], photochemical water

oxidation by tetracobalt(III)-oxo cubane complex [Co4O4(OAc)4(py)4] was

reported by McCool and coworkers in 2011 (Fig. 13.10a) [127]. The synthesis

and properties of this cobalt cubane was previously described and reported as an

active catalyst for the oxidation of benzyl alcohols [128, 129]. Using a standard

photoexcitation system of [Ru(bpy)3]
2+ as a photosensitizer and S2O8

2� as an

electron acceptor, they reported a TON>40. Some decomposition with release of

Co2+ ions (<5 %) occurred during the catalysis, but control experiments ruled out

the possibility of observed catalytic activities from species other than

[Co4O4(OAc)4(py)4]. Furthermore, CoII- and [Co4O4]-dependent activities differed

markedly in terms of kinetics and lag phases. Sartorel and coworkers further

examined the effect of subtle changes in the pyridine through the introduction of

various substituents and reported that p-methoxy derivative yields the highest

quantum efficiency of 80 % and TON of 140 [130, 131]. The photochemical

quantum yield was reported to depend on pH and catalyst concentration. The

oxidation potential of the one-electron oxidation process, corresponding to the

formation of formal [3CoIII, CoIV]+ species, was suggested to follow the expected

Hammet linear free energy relationship, moving to less positive values with the
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more electron-donating groups on pyridine. It is noteworthy that

[Co4O4(OAc)4(py)4] can be considered as a simplified model for CoPi, so some

properties of this cubane complex have been investigated to understand PCET

properties of CoPi [132, 133].

Symes and coworkers reported catalytic water oxidation by similar cobalt–

cubane complexes [Co4O4(CO2Me)2(bpy)4](ClO4)2 and [Co4O4(CO2Py)2(bpy)4]

(ClO4)2 (CO2Py¼4-carboxypyridine) which were appended to a ReI photosensi-

tizer ([Re(phen)(CO)3(CH3CN)]PF6, phen¼1,10-phenanthroline), and their light-

driven oxygen evolution was studied as model systems of PS-II [134]. Different

from PS-II, the CoIII centers in these cubanes were mainly stabilized by rather rigid

bidentate ligands.

Recently, a CoII-based cubane water oxidation catalyst was investigated by

Evangelisti and coworkers. The catalyst was designed to closely mimic the PS-II

by having a high-spin state of CoII and introducing monodentate acetate and aqua

ligands to [CoII4(hmp)4(μ-OAc)2(μ2-OAc)2(H2O)2] (hmp¼2-(hydroxymethyl)

pyridine, Fig. 13.10b), which provided a flexible environment of the catalyst

without compromising its stability. It is noteworthy that aqua ligands were

implemented to cobalt–cubane structure for the first time in an attempt to take the

Fig. 13.10 Cobalt WOCs based on cubane structure [127, 135, 136]
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same O–O formation pathways via water attack and exchange processes as in PS-II.
The photocatalytic activity of [CoII4(hmp)4(μ-OAc)2(μ2-OAc)2(H2O)2], measured

in the presence of [Ru(bpy)3]
2+ and S2O8

2�, exhibited pH-dependent O2 generation

with a TOF of 7.0 s�1 and TON of 40 at pH 9.

In 2014, Sun’s group reported the immobilization of cobalt–cubane system

([CoIII4O4(O2CMe)4(py)4], Fig. 13.10c) onto a Nafion film-coated fluorine-doped

tin oxide (FTO) electrode and an α-Fe2O3 photoanode [136]. A sharply increased

current wave attributed to oxygen evolution was observed at 1.0 V (vs. Ag/AgCl)
from the cyclic voltammograms of cobalt–cubane-doped Nafion film, revealing that

cobalt–cubane complex is catalytically active. The catalyst was stable in a

prolonged application of applied potential of 1.2 V in neutral phosphate buffer. In

contrast to Mn4O4 cubane doped in Nafion that was recently evidenced to be the

precursor of manganese oxide [99], no such decomposition or nanoparticle forma-

tion was determined from CV, DLS, and SEM results. They further integrated

cobalt–cubane complex with α-Fe2O3 as a composite photoanode in photoelectro-

chemical experiments, where a significant shift of the onset potential by 400 mV as

well as improved photocurrents was observed.

13.4.5 Other Mononuclear Cobalt Systems

Leung and coworkers investigated a homogeneous water oxidation catalysis by

[CoII(qpy)(OH2)2]
2+ (qpy¼2,20:60,200:600,2000-quaterpyridine, Fig. 13.11a) [114]. They

observed photochemical oxygen evolution from water at pH 8.0 in the presence of

[RuII(bpy)3]
2+ and S2O8

2�with a maximumTON of 335. The results fromESI-MS and

DLS measurement after the photocatalysis revealed that the complex was stable under

photooxidation conditions with less than 1 % decomposition, and no decomposed

ligand nor colloidal particles were detected.

Cobalt porphyrin complexes were investigated by Nakazono and coworkers as

single-site catalysts for water oxidation [137]. Among the three water-soluble

cobalt porphyrins, CoTPPS (CoIII-5,10,15,20-tetrakis(4-sulfonatophenyl)porphy-

rin, Fig. 13.11b) showed the most active photochemical O2 evolution activity with a

maximum TON of 122. The reaction of CoTPPS was pH dependent and the

maximum activity was reported at pH 11. Although DLS data confirmed that

there is no nanoparticle formation (CoOx), the catalytic activity of CoTPPS

dramatically decreased with time to 15 % of the initial value, due to the decompo-

sition of CoTPPS in the presence of S2O8
2�.

Wang and Groves recently reported another homogeneous cobalt–porphyrin

catalyst, CoII-TDMImP (CoII–5,10,15,20-tetrakis-(1,3-dimethylimidazolium-2-

yl)porphyrin, Fig. 13.11c), with a highly electron-deficientmeso-dimethylimi-

dazolium porphyrin. [138]. A strong catalytic current with an onset potential of

1.2 V (vs. Ag/AgCl) was observed in the cyclic voltammogram of CoII-TDMImP

without significant release of Co2+ ions. Mechanistic investigation indicated the
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generation of a CoIV–O porphyrin cation radical as the reactive oxidant, which has

accumulated two oxidizing equivalents above CoIII-resting state of the catalyst.

Interestingly, the buffer base in solution was shown to play several critical roles

during the catalysis by facilitating both redox-coupled proton transfer processes

leading to the reactive oxidant and subsequent O–O bond formation.

Pizzolato and coworkers reported a cobalt(II) complex with a salophen ligand

(CoSlp, salophen¼(N,N0-bis(salicylaldehyde)-1,2-phenylenediamine, Fig. 13.11d)

as a mononuclear water oxidation catalyst [139]. Both electrochemical and visible

light-driven photochemical water oxidation were demonstrated at neutral

pH. CoSlp was stable enough not to undergo any major changes even after

prolonged reactions under photochemical conditions, where [RuII(bpy)3]
2+ and

S2O8
2� were engaged as photosensitizer and sacrificial electron acceptor, respec-

tively. However, its reactivity (TON¼17) was not very impressive. The results of

laser flash photolysis suggested the fast formation of a formal CoIV derivatives by

two consecutive one-electron oxidation of CoSlp by [RuII(bpy)3]
3+ under irradia-

tion conditions. A possible mechanism involving a photogenerated CoIV-oxo inter-

mediate that undergoes a rate determining nucleophilic attack by water molecule,

followed by the O-O bond generation within the structural motif of CoII-hydroper-

oxide, was suggested.

Fig. 13.11 Recently developed mononuclear cobalt WOCs [114, 137–139]
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13.5 Conclusion and Outlook

The conversion of water into hydrogen and oxygen holds enormous potential for the

future of our society. Nature has given us an excellent example of how to accom-

plish this goal of clean and renewable energy system. Artificial photosynthesis, a

mimicking of Nature’s photosynthetic engine, marks up a central and urgent

scientific challenge of our days. It would require a close interplay of many different

disciplines to realize this, in particular the oxidation of water that is currently

considered as the bottleneck.

In this review chapter, recent developments in water oxidation catalysts based on

manganese and cobalt were discussed. These two first-row transition metals share

common advantages for developing artificial water oxidation system. First of all,

both are relatively abundant on Earth, and therefore systems based on them will

have strong economic viability and compatibility. Various high-oxidation states

accessible for manganese and cobalt with potentials close to the thermodynamic

potential required for water oxidation render them good candidates for artificial

OECs. Lastly, both can form robust and stable metal-oxo frameworks under harsh

oxidizing environments. Great progress has been achieved in the past decade using

these elements for water splitting to hydrogen and oxygen. It is still a crucial

challenge for chemists to design and identify more efficient and stable catalysts

based on earth-abundant elements in order to develop a practical artificial photo-

synthetic system. A number of issues still remain for most of molecular catalysts of

manganese and cobalt. Stability is one of several key concerns. The lifetimes for

most WOCs range from a few minutes to several days during catalysis. Practically,

much longer lifetime with millions to billions of TON is needed. Another concern

to keep in mind when designing WOCs is the working potential which should be

close to the thermodynamic requirement for water oxidation. This will minimize

the overpotential required and thus the energy loss in electrocatalytic water oxida-

tion. This is also important in designing the photocatalysts for water oxidation, as

most commonly used photosensitizers have a low oxidation potential.
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Chapter 14

Hydrogen Activation in Water
by Organometallic Complexes

Luca Gonsalvi, Federica Bertini, Antonella Guerriero, and Irene Mellone

Abstract Hydrogen has found important applications as reducing agent for chem-

ical transformations and is nowadays considered as one of the most promising

energy vectors able to fuel devices to produce electricity on demand (direct

hydrogen fuel cells). Crucial to its application is the understanding at the molecular

level of how hydrogen interacts with (transition) metals which are commonly used

as catalysts to lower the energy barrier to split the H2 molecule into its components

and allow transfer and reactivity. In this chapter, selected examples of hydrogen

activation by water-soluble organometallic complexes are summarized.

Keywords Homogenous phase hydrogen activation • Ruthenium, rhodium, iron

organometallic complexes • Water-soluble sulfonated and amphiphilic

phosphines • Hydrogen storage by organometallics

14.1 Introduction

Hydrogen is one of the most widely used chemicals and has found various appli-

cations, the most common for the reduction of unsaturated bonds in molecules

(hydrogenation) and as energy vector, a field which has recently received large

attention from academia and industry in the quest for novel processes and technol-

ogies towards the development of a hydrogen economy [1].

In order to react with other molecules, hydrogen needs to be activated, i.e. the

H-H covalent bond must be cleaved efficiently under mild conditions, either in a

homolytic or heterolytic way. Over the last 80 years, many different ways to

achieve this target have been discovered, often based on catalyzed processes in

solid–gas phases (heterogeneous) or in liquid–gas phase (homogeneous). The

presence of metals, often including noble and non-noble transition ones, was

shown to be crucial to lower the activation barriers associated with hydrogenation

reactions. It was also discovered that some natural enzymes such as hydrogenases,
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containing Fe only or Fe-Ni moieties, are nature’s reply to hydrogen activation, and
many research groups around the world have been inspired by these observations

trying to mimic the active sites of such enzymes to achieve efficient catalysts for

such a process.

Already in 1973, James’ monography Homogeneous Hydrogenation [2] cited

ca. 2,000 references related to research of the past 20 years. Among these, only a

few recognized the role of metals as active sites for hydrogen splitting, for example,

Calvin’s report (1938) on quinone hydrogenation based on Cu(I) acetate [3],

although it was already known at that time that hydrogen can bind to transition

metals such as Fe to give H2Fe(CO)4 [4]. However, the first fully characterized

transition metal complex showing the presence of M-H bonds, namely, [Cp2Re

(H)2](BF4), was reported later on 1955 by Wilkinson et al. [5].

Setting the ground for metal hydride chemistry, many authors contributed to the

development of this research area, which grew to a mature field when it was

discovered that transition metal hydrides were pivotal for homogeneously catalyzed

hydrogenations and olefin hydroformylation [6]. Another important step in the

understanding of the nature of hydrogen activation by metals was to establish that

this process can occur both in homolytic and heterolytic ways. The next section of

this chapter will summarize the fundamental aspects related to these two

mechanisms.

Only after some decades, when the use of water as a benign, cheap, abundant and

harmless solvent for chemical reactions was proposed to tackle the problems related

to the use of toxic organic solvents, chemists considered of interest to run homog-

enous catalytic processes such as hydrogenation and hydroformylation in this

medium. It was soon discovered that the general understanding that water and

transition metal hydrides were poorly compatible had significant exceptions and

in fact water-soluble complexes could be synthesized, isolated and characterized or

clearly identified in water-phase catalytic reactions. The role of water in hydrogen

activation mechanism was later identified as non-innocent, e.g. in some cases this

solvent can take part in the splitting of dihydrogen by assisting its heterolytic

cleavage in the pathway to metal coordination. The understanding of this role has

in turn deep consequences in the design of catalysts and evaluation of catalytic

processes run in water. In this chapter, selected examples of water-soluble hydrides

will be discussed in dedicated sections.

14.2 Hydrogen Coordination and Activation by Metals:
The Principles

Already in the 1950s, a considerable debate existed on how hydrogen molecules

interact with metal in order to cleave their covalent bond giving initially a M(η2-H2)

nonclassical dihydrogen complex, where H2 behaves as a ligand and weak Lewis

base [7, 8]. The first identified example of this class of complexes is Kubas’
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tungsten carbonyl [W(CO3)(P
iPr3)2(η2-H2)] complex [9]. The commonly accepted

orbital interaction considers the Dewar-Chatt-Duncanson model, similar to olefin

π-coordination, with electron donation from the σ-bond of the ligand to an empty

metal orbital accompanied by backdonation from a filled d-orbital into the σ*-
orbital of the ligand (Scheme 14.1). Theoretical studies clarified further important

details of these interactions, namely, the possibility of a nonclassical, 3-centre

bonding, the role of backdonation and the effect of trans ligands on binding and

activation, the rotation of H2 ligand. A recent review article by Kubas has recently

appeared in the literature covering these and other issues related to dihydrogen

coordination to metals [10], following on considerations by the same author on the

role of such a class of compounds for hydrogen storage and production [11].

In the 1990s, further studies based on X-ray crystallography and NMR data

highlighted that intermediate bonding situations between nonclassical dihydrogen

and dihydride complexes could be possible, the so-called elongated H2 complexes.

Scheme 14.2 summarizes the commonly accepted range of H-H bond lengths

corresponding to the various cases, from intact H2 molecule to fully activated

(dihydride situation). It was observed that in passing from M(η2-H2) to M(H)2, dπ
basicity increased with the H-H bond distance [10, 12].

In general, first-row transition metals, electron-withdrawing ancillary ligands

and cationic complexes favour binding of H2 to the metal centre and shorten H-H

distance. A strong influence on dH-H, hence on the nature of the resulting complex

upon H2 activation, is also dictated by the nature of the ligand trans to H2. Strong

π-acceptors such as CO reduce backdonation giving rather short dH-H values, at

ca. 0.9 Å.
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Scheme 14.1 Reproduced

from Ref. [10], Copyright

2014, with permission from

Elsevier
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Scheme 14.2 Reproduced from Ref. [11], Copyright 2014, with permission from Elsevier
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14.2.1 Homolytic Versus Heterolytic Activation

It is worth here summarizing the two main mechanisms underlying hydrogen

activation by metals, i.e. homolytic versus heterolytic cleavage of H2. As a general

observation, while homolytic pathway is favoured by highly basic transition metal

centres, the heterolytic counterpart is preferred in the case of electrophilic metal

complexes or complexes with highly π-acidic trans ligands. A simplified view of

the dual pathways for H2 bond cleavage is shown in Scheme 14.3 [10].

In the gas phase, homolytic cleavage of molecular hydrogen is thermodynami-

cally more favoured than the heterolytic one (ΔH� ¼ 436 vs. 1,675 kJ mol�1,

respectively), but this can be compensated in water phase by the high proton

hydration energy (ΔH� ¼�1,084 kJ mol�1) together with the binding energy of

H� to the metal centres.

The homolytic mechanism is ubiquitous in transition metal-catalyzed processes

such as hydrogenation and hydroformylation [13–15], as early demonstrated by

Vaska and Wilkinson for Ir(I) and Rh(I) complexes, respectively [16, 17]. After an

initial transient state that was later understood to be an σ-complex of H2, both H

atoms are transferred to the metal centre which increases its oxidation state by two

(oxidative addition), yielding a cis-dihydride metal complex.

In the case of heterolytic splitting, polarization of the coordinated H-H molecule

occurs giving a hydride (H�) and proton (H+) which is captured either

intermolecularly by an external base (B�, intermolecular process) or by a basic

site on the ancillary ligands bound to the metal centre or counter-anion (intramo-

lecular process), the latter exploited, for example, in Noyori-type asymmetric

ketone hydrogenation [18, 19]. A general scheme for heterolytic H-H activation

is shown in Scheme 14.4 [10]. The relevance to catalytic hydrogenation has been

reviewed [20]. The heterolytic pathway is generally preferred in polar media,

including water, and is considered as energetically more facile, as all reactions

are in principle reversible, no change in the oxidation state of the metal is required,

and generally little or no ligand rearrangement must occur to give the final metal

Scheme 14.3 Reproduced from Ref. [10], Copyright 2014, with permission from Elsevier
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hydride product [21–23]. One of the most widely found cases of heterolytic

hydrogen activation is H/D exchange which is a powerful tool for mechanistic

investigations. It is of great importance also to other fields of research other than

catalysis as it is related to living organisms and enzymatic activation of H2 in

dehydrogenases.

Using these two activation pathways, hydrogen can behave as an amphoteric

ligand, both as a Lewis base by σ-donation and as Lewis acid by electron donation

to σ*-orbitals. In turn, this involves that coordinated dihydrogen can span a rather

broad range of pKa values, usually in the range 5–16, but including examples of

superacidic behaviour (�6 in pseudo-aqueous scale) as for complex [Os

(dppe)2(CO)(η2-H2)]
2+ [24].

14.3 Hydrogen Activation by RuWater-Soluble Complexes

In this chapter, an overview of selected examples of Ru complexes and organome-

tallic compounds which were shown to activate hydrogen in water will be given.

The first paragraph will include the reactivity of a narrow class of complexes

bearing water as ligands (aquo complexes). In the following two paragraphs,

emphasis will be put on phosphine-stabilized complexes, with particular attention

to anionic sulfonated phosphines (the most widely used) and a class of cagelike

neutral aminophosphines based on 1,3,5-triaza-7-phosphaadamantane (PTA).

Scheme 14.4 Reproduced from Ref. [10], Copyright 2014, with permission from Elsevier
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14.3.1 Aquo Complexes

The old prejudice that haunted early organometallic chemists against the compatibility

of water phase and this class of complexes was ruled out as early as 1972,

when Zelonka and Baird [25] published on the reactivity of [Ru(η6-C6H6)Cl2]2 (1)
with D2O to give a mixture of hydrolysis products which was later confirmed to be

[Ru(η6-C6H6)Cl2(D2O)] and [Ru(η6-C6H6)Cl(D2O)2]
+.

The tris-aquo analogue [Ru(η6-C6H6)(H2O)3](SO4)2 (2) was later isolated and

fully characterized by Merbach and colleagues [26], by reaction of solid [Ru

(H2O)6](tos)2 (3; tos¼ p-toluenesulfonate) with either 1,3- or 1,4-cyclohexadiene

in EtOH followed by addition of Ag(SO4)2. The silver salt was needed to remove

any trace of chloride anions and shift the aquation equilibrium towards the trisub-

stituted derivative.

All these complexes were shown to be able to activate H2 in water. Süss-Fink

and coworkers studied the reactivity of water solutions of 1 (given as described

mixtures of variously substituted aquo derivatives) with hydrogen under different

conditions [27]. At 20 �C under 1.5 bar of hydrogen pressure, the reaction gave the

electron-deficient (58e) brown tetrametallic tetrahydrido cluster [H4Ru4(η6-
C6H6)4]

2+ (4), according to the formal stoichiometry given in Scheme 14.5,

which was fully characterized both in solution by NMR and in the solid state by

single crystal X-ray diffraction (Fig. 14.1) [28].

By increasing the temperature to 55 �C and the hydrogen pressure to 60 bar, the

60-e hexahydrido analogue of 4, namely, [H6Ru4(η6-C6H6)4]
2+ (5), was obtained

2 [Ru(η6-C6H6)Cl2]2 + 5 H2 → [H4Ru4(η6-C6H6)4]2+ + 8Cl- + 6H+

Scheme 14.5 Synthesis of 4 by reaction of 1 with H2

Fig. 14.1 X-ray crystal

structure of cluster cation

[H4Ru4(η6-C6H6)4]
2+ (4)
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(Scheme 14.6). This violet complex is rather unstable towards oxygen, reverting

back to 4 with elimination of water, according to Scheme 14.7.
1H NMR spectra of complexes 4 and 5 show a single hydride resonance at room

temperature, suggesting four equivalent μ3-H hydrides for 4 and six equivalent μ2-H
hydrides for 6, respectively. However, 1H NMR spectra and T1 measurements of

5 at �120 �C in THF-d4/MeOH-d4 (1:1) established that this complex should exist

in solution at low temperature and in the solid state as the tetrahydro-dihydrogen

cluster [H4Ru4(η6-C6H6)4(H2)]
2+, a proposal which was further supported by DFT

calculations [29].

The same authors explored the reactivity of other water-soluble Ru-arene dimers

with hydrogen, in particular using the more bulky analogue of 1, i.e. [Ru(η6-C6Me6)

Cl2]2 (6). Interestingly, even under forcing conditions (pH2¼ 60 bar, 55 �C), a
lower nuclearity cluster was obtained, e.g. the 30-e bimetallic complex [H3Ru2(η6-
C6Me6)2]

+ (7) [30], whose X-ray crystal structure is shown in Fig. 14.2.

2 [Ru(η6-C6H6)Cl2]2 + 6H2 → [H6Ru4(η6-C6H6)4]2+ + 8Cl- + 6H+

Scheme 14.6 Synthesis of 5 by reaction of 1 with H2
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Ru
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2+ 2+

Scheme 14.7 Reproduced from Ref. [27], Copyright 2014, with permission from Elsevier

Fig. 14.2 X-ray crystal

structure of bimetallic

cation [H3Ru2(η6-
C6Me6)2]

+ (7)
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Although the Ru-Ru bond distance obtained from the solid-state structure is as

short as 2.468 Å, compatible with a (formally expected) metal-metal triple bond

(Scheme 14.8, left), DFT calculations showed that the bonding situation is better

described as two RuHRu three-centre, two-electron interaction (Scheme 14.8,

right).

For intermediate steric bulkiness of the arene ring, as for [Ru(η6-C6Me4H2)Cl2]2
(8), reaction with hydrogen in water gave trinuclear tris-hydrido clusters as in

Scheme 14.9. Interestingly, the intermediate chloro-capped hydrogen activation

product [H3Ru3(η6-C6Me4H2)3Cl]
2+ (9), which was isolated as chloride salt, hydro-

lyzes to the oxo-capped monocation analogue [H3Ru3(η6-C6Me4H2)3(H3O)]
+ (10)

in water in the presence of NaBF4 (Scheme 14.10) [31, 32].

It is worth mentioning here the reactivity with hydrogen of the simplest Ru-aquo

complex, namely, [Ru(H2O)6](tos)2 (3), as it paved the way for a rich chemistry and

mechanistic observations and is considered as a milestone achievement for

researchers working in the field of aqueous-phase Ru chemistry and catalysis.

In 1998, Merbach and colleagues described the reactivity of 3 with H2 gas under

pressure [33]. In detail, a 0.1 M solution of 3 in D2O was pressurized to 40 bar in a

HPNMR tube, and the corresponding 1H NMR spectrum displayed a signal at

�7.68 ppm, in the chemical shift range expected upon formation of hydride species.

As Ru(0) was observed to form under these conditions, the authors repeated the

H

Ru Ru

H

H

+

H

Ru Ru

H

H

+

Scheme 14.8 Reproduced from Ref. [27], Copyright 2014, with permission from Elsevier

1.5 [Ru(η6-C6Me4H2)Cl2]2 + 3H2 → [H3Ru3(η6-C6Me4H2)3Cl]2+ + 5Cl- + 3H+

Scheme 14.9 Synthesis of 9 by reaction of 8 with H2

Ru
H

Ru

Ru

Cl

H H

2+

Ru
H

Ru

Ru

O

H H

+

[H3Ru3(η6-C6Me4H2)3Cl]2+ + H2O [H3Ru3(η6-C6Me4H2)3(H3O)]+ + HCl + H+

Scheme 14.10 Reproduced from Ref. [27], Copyright 2014, with permission from Elsevier
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experiment in the presence of p-toluenesulfonic acid (0.13 M). After 19 h, the

spectrum showed singlets at �7.65 ppm, attributed to [Ru(H2O)5(η2-H2)]
2+ (11),

4.62 ppm (free H2), and triplets at 4.59 (free HD, 1JHD¼ 42.8 Hz) and �7.68 ppm

due to the H/D exchange product [Ru(H2O)5(η2-HD)]2+ (12, 1JHD¼ 31.2 Hz). From
1JHD values, it was possible to calculate [34] the Ru-bound H-H distance as

0.889 Å, only slightly longer than the bond length of free hydrogen (0.740 Å),
indicative of little backdonation from the metal d-orbitals to the σ*-antibonding
orbital of the (η2-H2) ligand, which should then have a Lewis acidity character. This

also explains why the presence of an acid stabilized solutions of 11 for more than

three days under H2 pressure. The authors proposed that a pH-dependent equilib-

rium was active in the H/D exchange for this system in D2O, involving as interme-

diate the monohydrido complex [Ru(H2O)5H]
+ (13) (Scheme 14.11).

Further studies were carried out on this system [35], including 1H, 2H and 17O

NMR spectroscopies and DFT calculations (Fig. 14.3). Kinetic studies gave for 11 a

formation rate and equilibrium constants of kf¼ (1.7� 0.2)� 10�3 kg mol�1 s�1

and Keq¼ 4.0� 0.5 mol kg�1, suggesting that the reaction of 3 with H2 to give 11

follows an Id mechanism as for related small ligands [36].

14.3.2 Hydroxylated and Methoxylated Phosphines

The use of water-soluble ancillary ligands is a common strategy to convey the

properties of transition metal complexes in water. Among the most widely used

ligands, water-soluble phosphines have received particular attention, and especially

sulfonated phosphines (i.e. bearing a SO3
� substituent, generally on a phenyl group

linked to the P donor atom) are a well-developed class of such ligands. Examples of

[Ru(H2O)5(η2-H2)]2+ - H+ = [Ru(H2O)5(H)]+ + D+ = [Ru(H2O)5(η2-HD)]2+

Scheme 14.11 H/D exchange pathways from 11 to 13 via intermediate 12

Fig. 14.3 Calculated structures of [Ru(H2O)5(η2-H2)]
2+ (11) and [Ru(H2O)5H]

+ (13) (Reprinted
with permission from Ref. [36]. Copyright 1993 American Chemical Society)
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hydrogen activation in water brought about by such complexes will be given in the

next paragraph.

An interesting although less represented class of water-soluble diphosphines

bearing either hydroxy- or methoxy-ending groups was developed by Tyler and

coworkers. Ligand 1,2-bis(bis(methoxypropylphosphino)ethane) (DMeOPrPE)

was reacted with [Ru(cod)Cl2]n to yield trans-[Ru(DMeOPrPE)2Cl2] [37]. This

species reacted smoothly (Scheme 14.12) under a pressure of H2 (25 bar) in water

(buffered, pH¼ 7) at 85 �C in ca. 2 h to give trans-[Ru(DMeOPrPE)2H(η2-H2)]
+

(14).
31P{1H}NMR gave a single resonance at 63.4 ppm in MeOH-d4, whereas the

corresponding 1H NMR resonances were observed as a broad singlet at �6.6 and a

quintet at �11.4 ppm. T1 measurements (500 MHz, �20 �C) gave a value of

21.1 ms corresponding to an H-H distance of 0.86 and 1.06 Å for slow and fast

rotation, respectively. This complex was used to probe the existence of DHHB

(dihydrogen hydrogen bonding) due to the inertness of the η2-H2 to water substi-

tution, using a combination of NMR-based texts including rotational dynamics.

The study was extended to other trans-[Ru(diphosphine)2Cl2] complexes

obtained with DMeOPrPE analogues (Scheme 14.13), differing for the length of

alkyl chain bound to P and the kind of terminal group (OH vs. OMe). Their

behaviour towards hydrogen activation and the stability of the product trans-[Ru
(diphosphine)2H(η2-H2)]

+ obtained by stepwise H2 addition/heterolysis pathway

were compared to water-insoluble analogues [38]. In fact, water solubility was

facilitated in all cases by the cationic nature of the complexes. The general

conclusion was that with less electron-donating ligands (DHMPE, DPPE), substi-

tution reactions exchanging η2-H2 with H2O occurred, whereas with more electron-

donating ligands (DHPrPE, DMeOPrPE, DEPE, DMPE), no substitution was

observed even at concentrations of 55 M after 1 week at 75 �C. This is in line

with the higher dπ-σ* backbonding interaction ruling the strength of the M-(η2-H2)

bond.
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Scheme 14.12 Hydrogen activation by trans-[Ru(DMeOPrPE)2Cl2] yielding 14
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14.3.3 Sulfonated Phosphines

Sulfonated phosphines, commonly obtained by reaction of the water-insoluble

parent compounds with oleum/sulfuric acid under controlled conditions, constitute

without doubts the most represented class of water-soluble phosphines which have

received attention from academia and industry for use in aqueous-phase catalyzed

processes. The well-known Ruhrchemie/Rhône-Poulenc rhodium-catalyzed olefin

hydroformylation process, which makes use of TPPTS [TPPTS¼ tris(m-
sulfonatophenyl)phosphine trisodium salt], is considered as a paradigm in this

field and has inspired further research efforts in ligand design and optimization

by many authors over the years [39].

Although it is not the purpose of this chapter to describe the use of transition

metal complexes bearing sulfonated ligands in catalysis, as this topic has already

been thoroughly reviewed in the past [40–43], it is worth mentioning a few

examples where clearly identified Ru-hydrido complexes found specific

applications.

The water-soluble complex ruthenium complex [H2Ru(CO)(TPPMS)3] [15,

TPPMS¼ (m-sulfonatophenyl)phosphine sodium salt] was shown to be an efficient

catalyst precursor for the aqueous-biphasic hydroformylation of terminal,

substituted and cyclic alkenes [44]. Ionic strength of the reaction media and

temperature were often observed to determine the selectivity towards the final

product. For example, hydroformylation of 4-penten-1-ol in water using [HRu

(CO)(TPPTS)3] (16) gave preferentially the linear product 6-hydroxy-hexan-1-al,

whereas 2-hydroxy-3-methyltetrahydropyran derived from the corresponding

branched aldehyde with an increase of the ionic strength [45].

DHPrPE

Ru

Cl

P P

P P

Cl

P P2

EtOH, reflux 12 h

Ru

Cl

Cl
n

P P =

DHMPE
P P =

DMeOPrPE
P P =

P P

OHHO

HO OH

3 3

3 3

P P

OHHO

HO OH

P P

OCH3

OCH3

H3CO

H3CO

3 3

3 3

DEPE
P P =

DPPE
P P =

DMPE
P P =

P P

P P

PhPh

PhPh

P P

Scheme 14.13 Syntheses of water-soluble trans-[Ru(WSDP)2Cl2] (WSDP ¼ water-soluble

diphosphines)
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Complexes [HRu(CO)(CH3CN)(L)3][BF4] (17, L¼TPPTS; TPPMS) were used

as catalyst precursors for the hydroformylation of eugenol, estragole, safrole and

trans-anethole under moderate conditions in biphasic media and their activities.

Higher activities were observed using TPPTS, due to the higher water solubility of

such ligand compared to TPPMS [46].

Jo�o and colleagues established some of the key effects related to the formation

and molecular distribution of water-soluble Ru(II) hydrido complexes stabilized by

TPPMS and derived from hydrogen activation in water. By a combination of

pH-potentiometric and NMR studies, it was observed that the conversion of dimeric

[RuCl2(TPPMS)2]2 to [HRuCl(TPPMS)3] (18) was favoured at pH� 3.3, whereas

at pH� 7, the dihydride cis-[H2Ru(TPPMS)4] (19), characterized by a 1H NMR

signal at δH¼�10.4 ppm, formed preferentially [47, 48]. Figure 14.4 shows the

distribution curves of such species at various pH values. The observed

pH-dependent hydrogen activation has a profound influence of the catalytic prop-

erties of [RuCl2(TPPMS)2]2, for example, in the chemoselective hydrogenation of

cinnamaldehyde. Complex 18 catalyzed the selective hydrogenation of the C¼C

bond, while the C¼O group could be reduced efficiently in the presence of 19

giving cinnamol as main product. Further studies showed that high selectivity to

C¼O reduction could also be achieved at constant (buffered) pH¼ 3.04 by increas-

ing the hydrogen pressure to 8 bar. Higher pressures would promote the conversion

of 18 to 19 even at acidic pH values (Scheme 14.14) [49].

Fig. 14.4 Distribution of water-soluble ruthenium(II)-hydrides as a function of pH, based on the

average of 1H and 31P NMR integrated intensities. ■ [HRuCl(TPPMS)3], ♦ [H2Ru(TPPMS)4], ●
[HRuCl(TPPMS)2]2. [Ru]¼ 2.4� 10�2 M, [TPPMS]¼ 7.2� 10�2 M, [KCl]¼ 0.2 M, 50 �C, H2,

Ptotal¼ 1 bar (Reprinted from Ref. [48], Copyright 1988, with permission from Elsevier)
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The active role of water in the selective C¼O bond hydrogenation by 19 was

studied in detail by DFT calculations with the inclusion of a (H2O)3 cluster in

addition to a continuum model [50]. The catalytic cycle, modelled using PH3 in

place of the full phosphine ligand and acrolein instead of cinnamaldehyde, involves

at first dissociation of a TPPMS ligand from 19 to form the active penta-coordinate

species [H2Ru(TPPTS)3] (20), followed by substrate coordination and hydrogen

transfer from the Ru centre. The second hydrogenation step comes from metal-

coordinated H2O. H2 coordination regenerates the initial active species 20 by

eliminating the unsaturated alcohol. The authors concluded that in the proposed

mechanism the role of the protonating agent (H2O) is adequate in basic media to

promote C¼O reduction, whereas the stronger H3O
+ is needed (acidic conditions)

to bring about C¼C bond hydrogenation, justifying the experimentally observed

selectivity at different pH values.

The formation of different classical and nonclassical Ru hydrides derived from

water-phase hydrogen activation starting from [RuCl2(TPPMS)2]2 was recently

reinvestigated by Laurenczy and Jo�o [51]. In detail, under 1 bar H2 at 333 K in

the absence of added phosphine or halide, the monohydride dimer [RuHCl

(TPPMS)2]2 (21) is formed as stable compound, without any sign of Cl bridge

cleavage up to 100 bar and further heating. In the presence of NaCl (0.102 M),

complex 18 was observed to form. Under acidic conditions (pH¼ 3.01), raising the

H2 pressure to> 5 bar, and in the presence of added TPPMS, the trans-isomer of

complex 19, namely, trans-[H2Ru(TPPMS)4] (22), was formed. At variance with

19, this complex is characterized by a 1H NMR quintet signal at δH¼�7.7 ppm and

a 31P {1H}NMR singlet at δP¼�57.2 ppm. Under basic or neutral conditions, even

in the presence of a Ru-TPPMS ratio of 1:4 or 1:5, the Ru-containing species was

cis-fac-[H2Ru(H2O)(TPPMS)3] (23). Interestingly, under moderate H2 pressure

(ca. 5 bar), at pH¼ 10.0, solutions containing [RuCl2(TPPMS)2]2 and TPPMS

(total Ru-P¼ 1:4) gave a broad singlet at δH¼�7.2 ppm, which remained

unchanged up to 100 bar pressure. T1(min) measurements gave a value of 18 ms,

indicative of a coordinated dihydrogen ligand, and four hydrogen atoms in fast

exchange on NMR timescale. The unprecedented [RuH2(η2-H2)(TPPMS)3] (24)

was proposed for this species, formally arising from 23 by replacement of H2O with

H2 at elevated pressures. The study was complemented by reactivity studies

of [RuCl2(TPPMS)2]2 with sodium formate (transfer hydrogenation conditions).

0.5 [RuCl2(TPPMS)2]2 + TPPMS + H2 [HRuCl(TPPMS)3] + H+ + Cl-

+ TPPMS + H2

[H2Ru(TPPMS)4] + H+ + Cl-

18

19

P

SO3Na

TPPMS =

Scheme 14.14 Reproduced from Ref. [49] with permission of John Wiley & Sons Ltd
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A summary of the various situations observed under different conditions is shown

in Scheme 14.15.

The combination of Ru and sulfonated phosphines such as TPPMS and TPPTS

have found important applications in the field of hydrogen storage and production

from organic compounds in water phase, namely, the reversible activation of formic

acid/formate to hydrogen and carbon dioxide mixtures [52, 53]. This system allows

for efficient storage of hydrogen using CO2 as feedstock for hydrogenation to

formate, while the reverse reaction, formic acid dehydrogenation, gives fuel cell-

grade hydrogen generation on demand. The process runs efficiently at moderate

pressures and temperature and constitutes a zero carbon footprint cycle for energy

storage. Laurenczy et al. reported [54, 55] that catalytic systems generated either in

situ from [Ru(H2O)6](tos)2 (tos¼ toluene-4-sulfonate) or commercial hydrated

RuCl3 in the presence of m-TPPTS catalyzed the dehydrogenation reaction already

at 25 �C, reaching a TOF of 460 h�1 at 120 �C. Noteworthy, this system showed to

be active in a wide temperature range between 25 and 170 �C, giving in all cases

conversions of 90–95 %. Furthermore, the hydrogen produced was of high purity

and no CO formation was observed by FTIR (detection limit 2 ppm) even at high

temperatures, making this catalytic system suitable for fuel cell applications. The

influence of different hydrophilic ligands on the FA dehydrogenation in the pres-

ence of RuCl3� 3H2O has also been investigated in detail. These studies showed

that ligand basicity, its hydrophilic properties as well as steric effects were the main

parameters which influenced the catalytic activity [56].

Jo�o and Laurenczy [57] showed that stirring aqueous solutions of HCO2Na with

[RuCl2(TPPMS)2]2 in an atmospheric gas burette at 40–80 �C yielded substantial

amounts of virtually CO-free gas (<10 ppm). The turnover number [TON¼mol
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reacted substrate (mol catalyst)�1] achieved at 80 �C in 1 h was 120, and the

maximum amount of the gas evolved corresponded to 47 % of the theoretical

yield. In closed pressure tubes, at 80 �C the final pressure was measured as

6.2 bar, equivalent to a 37 % yield of bicarbonate. The formate/bicarbonate

equilibrium could be shifted to the desired direction (i.e. hydrogen release or

storage) by simple pressure change. This was demonstrated by experiments using

a medium pressure sapphire NMR tube, where an aqueous solution of H13CO3Na

was pressurized with 100 bar H2 at 83
�C in the presence of [RuCl2(TPPMS)2]2 and

TPPMS, and the reaction was monitored by recording 13C NMR spectra of the

solution. In 200 min, 90 % of substrate was hydrogenated to H13CO2Na. At this

point the pressure was released, and after closing the tube, the reaction mixture was

left to equilibrate at 83 �C, leading to decomposition of formate. The hydrogena-

tion/decomposition cycle was repeated for three consecutive cycles showing good

and steady efficiency.

These studies follow on earlier reports by the same authors on homogeneous

hydrogenation of aqueous hydrogen carbonate to formate under mild conditions

[58], where a series of Ru, Rh, Ir and Pd complexes bearing water-soluble phos-

phines such as TPPMS and 1,3,5-triaza-7-phosphaadamantane (PTA, see next

chapter) were tested. Density functional theory (DFT) studies later allowed to

propose a reaction mechanism for catalytic bicarbonate hydrogenation in aqueous

phase (Scheme 14.16), highlighting the role of Ru-hydride, Ru-dihydrogen and

Ru-aquo complexes, respectively [59].

14.3.4 Amphiphilic Neutral Phosphines

Among neutral water-soluble phosphines, the cagelike aminophosphine 1,3,5-

triaza-7-phosphaadamantane (PTA) has received special attention for synthetic
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coordination chemistry and catalytic applications, as it combines high Lewis

basicity and small Tolman cone angle (103�) with easier functionalization com-

pared to sulfonated phosphines [60–62]. A large library of PTA derivatives is

nowadays available, due to the contributions of many research groups worldwide.

Due to the interest in medicinal and catalytic applications, many Ru complexes

bearing PTA and derivatives were obtained during the years, some of which were

used for hydrogenation reactions and hydrogen activation in water.

Complex cis-[RuCl2(PTA)4], prepared by reduction of RuCl3 in ethanol in the

presence of PTA, was used as efficient catalyst for the regioselective C¼O bond

hydrogenation of unsaturated aldehydes to the corresponding alcohols under trans-

fer hydrogenation conditions and to convert CO2 and bicarbonate to formate in the

absence of amine or other additives under mild conditions and pressure of H2

[63]. Also in this case, the pH of the aqueous media was important to determine

the nature of Ru-hydrido species formed. At pH¼ 12.0, complex cis-[H2Ru(PTA)4]

(25) was observed to form, whereas complex cis-[HRu(PTA)4X]
n (26, X¼Cl� or

H2O; n ¼ 0, +1) formed at pH¼ 2.0. In the presence of an excess of PTA, complex

[HRu(PTA)5]
+ (27) instead appeared as determined by NMR measurements. The

kind of complex formed at different pH values had strong influence on the rate of

CO2 hydrogenation, which gave the highest initial reaction rate (TOF¼ 807.3 h�1)

at pH¼ 5.86 and decreased at lower or higher pH. On the base of these results, a

mechanism based on 26 as catalytically active species was proposed

(Scheme 14.17).
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Piano-stool Ru(II) complexes bearing PTA, namely, [CpRuCl(PTA)2] and

[Cp*RuCl(PTA)2] (Cp¼ η5-cyclopentadienyl; Cp*¼ η5-pentamethyl cyclopen-

tadienyl), were prepared in our laboratories [64] and showed good activity in

the regioselective C¼C bond reduction of α, β-unsaturated ketones (benzylidene

acetone) under water/octane biphasic conditions under a pressure of hydrogen.

Using high-pressure 31P NMR, [CpRuCl(PTA)2] was observed to activate hydro-

gen at 50 �C under 30 bar pressure in H2O/THF-d8 to form the monohydride

species [CpRuH(PTA)2] (28) which remained stable upon heating to 80 �C. In
contrast, [Cp*RuCl(PTA)2] gave the dihydride complex [Cp*RuH2(PTA)2]Cl

(29) which converted to the monohydride [Cp*RuH(PTA)2] (30) after heating

to 80 �C (Scheme 14.18). Complex 29 was also identified as the active species

generated in water during NaHCO3 hydrogenation under 100 bar H2 pressure at

80 bar [65].

Frost et al. reported that 28 is also active for the same reaction at room

temperature and low pressures of H2 (10–150 psi), with modest TOFs

[66]. The study includes the evaluation of pH effects. At pH> 7 and pH< 3.6,

poor catalytic performances were observed, with the highest activity at pH¼ 4.7.

At pH 2.1, the selectivity to products changed with the type of buffer used

(HBF4/NaH2PO4, 99 % of 4-phenylbutan-2-one; HCl/NaH2PO4, 77.5 % of

4-phenylbut-3-en-2-ol). By NMR methods, the authors proposed that the active

catalytic species was [CpRuH(PTA)(PTAH)]+ (31) resulting from protonation

of PTA.

A more detailed view of the mechanism of hydrogen activation by these com-

plexes was obtained by theoretical DFT calculations [67, 68], highlighting the

non-innocent role of water in facilitating heterolytic H-H bond cleavage in solution

by extensive hydrogen bonding networking, which helps in lowering the energy

barriers of the overall process. PTA is also involved in H-H activation and in

particular through quaternization of one of the basic N atoms, giving 31 as the
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most stable product (deepest energy minimum). In Fig. 14.5 are shown the opti-

mized structures of the transition state for heterolytic hydrogen splitting and the

water-stabilized monohydride [CpRuH(PTA)(PTAH)]+.(H2O)3 [31.

(H2O)3]. Calculated pKa values established the highly acidic nature of

Ru-dihydrogen complexes in water, while the lower acidity for 30 (4.7) compared

to 29 (0.3) agrees with the experimental observation of the former as a stable

intermediate at 50 �C.

14.4 Hydrogen Activation by Other Transition Metals
in Water

Rhodium water-soluble complexes bearing either sulfonated phosphines such as

TPPMS or PTA were studied for their catalytic properties and found to be able to

bring about H2 activation. Besides catalyzing the amine-free CO2 hydrogenation in

sodium formate solutions [69], complex [RhCl(TPPMS)3] was studied together

with its TPPTS and PTA analogues for isotope exchange reactions in H2-D2O

and D2-H2O systems, and the results were compared with the activities of their

Ru counterparts in the temperature range 20–70 �C [70]. The specific rates of H-D

exchange were observed to be pH dependent. For [RhCl(PTA)3], [RhCl(TPPMS)3]

and [RhCl(TPPTS)3], the obtained values of TOF (h�1) were 908, 806 and

989, respectively. Theoretical DFT calculations showed that the protonation of

hydride ligands in [Rh(H)2Cl(PR3)3]
+ (PR3¼TPPMS, TPPTS, PTA) by H3O

+

occurs via dihydrogen-bonded adducts, giving the cationic hydrido-dihydrogen

complexes [RhH(η2-H2)Cl(PR3)3]
+. Two possible mechanisms were proposed [71].

The water-soluble analogue of Wilkinson’s catalyst [RhCl(TPPMS)3] by reac-

tion with H2 under atmospheric pressure gave the monohydride product [HRh

Fig. 14.5 Optimized structures of the transition state for heterolytic hydrogen splitting and the

water-stabilized monohydride [CpRuH(PTA)(PTAH)]+.(H2O)3 [31.(H2O)3] (Reprinted with per-

mission from Ref. [67]. Copyright 2007 American Chemical Society)
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(TPPMS)3] (32) instead of the oxidative addition product [Rh(H)2Cl(TPPMS)3]

(33) as for the original water-insoluble analogue, accompanied by a pH drop close

to 2.0 [72]. The authors proposed a monohydride-based mechanism to explain the

change in selectivity for maleic and fumaric acid hydrogenation using this system,

although they could not exclude hydrodechlorination from 33 (however not

detected) to 32 in water phase.

In contrast to the Rh/TPPMS system, hydrogenation reactions in the presence of

[RhCl(PTA)3] in water gave a more complicated situation, and PTA oxide was

formed extensively, accompanied by formation of colloidal metal. In H2O/EtOH,

hydrogenation of cinnamaldehyde gave TOF¼ 250 h�1 at 78 �C. In the presence of
an excess of free ligand, metal dihydrides were proposed to form, as shown in

Scheme 14.19, based on NMR analysis [73].

A more detailed study involving the role of pH effects on the nature and

distribution of complexes derived from hydrogen activation by [RhCl(PTA)3]

was then carried out by the same authors [74]. Starting from catalytic tests on the

reduction of olefins and oxo acids, a detailed kinetic study was carried out with

crotonic acid as substrate. It was observed that the highest rate of the reactions was

obtained at pH¼ 4.7 and that proton liberation was associated with the reaction of

the catalyst with H2 in aqueous solutions. These results, confirmed by H/D

exchange experiments in D2O, suggested that, similarly to [RhCl(TPPMS)3], a

reductive dehydrochlorination of an intermediate Rh(III)-dihydride must take

place leading to a mechanism involving [HRh(PTA)3] (34) as the active species.

From kinetic measurements, the hydrogenation of crotonic acid to butyric acid was

proposed to follow the mechanism shown in Scheme 14.20.
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from Ref. [73], Copyright

1995, with permission from

Elsevier
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The water-soluble analogues of Vaska’s complex trans-[IrCl(CO)(PPh3)2] were
obtained using TPPMS and PTA instead of PPh3. Hydrogen activation by trans-
[IrCl(CO)(TPPMS)2] gave different products, again depending on pH of the aque-

ous phase. The total amount of protons produced per moles of Ir is ca. zero at pH<3

and is ca. 1 at pH¼ 11. Under acidic conditions, oxidative addition products

[(H)2IrCl(CO)(TPPMS)2] (35a) or [(H)2Ir(CO)(TPPMS)2]
+ (35b), generated upon

chloride dissociation, may form. Conversely, in less acidic or basic solutions,

heterolytic hydrogen splitting occurs, leading to [(H)3Ir(CO)(TPPMS)2] (36) or

[HIr(CO)(TPPMS)3] (37) in the presence of excess of TPPMS [75].

The iridium(III) complexes [Cp*IrCl2(PTA)] (38) and [Cp*IrCl(PTA)2]Cl (39)

were used as catalysts for the hydrogenation of hydrogen carbonate in water. By

reaction with H2 (100 bar), the former gave quantitatively the dihydride derivative

[Cp*Ir(H)2(PTA)] (40) as shown by multinuclear NMR spectroscopy [76]. The

presence of the two hydride ligands was indicated by the 1H and 31P{1H} NMR

analysis showing a doublet at δH¼�18.4 ppm (1JPH¼ 30 Hz) in the hydride region

of the corresponding 1H NMR spectrum, which was simplified into a singlet in the
1H{31P} NMR spectrum and a triplet in the 31P NMR spectrum at δP¼�68.5 ppm

(2JPH¼ 30 Hz). Under the same conditions, the latter gave the cationic

monohydride [Cp*IrH(PTA)2]
+ (41), characterized by a triplet at δH¼�17.9 ppm

(2JPH¼ 30 Hz) in the 1H NMR spectrum and by a doublet at δP¼�76.3 ppm

(2JPH¼ 30 Hz) in the 31P{1H} NMR spectrum.

The Fe(II) analogue of trans-[Ru(DMeOPrPE)2Cl2] reacted with H2 in water to

give trans-[Fe(DMeOPrPE)2H(η2-H2)]
+ (42), characterized by a doublet in the 31P

NMR spectrum at δP¼ 88.9 ppm (2JPH¼ 45 Hz) and a quintet at δH¼�15.1 ppm

(2JPH¼ 45 Hz) and a broad singlet at δH¼�10.9 ppm in the 1H NMR spectrum

measured at 233 K. T1(min) measurements (500 MHz) gave a value of 19.5 ms

corresponding to an H-H distance of 0.85 Å (slow rotation) and of 1.07 Å (fast

rotation) [77]. Proton release was observed to be associated with hydrogen activa-

tion, giving solutions with pH¼ 2.6, also due to the contribution of the buffering

capacity of the free ligand. In absence of proton sponge (PS), which was used to

obtain quantitative formation of 42, the overall stoichiometry implies ligand

decoordination and protonation, as shown in Scheme 14.21.
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More detailed mechanistic experiments were then carried out, showing that in

water, trans-[Fe(DMeOPrPE)2Cl2] reacts instantaneously to give trans-[Fe
(DMeOPrPE)2(H2O)Cl]

+, which then activates hydrogen to yield complex 42,

with the intermediate formation of trans-[Fe(DMeOPrPE)(H)Cl] (43) resulting

from heterolytic H-H splitting. In contrast, hydrogen activation by the same Fe

(II) initial complex proceeds in nonaqueous solvents such as toluene-d8 with initial

formation of trans-[Fe(DMeOPrPE)(η2-H2)Cl]
+ (43), requiring a chloride scaven-

ger (TlPF6) and a base (PS) to reach complete conversion to 42 [78].

Pd(II) complexes of sulfonated tetrahydrosalen (sulfosalan, HSS) were obtained

by Jo�o et al. and applied in hydrogenation and redox isomerization of allylic alcohols

in neat water or water/organic solvent biphasic systems. DFT calculations allowed to

establish that hydrogen is activated heterolytically, giving the Pd(II)-hydride com-

plex [HPd(HSS-Hphen)] (44), where one of the phenolate oxygens acts as a base for
the proton resulting from H-H splitting (Scheme 14.22) [79].
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Chapter 15

Metal-Organic Frameworks as Platforms
for Hydrogen Generation from Chemical
Hydrides

Yanying Zhao and Qiang Xu

Abstract Metal-organic frameworks (MOFs), a new class of emerging materials

with porosity, crystalline, high interior surface area, controllable structures, high

thermal stability, and high yield with low cost, are showing the potential applica-

tions for hydrogen storage/release. With respect to physical hydrogen storage

(compression, liquefaction, and physisorption), the chemical hydrogen storage is

free from extreme processing conditions and safety risk. In this chapter, we select

recent and significant advances in the development of MOFs as platforms for

hydrogen generation from chemical hydrides and highlight special emphasis on

enhanced kinetics and thermodynamics for (1) hydrogen generation from chemical

hydrides confined in MOFs, (2) MOF-supported metal nanoparticle-catalyzed

hydrogen generation from chemical hydrides, and (3) hydrogen generation from

chemical hydrides catalyzed by catalysts formed using MOFs as precursors.

Keywords Metal-organic frameworks • Hydrogen storage • Hydrogen generation •

Chemical hydrides • Nanoconfined hydrides • Complex metal hydrides • MOF-

supported metal nanoparticle

15.1 Introduction

Metal-organic frameworks (MOFs) are generally constructed by metal-oxygen or

metal-nitrogen coordination bonds between inorganic vertices (metal ions or clus-

ters) and organic linkers to form infinite polymer systems, which have been

regarded as one of the most rapidly development fields in materials and chemistry
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science. Combined with a low framework density and high thermal stability, along

with high yield by using cheap starting materials, MOFs are showing the research

competition and exponentially explosive growth in the structure-dependent appli-

cations [1], such as molecular adsorption/storage and separation [2–13], energy

storage and conversion [14–16], sensing [17, 18], hazardous materials removal [19–

23], and catalysis[24–30], as well as various proof-of-concept demonstrations [31–

35]. As a kind of multifunctional materials by tuning the metal-containing units

[secondary building units (SUBs)] along with organic ligand linkers, the most

attractive features of MOFs are not only the intriguing structural topologies includ-

ing their crystalline nature, high and permanent porosity [36–39], various and

controllable structures [40–46], and uniform pore sizes in the nanoscale range

(from several angstroms up to 10 nm) [47–51] but also their high interior surface

areas (typically, BET surface area of 1,000–3,000 m2/g; the Langmuir surface area

record is more than 10,000 m2/g) [5, 52–55]. Among unique properties of interest,

MOFs and MOF-derived materials are demonstrating their potential advantages on

clean and renewable energy technologies, such as hydrogen [56, 57], Li-ion batte-

ries [58–62], fuel cells [15, 63–67], and supercapacitors [68–72], which make them

objects of extensive study, further industrial-scale production and application.

Among the most important renewable clean energy sources [73–75], hydrogen,

one of the lightest and most potential energy carrier because of its higher energy

content by weight compared with gasoline (120 MJ · kg�1 compared to 44 MJ · kg�1

for gasoline), is widely considered as an optimum energy source as a result of the

serious issues arising from the use of large amounts of fossil fuels and consequent

nonrenewable energy depletion and environmental pollution. Hydrogen is a glob-

ally accepted most promising and clean fuel, and when reacted with oxygen in a

proton exchange membrane (PEM) fuel cell [76], it can generate electric power

with sole water as a by-product and hence environmentally friendly relative to the

dwindling fossil fuels. Due to the low boiling point (�252.87 �C) and low volume

density (0.089888 g/L) in the gaseous state at 1 atm, however, there are some

technological barriers for hydrogen energy application, such as compact, handling

pressure and temperature, recycling of by-products, and cost-effective and conve-

nient plus safe transport of hydrogen. These shortcomings become urgent to be

improved for portable electronic devices or mobile vehicles applications. The 2017

DOE (Department of Energy) targets are a gravimetric capacity of 5.5 wt.% H2 and

a volumetric capacity of 40 g/L H2 that should be achieved at absolute pressures

below 12 bar and temperatures between �40 and +85 �С for hydrogen storage or

onboard generation [77].

Hydrogen storage is clearly one of the key challenges in developing hydrogen

economy [78]. Current approaches/technologies for hydrogen storage include com-

pressed gas, cryogenic liquid, and solid fuel as physical and chemical combination

with materials. The traditional hydrogen storage, by modifying its physical state in

gaseous or liquid form in pressurized and cryogenic tanks, provides viable means

for stationary hydrogen storage, but challenges remain in their applications for

onboard vehicles because the liquid hydrogen requires the addition of a refrigera-

tion unit to maintain a cryogenic state, thus adding weight and energy costs.
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High-pressure storage of hydrogen gas is consequently limited by the weight of the

storage canisters and potential for developing leaks. Moreover, storage of hydrogen

in liquid or gaseous form poses important safety problems for onboard transport

applications. As a result, pressurized hydrogen systems are eliminated from con-

sideration due to the constraints of the large physical volume required and the

energy loss when compressing the gas to high pressures (typically 5,000–

10,000 psi), which guide researchers toward the development of solid storage

materials [79]. Recently, a wide range of porous materials such as zeolites, silica,

and carbon and metal-organic frameworks, usually correlated with specific surface

area, are important solid-state materials that have been adopted to the potential

hydrogen storage media [34, 44, 80–82]. However, high storage capacities are

typically achieved usually at a low temperature (normally �223 to �196 �С)
when using these porous physisorption materials. Despite their ready reversibility,

it is far difficult to maintain in a vehicle application due to the weak interactions

between molecular hydrogen and adsorbents and the extreme working conditions.

Compared with the physical hydrogen storage abovementioned, chemical stor-

age media containing hydrogen in chemically bonded or complexed forms, or

incorporated into small organic molecules, such as metal [83–87], boron/nitrogen/

aluminum based [88–92] and complex [93–95] hydrides, clathrates [96–98], formic

acid [99–102], and other liquid organic hydrogen storage materials (LOHs) [103–

106], usually provide excellent hydrogen gravimetric storage capacities and the

volumetric densities, and some of them can even surpass that of liquid hydrogen.

Over the past decades, chemical hydrides have received considerable attention as

promising hydrogen storage materials due to their attractive features, including safe

storability, relative stability, and high hydrogen density [107–110]. However, they

often suffer from high thermal stability and poor reversibility, as well as sensitivity

to air, like the high temperature required to reform or desorb hydrogen, slow

hydrogen release kinetics or deterioration with successive cycling, and different

loading/unloading logistics and heat dissipation issues. Thus, further research is

required to develop systems with improved performance in order to justify their

implementation in industrial applications. In particular, the development of new

catalysts should become a primary focus of the scientific community. The chemical

hydrogen storage materials, including sodium borohydrides, sodium alanates,

ammonia borane, hydrazine, hydrazine borane, and formic acid, are easy to fuel

under friendly environments and work effectively under ambient temperature and

pressure with suitable catalysts [111, 112]. Recently porous MOFs are demonstrat-

ing their superiority on improving thermodynamics and reaction kinetics of hydro-

gen production from chemical hydrides. Consequently, selecting efficient MOF

materials to conveniently release hydrogen from chemical hydrides is thereupon

becoming desired urgently under friendly conditions, including life cycles, safety,

and environmental impact.

In this chapter, the topic is focused on the state of the art of representative MOFs

for the improvement of thermodynamics and kinetics on hydrogen generation from

chemical hydrides. We summarize the exploration and application of MOFs for

hydrogen generation from chemical hydrides based on their three structural
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elements such as metal vertex, organic ligands, and/or pore system. Examples are

followed on hydrogen generation from chemical hydrides in three aspects:

(1) MOFs act as host materials for nanoconfining chemical hydrides, (2) the

frameworks act as host materials for supporting metal nanoparticle catalysts, and

(3) MOFs act as precursors for forming catalysts by decomposition of frameworks.

At last, the problems need to be focused, and prospective directions are discussed

on MOF-based hydrogen generation from hydrides.

15.2 Hydrogen Generation from Nanoconfined Hydrides
in MOFs

Metal-organic frameworks have been proven versatile and accessible by a variety

of methods and approaches, including postsynthetic modification (PSM),

deprotection (PSD), and exchange (PSE) [113–118]. Early stages of exploration

was first to develop a substantial foundation of MOF synthetic chemistry and

molecular adsorption/separation. In recent years, the focus of scientific interest

has shifted toward the development of multifunctional applications of MOFs.

Though MOF-based catalysis was proposed more than 20 years ago [119] and

5 years later demonstrated experimentally [120], only recently has there been

extensive experimental and theoretical exploration in catalysis [1, 24–30,

121]. To date, a number of porous MOF materials have been investigated to obtain

chemical hydrides at the nanoscale. It is now well established that reducing the

hydride particle sizes to the nanoscale is an effective and interesting strategy for

enhancing both the kinetics and the thermodynamic properties.

Due to the permanent nanoscaled cavities and open windows offering congenital

condition for small molecules to access, porous materials have exhibited a potential

for use as a hydrogen sources vessel to encapsulate hydride materials, such as

ammonia borane, dimethyl borane (DMAB), borohydrides, and alanates [122–

124]. In particular, poor cycling stability, particle agglomeration, and coarsening

can be averted if the hydride particles are nanoconfined within porous materials.

Despite considerable achievements, new approaches that are easier to operate and

more practicable remain to be developed. Recent studies indicate that

nanoconfinement of hydride materials in MOFs not only improves the dehydroge-

nation kinetics and thermodynamics of the process but also prevents unwanted

by-product generation. Herein, we review the recent examples of the use of MOFs

as templates for nanoconfining hydrides on the improvement of dehydrogenation

kinetics and thermodynamics.
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15.2.1 Ammonia Borane and Its Derivatives

Ammonia borane (NH3BH3, AB) has low molecular weight of 30.7 g mol�1 and

high stoichiometric gravimetric capacity storage of 19.6 wt.%, exceeding the 2015

targets (9 wt.% and 81 g/L between �15 and 85 �C) set by the US department,

which makes it an attractive candidate for chemical hydrogen storage. To date,

considerable works involving the release of hydrogen from the thermal dehydro-

genation of AB have been reported [109, 125, 126]. Thermolysis of pristine AB is a

three-step process (Eqs. 15.1, 15.2 and 15.3).

NH3BH3 ! 1=n NH2 � BH2½ � þ H2 ð15:1Þ
1=n NH2 � BH2½ � ! 1=n NH � BH½ �n þ H2 ð15:2Þ

1=n NH� BH½ �n ! BNþ H2 ð15:3Þ

Since the third thermal decomposition step requires high temperature

(>1,200 �C) [127], AB may practically provide only ~2 equivalents of H2,

corresponding to 13 wt.%, for solid-state hydrogen storage according to the first

two steps. In the first decomposition step, AB can rapidly decompose at approxi-

mately its melting point (~112 �C) and releases 1 equiv. of H2 (6.5 wt.%), but its

solid-state decomposition at moderate temperature range is very slow and typically

involves a long induction period. A similar kinetics problem is that the second

decomposition step occurs at a broad temperature range centered at ~150 �C.
Another major problem of the thermolysis approach is the impurity contamination

of hydrogen output. The thermally activated H2 generation from AB is typically

accompanied with the evolution of diverse unexpected gaseous by-products, such

as ammonia, aminoborane [BH2NH2], diborane (B2H6), borazine (HNBH)3, and

aminodiborane [BH2NH2BH3] [125]. As a result, the practical application of AB is

still handicapped by its slow thermal dehydrogenation kinetics below 100 �C and

H2 release rate, and the formation of detrimental volatile by-products, and severe

material foaming during the desorbed hydrogen and irreversibility. Most of all, the

elimination of ammonia is the most critical issue because a very small amount of

ammonia (ppm level) poisons the catalysts of proton exchange membrane (PEM)

fuel cells. It was first reported by Autrey and coworkers that confining AB in

mesoporous silica scaffold can improve the kinetics of hydrogen generation and

depress the volatile by-products in the AB thermal decomposition [122]. Here we

only sum up the metal-organic frameworks as host matrix to confine AB on

enhancing thermal decomposition thermodynamics and kinetics and elimination

of undesirable by-products.

The successful synthesis of JUC-32-Y [128] (Y(BTC)(H2O) · DMF (H3BTC¼ 1,

3, 5-benzene-tricarbocylic acid, DMF¼N, N0-dimethylformamide))-confined AB

is denoted as AB@JUC-32-Y and shown in Fig. 15.1, which is the first example of

the use of an MOF as the host material to confine AB system [129]. 8 wt.% AB was

introduced by the infusion method in anhydrous methanol solvent at room
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temperature in a glove box. The confinement AB@JCU-32-Y, with an AB:JUC-32-

Y molar ratio of 1:1, led to a big decrease (~30 �C) in the decomposition temper-

ature and remarkable increase in the hydrogen release rate because the coordinated

metal Y3+ sites of JUC-32-Y which interacted strongly with AB greatly enhance the

hydrogen release kinetics and completely prevent the formation of undesired

products of ammonia and borazine. At reduced temperature of 95 �C, AB inside

JUC-32-Y could release 8.5 wt.% hydrogen within only 3 min and reached 10.2 wt.

% hydrogen in only 10 min. At even a low temperature of 85 �C, AB could release

8.0 wt.% hydrogen within 10 min, while neat AB does not release any hydrogen at

this temperature. In another report, Yao and coworkers reviewed the

nanoconfinement effect on improving the kinetics at a relatively low temperature

and the prevention/reduction of undesirable gas formation [130]. However,

AB@JUC-32-Y is largely added weight and low AB loading due to the heavy Y

metal. Thereafter it is highly desirable to have a lightweight MOF with stable and

suitable nanopore channels that can hold more than AB molecules.

Subsequently, Srinivas, Yildirim, and coworkers used a lightweight MOF,

Mg-MOF-74 (Mg2(DOBDC), DOBDC¼ 2, 5-dioxido-1, 4-benzenedicarboxylate)

[131, 132] to accommodate AB with a large mass fraction up to approximately

26 wt.% AB [129], which is regarded as a promising candidate for

nanoconfinement and catalytic decomposition of AB for the improvements on the

hydrogen release temperature and absence of unwanted by-products [133]. In rigid

one-dimensional Mg-MOF-74 framework, after removal of the terminal water

molecules upon heating under vacuum, the coordinately unsaturated open Mg2+

metal sites come into being. All different AB loadings confined in Mg-MOF-74

demonstrated that H2 generation started immediately at low temperatures without

an induction period. The systematic investigations concluded that the

Fig. 15.1 Left: Time dependences of hydrogen release from AB@JCU-32-Y at different temper-

ature and neat AB at 85 �C. Right: 3D structure image views of (a) JUC-32-Y and (b) AB@JCU-

32-Y and views of 1D chains of JUC-32-Y (c) before and (d ) after removal of terminal H2O and (e)
after interaction with AB (Reprinted with the permission from Ref. [129]. Copyright 2010

American Chemical Society)
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dehydrogenation kinetics of the AB@Mg-MOF-74 system depends on the level of

AB loading, thus indicating the significant catalytic role that Mg metal centers play.

For the heavy AB loading systems, the intermolecular interactions of AB which

cause the kinetics are quite similar to the pristine AB due to the formation of bulk

phase AB from combining nanoconfined AB with excess crystalline AB aggre-

gated, which exactly support the importance of nanoconfinement and AB interac-

tion with the active metal centers for promoting efficient and clean H2 release.

Furthermore, the nanoconfinement of AB molecules within the one-dimensional

pores of Mg-MOF-74 decreased the temperature of dehydrogenation to below

100 �C, as shown in Fig. 15.2. The dehydrogenation of AB@Mg-MOF-74 is a

single-step process without endothermic AB melting peaks which implies the direct

solid-state decomposition of the nanoconfined AB. Most importantly, the AB@Mg-

MOF-74 system could offer clean hydrogen delivery by suppressing the detrimental

by-products of ammonia, borazine, and diborane. Other heavy metal centers, such

as Ni-MOF-74 and HKUST-1 (Cu3(TMA)2(H2O)3, TMA¼ benzene-1, 3, 5-

tricarboxylate) [134], are not suitable for the nanoconfinement of AB molecules

perhaps because of inappropriate pore size/shape, metal types, and coordination.

In another report, Srinivas et al. showed a promising hydrogen storage capability

of AB confined in nanoporous Zn-MOF-74 [135–137] (Zn2(DHBDC),

DHBDC¼ 2,5-dihydroxy-1,4-benzenedicarboxylate). The 1AB@Zn-MOF-74 and

2AB@Zn-MOF-74, with the AB:Zn ratios of 1:1 and 2:1, respectively, exhibited

controllable and enhanced kinetics at reduced temperature. The 1AB@Zn-MOF-74

with ~20 wt.% AB loading showed no trace of any volatile by-products during the

dehydrogenation by pyrolysis, while amounts of ammonia, boranzine, and diborane

were observed for 2AB@Zn-MOF-74 due to overfilling of MOF with excess AB

depositing outside the pores [138]. The 1AB@Zn-MOF-74 showed a considerably

lowered onset desorption temperature of 60 �C and released about 10 wt.% H2 at

above 100 �C within a few minutes and about 9 wt.% H2 at temperature between
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85 and 75 �C within 2 h. 1AB@Zn-MOF-74 could release about 8 wt.% H2 even at

temperature as low as 65 �C. More importantly, the dehydrogenation mechanism of

nanoconfined AB is concluded that the hydrogen is released from the weakened

B-H bonding and subsequent B-O bond is formed during the thermal decomposition

of AB due to the interaction of electropositive B in –BH3 group and electronegative

N in –NH3 with the carboxylate ligands and the metal centers in the MOF. As a

result, the metal center has prominent effect on the dehydrogenation temperature as

well as kinetics for limited nanoconfinement within the pore channels.

Recently, Srinivas, Yildirim, and coworkers loaded AB to another flexible

Fe-MIL-53 framework (MIL: Material of the Institut Lavoisier, [FeIII(OH)

(BDC)], BDC¼ 1,4-benzenedicarboxylate) [139, 140] with coordinatively satu-

rated Fe sites with AB:Fe molar ratios of 0.5:1, 1:1, and 1.5:1 [141]. The encapsu-

lation of AB in Fe-MIL-53 exhibits fast hydrogen release of 1.38 equiv. of H2

around 100 �C within 30 min, whereas an ultimate release of 0.84 equiv. of H2 was

observed from pristine AB during a longer time. Along with the increasing of AB

loading, the activation energy barriers for H2 release of AB@Fe-MIL-53 increases,

but they are still lower than that of pristine AB [122, 142, 143]. Furthermore,

AB@Fe-MIL-53 can release 1.22 equiv. of H2 at 80 �C. In particular, AB@Fe-

MIL-53 shows instant H2 release similar to the AB@MOF-74(Mg and Zn). The

research results indicate the flexible pores also trapped the B- and N-containing

residues to depress the release of by-products. More importantly, when compared to

the unsaturated metal MOFs, the flexible pores in Fe-MIL-53 did not exhibit much

improvement in dehydrogenation kinetics and thermodynamics, suggesting that the

dehydrogenation property of confined AB is largely governed by coordinatively

unsaturated metal sites in MOF pores.

In 2011, Si et al. selected chromium (III) terephthalate MIL-101 [144] with

zeotype cubic structure with a giant cell volume and hierarchy of extra-large pore

sizes as a host material to prepare and characterize a series of nanocomposites of

MIL-101 and Ni-MIL-101 with different amounts of AB [145]. When dehydroge-

nation by pyrolysis, MIL-101- and Ni-MIL-101-encapsulated ABs start to evolve

hydrogen at about 50 �C and give broad desorption peaks centered at 75 and 85 �C,
respectively, which are lower than other nanocomposite systems and, more impor-

tantly, lower than the proton exchange membrane (PEM) fuel cell working tem-

perature (80 �C), without undesirable ammonia, borazine, and diborane. Thus, the

MIL-101 is effective catalyst to change the thermal decomposition mechanism of

AB, and the introduction of Ni catalyst within frameworks is a feasible method for

improving both thermodynamics and kinetics of dehydrogenation from AB.

Employing postsynthetic chemical modification of MIL-101(Cr) [146], Chan

and coworkers prepared the NHCOCH3-MIL-101, together with NO2-MIL-101 and

NH2-MIL-101, to confine AB by solution impregnation method. The AB@NH2-

MIL-101 and AB@NHCOCH3-MIL-101 nanocomposites can generate ~1.3 equiv.

of hydrogen within 20 min at 85 �C [147]. The dehydrogenation improvement of

AB@NH2-MIL-101 and AB@NHCOCH3-MIL-101 over AB@MIL-101 may be

closely related to the interaction between AB and functional groups of MIL-101 s.

Comparison of four nanocomposites of MIL-101 indicated that the modifications of
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the functional groups in MOFs are effective alternative options in improving

dehydrogenation thermodynamics and kinetics of AB. MOFs with effective func-

tional groups can improve hydrogen release from AB at lower temperature and

higher purity as compared to untreated MIL-101 s.

In 2012, our group also loaded AB into MIL-101 to form AB@MIL-101

[148]. TPS/MS (temperature-programmed desorption mass spectrometry) indicated

that AB@MIL-101 started to evolve H2 at 70 �C with a broad peak centered at

95 �C, which largely lowered the dehydrogenation temperature compared to the

pristine AB. However, the evolution of ammonia was not completely suppressed, as

shown in Fig. 15.3, while no borazine was detected. Interestingly, no noticeable

peaks corresponding to NH3 and borazine were detected for AB/Pt@MIL-101; the

dehydrogenation temperature shifted to much lower temperature (see Sect. 15.3.1

in detail).

ZIFs (zeolite imidazolate frameworks), composed of imidazolate linkers and

tetra-coordinated metal ions (Co2+, Zn2+), are usually exceptionally chemically

robust, thermally stable, and commercially available. Large surface areas, large

cavities, and small pore apertures make them particularly interesting as candidates

for heterogeneous catalysis [149, 150]. Very recently, Zhong et al. employed ZIF-8

([Zn(MeIm)2], MeIm-2-methylimidazolate) [151, 152], a sodalite zeolite-type

structure with nanopore structural feature, to catalyze the dehydrogenation of

pyrolysis AB through solid-state mixing and compared the results to those obtained

from the nanoconfined composite analogue prepared using solvent-based impreg-

nation techniques [153]. It was deduced that Zn ions can promote hydrogen release

from AB as a catalyst by comparing the same zinc concentration between the milled

mixture of AB/ZnCl2 and hand-milled 90 wt.% AB/ZIF. For comparison, the

isothermal kinetics of AB/ZIF-8, AB/ZnCl2, and AB@ZIF-8-MeOH (immersing

AB into ZIF-8 in an anhydrous methanol solvent) have all better results on both the

rate and volume of hydrogen released compared to neat AB, as shown in Fig. 15.4.

In the first 10 min, approximately 0.91 and 0.656 equiv. of hydrogen were released

from the 75 and 90 wt.% AB/ZIF-8 samples, respectively. After 2 h of hydrogen

generation, 1.18 and 1 equiv. of hydrogen were evolved, respectively. The rate of
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Fig. 15.3 TPD-MS spectra of (a) pristine AB, (b) AB@MIL-101 (AB/MIL-101¼ 1:1 wt/wt), and

(c) AB/Pt@MIL-101 (AB/1 % Pt@MIL-101¼ 1:1 wt/wt) (Reprinted with the permission from

Ref. [148]. Copyright 2012 American Chemical Society)
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hydrogen release from ABZIF-8-MeOH is similar to that from 75 to 90 wt.% AB.

ZIF-8 samples, but the amount of hydrogen released is much less than that of those

two samples. Therefore, the nanoconfinement effect is not a key factor for the

promotion of AB dehydrogenation in this case, and it is speculated that the

advantage of ZIF-8 is due to the Zn ions being homogeneously disperse on the

surface of ZIF-8. PXRD patterns of AB/ZIF-8 after pyrolysis show no major

changes in the ZIF-8 framework, indicating that ZIF-8 is stable during dehydroge-

nation and potentially reusable as a catalyst.

Moreover, Fisher and coworkers employed ZIF-8 to load the derivative of AB,

dimethylamine borane (DMAB¼H3B ·NMe2H), inside its pores by a vapor-phase

infiltration method [154]. Most interestingly, as shown in Fig. 15.5, by heteroge-

neous catalysis of ZIF-8, the dehydrocoupling of DMAB can yield (H2B ·NMe2)2,

together with hydrogen release at room temperature. Thus, the dehydrocoupling

effect greatly improved the dehydrogenation thermodynamics of the DMAB@ZIF-

8, because the dehydrocoupling of neat DMAB requires temperatures as high as

130 �C.

15.2.2 Complex Metal Hydrides

Complex metal hydrides (CMHs) [90, 93, 94, 155–158], due to their commercially

availability and high gravimetric hydrogen densities, have been considered as

potential candidates for solid hydrogen storage materials. The most important

Fig. 15.4 Hydrogen evolved over time at 90 �C (Reprinted with the permission from Ref.

[153]. Copyright 2012 American Chemical Society)
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complex hydrides include borohydrides, alanates, and transition metal hydrides

[159–164]. For fuel cell vehicles, the goal for DOE onboard storage systems is to

achieve reversible storage at high density but moderate temperature and hydrogen

pressure. Thus, sluggish hydrogen release kinetics and thermodynamically too high

stability at elevated temperatures are two major obstacles that need to be overcome,

owing to the strong covalent bonds between hydrogen atoms and the central atoms

of the molecular anions. To this end, a large amount of efforts in recent research

activity has been devoted to improvements in their thermodynamic and kinetic

aspects with a focus on the fundamental dehydrogenation and rehydrogenation

properties and on providing guidance for material design in terms of tailoring

thermodynamics and promoting kinetics for hydrogen storage.

Up to now, nanosizing and scaffolding have emerged as important strategies to

control the kinetics, reversibility, and equilibrium pressure for hydrogen storage in

light metal hydride systems [165–174]. Reducing the size of metal hydrides to the

nanometer range allows fast kinetics for both hydrogen release and subsequent

uptake [165–170]. Reversibility of the hydrogen release is impressively facilitated

by nanoconfining the materials in a carbon or metal-organic framework scaffold, in

particular for reactions involving multiple solid phases [171–179]. It has become

clear that nanoconfinement is a strong tool to change physicochemical properties of

complex metal hydrides, which might not only be of relevance for promoting

kinetics and tailoring thermodynamics of dehydrogenation and rehydrogenation at

ambient environment but also for other applications such as rechargeable batteries.

Fig. 15.5 Conceptual representation of the catalytic dehydrogenation and cyclization of DMAB

to selectively yield inside ZIF-8 (Reproduced with permission from Ref. [154] by permission of

Jon Wiley & Sons Ltd)
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15.2.2.1 Borohydrides

The study of complex metal hydrides as candidate hydrogen storage materials

began with LiBH4 usually synthesized by the reaction of ethyl lithium with

diborane (B2H6), yielding a material containing a gravimetric hydrogen content

of 18.4 % [180]. However, pure LiBH4 is thermodynamically very stable, releasing

hydrogen only at elevated 400 �C under 1 bar of H2 and releases 13.5 wt.% of

hydrogen by decomposition into LiH and B according to the reaction LiBH4¼LiH

+B+ 3/2H2 [181]. Dehydrogenation of LiBH4 is reversible, while it suffers from

poor hydrogen uptake kinetics with limited rehydrogenation shown at 600 �C and

150 bar. The end products lithium hydride and boron absorb hydrogen at 600 �C in a

hydrogen pressure of 35 MPa for 12 h or at 727 �C under hydrogen pressure of

15 MPa for over 10 h to form LiBH4 [182]. However, its use in hydrogen storage

applications is problematic because of poor hydrogen desorption/absorption kinet-

ics, the release of volatile gases (B2H6), and the formation of stable by-products

(Li2B12H12) [183–185]. Diborane emission and Li2B12H12 production limit the

amount of accessible hydrogen uptake in the material over multiple cycles. Like

confinement of AB and its derivatives, there have been numerous reports demon-

strating improvement of the hydrogenation/dehydrogenation kinetics of LiBH4

through incorporation of LiBH4 into porous SBA-15, carbon aerogels, ordered

mesoporous carbon (CMK-3), activated carbon, and CNT materials, which lower

the desorption temperature, improve the reversible formation of LiBH4, and limit

the amount of volatile by-products [172, 177–179, 185–199]. Up to date, only one

literature came from Yu’s group with the employment of metal-organic framework,

HKUST-1, to confine borohydride for hydrogen storage/release if some significant

contributions were not left out.

In 2011, Guo, Yu, and coworkers loaded 84 wt.% LiBH4 into dehydrated

HKUST-1 pores in ether solution to synthesize LiBH4@HKUST-1 with an inter-

action between LiBH4 and Cu2+ ions [200]. The dehydrogenation of

LiBH4@HKUST-1 started from around 60 �C, which is dramatically lower than

that for the pristine LiBH4 (380
�C), together with the release of diborane. With

increasing temperature, the amount of released gas was significantly increased, and

the dehydrogenation kinetics was accelerated. After heating up to 200 �C, a total

gas release of 4.8 mmol g�1 was observed for the LiBH4@HKUST-1 sample,

indicating a partial decomposition of loaded LiBH4 below this temperature

(7 mmol g�1 for a complete decomposition of the confined LiBH4 to H2), because

the coordinated water molecules in HKUST-1 can react with LiBH4 to release H2

during the process of loading LiBH4 into hydrated HKUST-1 at room temperature.

More importantly, the nanofinement by nanostructural materials and the consequent

redox reaction between LiBH4 and Cu–O units enabled dehydrogenation to occur in

LiBH4@Cu-MOFs at a much lower temperature.
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15.2.2.2 Alanates

Though alanates show poor kinetics with dehydrogenation taking place at temper-

atures well above 200 �C, and reversibility is also achieved only under high

temperature and pressure conditions, aluminum-based metal hydrides have offered

high possibilities for meeting the requirements of onboard applications. The recent

hydrogen storage research, particularly for automotive applications, has generated

renewed interest in aluminum-based hydrides due to their capacity to store up to

11 wt.% hydrogen with volumetric capacities up to 150 g H2/L (more than twice

that of liquid hydrogen), since the breakthrough by Bogdanović and coworkers,

who demonstrated that transition metal-doped NaAlH4 could reach a reversible

storage capacity of more than 5 wt.% [155, 201, 202] and reversibly release/absorb

hydrogen under mild conditions [203, 204]. Hydrogen can be released from these

materials by low-temperature thermolysis (<100 �C), making them well suitable

for proton exchange membrane fuel cells and other low temperature applications.

The decomposition reaction equations of bulk NaAlH4 are usually described by the

three steps as follows:

NaAlH4 $ 1=3ð ÞNa3AlH6 þ 2=3ð ÞAlþ H2 3:7 wt% H2ð Þ ð15:4Þ
1=3ð ÞNa3AlH6 $ NaHþ 1=3ð ÞAlþ 1=2ð ÞH2 1:9 wt% H2ð Þ ð15:5Þ

NaH $ Naþ 1=2ð ÞH2 1:9 wt% H2ð Þ ð15:6Þ

Theoretically, the NaAlH4 can release 3.7 wt.% of hydrogen for Eq. (15.4) and

1.9 wt.% (relative to the original NaAlH4) for each of Eqs. (15.5) and (15.6). The

final decomposition of NaH (step 3) is usually considered unreachable for mobile

applications, requiring too high temperatures at useful pressures. Addition of a

catalyst (Ti or other transition metal) is necessary for both Eqs. (15.4) and (15.5) to

be accessible and reversible under ambient conditions. The kinetics of the above

reversible reactions of NaAlH4 can be improved markedly by the addition of

suitable materials, such as Ti-based dopants [205–210]. Other transition metals

containing additives have also proven to be effective catalysts for improving the

hydrogenation and dehydrogenation kinetics of NaAlH4 [211, 212]. Most of the

transition metal-based catalysts improve both the hydrogenation and dehydrogena-

tion kinetics by decreasing the activation energy of the respective reactions [168,

213–217]. However, the role of these additions has to be carefully understood since

they not only function as catalysts but also facilitate the transport of the species to

the surface before desorption. In contrast, nanoconfined NaAlH4 decomposes in a

single step without the need for a catalyst as reported by experimental and theoret-

ical methods [171, 218–225]. In this regard, the studies focused on metal-organic

frameworks proposed it as a template for formation of nanoscale NaAlH4 on

dehydrogenation and reversible hydrogen storage [226–228].

In 2009, Allendorf and coworkers [226] loaded NaAlH4 to HKUST-1 in THF,

and on average there are eight THF molecules and eight formula units of NaAlH4

per large pore. And then the thermodynamics and kinetics of H2 desorption were
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investigated quantitatively. For the pyrolysis of nanoscale hydrides in MOF, it can

start desorbing H2 at 70
�C and desorb ~80 % of the total H2 at 155

�C, during which
MOF is not decomposed (Fig. 15.6). In contrast, bulk NaAlH4 shows the onset

dehydrogen temperature of 150 �C and 70 % of the total H2 is desorbed at 250 �C.
The results show that the size of NaAlH4 clusters with 1 nm exerts a greater

Fig. 15.6 (a) Amount of H2 and (b) rate of H2 released from NaAlH4@MOF compared with neat

NaAlH4 (Reprinted with the permission from Ref. [226]. Copyright 2009 American Chemical

Society)
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influence on the thermodynamics and reaction rates than other factors, such as

interactions between NaAlH4 and pore walls and so on [227]. When confining both

hydrogen storage materials and catalysts in pores of MOFs, the sample of Ti-doped

nano-NaAlH4@MOF-74 exhibits an onset temperature for hydrogen desorption of

~50 �C and releases 3.6 wt.% in 2.5 h at 150 �C, which is similar to that of undoped

nano-NaAlH4@MOF-74 (4.5 wt.%) at 200 �C, as shown in Fig. 15.7. Although the
presence of titanium is not necessary for the increase in desorption kinetics, it

enables rehydrating to be fully reversible, where it displays minimal capacity loss

(from 4.1 to 3.6 wt.% for hydrogen generation) in four dehydrogenation/

rehydrogenation cycles under H2 pressure [228].

15.2.3 Conclusions

To store/release hydrogen for onboard applications, hydrides are promising due to

their high hydrogen contents and moderate hydrogen release temperature. A num-

ber of MOF materials have been explored to nanoconfine hydrides and further

overcome the critical barriers of lowering the temperature and improving the

kinetics for hydrogen release. As shown in Table 15.1, the abovementioned

nanoconfinement or MOF-confined hydrides as the catalysts suggested that the

synergistic effect of nanoconfinement and metal catalyst centers of MOFs contrib-

utes to the enhanced hydrides dehydrogenation kinetics. However, none of them

can satisfy all the requirements for mobile applications according to the targets of

DOE. The recent efforts on overcoming the critical barriers by nanoconfinement of

hydrides in porous MOF materials show the satisfaction of hydrogen release from

hydrides in operational temperature and kinetics for PEM fuel cells. As a result,

some issues must be focused in the future research. (1) The nanoconfining MOF

composite material of the hydrides plus framework system has the reduction of

theoretical hydrogen capacity and density due to no contribution to hydrogen

capacity from the framework itself. In this case, investigations on selecting suitable

lighter metal and MOF materials with low density, suitable pore volume, and high

Fig. 15.7 Desorption and absorption of NaAlH4@Ti-MOF-74(Mg) for four consecutive cycles

(Reprinted with the permission from Ref. [228]. Copyright 2012 American Chemical Society)
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surface area will be sufficiently crucial. In addition, the increase of loading rate is

also very important, and some loss might be a worthwhile sacrifice to improve the

thermodynamics of the hydrogen release reaction or to improve the kinetics of the

reverse reaction. (2) The chemistry reaction mechanism of nanoconfinement is not

entirely clear. Systematic investigations on the thermodynamic change related to

the framework characteristics such as pore size, organic linker of the framework,

and the role of metallic ions should be done both theoretically and experimentally.

The demonstrations of the intrinsic characteristics and interactions between the

hydrides and MOF should be critical to understand the fundamentals of

nanoconfinement effect. (3) The cheap and easy ways to realize the regeneration

of hydrides off-board become urgent. The irreversibility of chemical hydrogen

storage by off-board regeneration motivates the research of hydride, and thus the

cheap and effective way to regenerate such compounds becomes the most important

for using them as hydrogen storage materials. This boosts the research stream of

hydrides regeneration, but there is still a far way to cheaply produce hydrides for

practical applications. (4) In our point of view, the reversibility of nanoconfined

hydride system is still an exceptional important issue, although the off-board

regeneration releases this reversibility criterion released by DOE. Importantly,

the nanoconfinement of hydrides might enhance the possibility of hydride revers-

ibility due to the restructuring of hydride inside nanopores and neutralizing the

thermodynamics. This is only our hypothesis, which requires theoretical and/or

experimental evidence, and could be an important topic of future study.

Table 15.1 Chemical hydrides nanoconfined in MOFs

MOF CHa TOnset (�C)b TPeak (�C)c Ref.

JUC-32-Y AB 50 84 [129]

Mg-MOF-74 AB 65 100 [133]

Zn-MOF-74 AB 60 100 [138]

Ti-MOF-74(Mg) NaAlH4 50 200 [228]

Fe-MIL-53 AB ~60 102 [141]

Ni-MIL-101 AB 50 75 [145]

MIL-101 AB 50 85 [145]

MIL-101(Cr) AB ~80 ~90 [145]

NO2-MIL-101 AB ~85 ~105 [147]

NH2-MIL-101 AB 68 ~73 [147]

NHCOCH3-MIL-101 AB 60 ~87 [147]

MIL-101 AB 70 95 [148]

ZIF-8 AB ~70 85 ~ 88 [153]

ZIF-8 DMAB 25 [154]

40

HKUST-1 LiBH4 60 110 [200]

HKUST-1 NaAlH4 70 100 [226, 227]
aCH chemical hydride, AB ammonia borane(NH3BH3), DMAB dimethylamine borane

(H3BNMe2H)
bStarting temperature of hydrogen generation
cDecomposition peak of dehydrogenation temperature (�C)
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To shortly sum up, hydrides are highly potential to achieve the current, even

ultimate, targets of onboard hydrogen applications, but the regeneration of the

catalyst at 70 �C for PEM fuel cells is necessary between each cycle to recover

the hydrides and regenerate the cavities of MOFs. It had been shown that strong

caging effects, probably, are combined with polar and Lewis acid/base properties of

the porous matrix, which are crucial for the use of mild reaction conditions.

Nanoconfinement shows a significant effect on improving the kinetics and modi-

fying the thermodynamics, but further evidences to support this conclusion are

highly desirable. Compared with neat chemical hydrides, nanoconfined

hydride@MOF materials show advantages for the improvement of hydrogen

release thermodynamics and kinetics, lower operational temperature, and high

purity of released hydrogen during pyrolysis. Up to now, the corresponding reports

about hydride@MOFs are still scarce, which may be due to requirements for MOFs.

For solid-state chemical hydride@MOF systems, the MOFs should have appropri-

ate pore sizes, active metal sites, and especially thermal and chemical stability,

which is the most important for application of MOFs in this field. In addition, even

though the present system does not directly address the hydrogen storage challenge

to fulfill every index, it is a step forward in realizing hydrogen storage materials that

can operate below fuel cell operating temperature of less than 85 �C, which requires
further efforts of study in the future.

15.3 MOF-Supported Metal Nanoparticle Catalysts
for Hydrogen Generation from Hydrides

The physical and chemical characters of metal nanoparticles (M-NPs) are demon-

strating huge advantages over those of bulk metals, such as thermal, magnetic, and

electrical conductivities in virtue of the delocalization of free electrons. Since the

high surface-area-to-volume ratio of M-NPs provides a great number of active sites,

the size and shape control of M-NPs is crucial to achieve enhanced reactivity [229–

234]. However, due to their high surface energy and large surface area, the stability

of M-NPs is severely decreased, which obstructs the control of size and shape with

high uniformity. M-NPs have poor cycling stability as a result of the agglomeration

and coarsening of the nanoparticles [235–241]. The nucleation and growth of

M-NPs can be averted if the metal or alloy nanoparticles are confined within highly

porous scaffold materials, which could be used for the fabrication of metal

nanoparticles (NPs) with controlled sizes inside the pores, thereby circumventing

a common issue of nanoparticle aggregation [242–245]. In particular, the use of

M-NPs in porous MOFs with confined void spaces has been proved to be an

efficient way of preventing aggregation [1, 48, 246–252]. Recently, there have

been extensive efforts to fabricate metal nanoparticles (M-NPs) in MOFs to elicit

the properties that are hardly achieved by the individual material. MOFs have been

utilized as supports for M-NPs since they could availably control the limited growth

of M-NPs in the confined cavities and produce dispersed M-NPs [251, 253–266].
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General synthetic methods to embed M-NPs in porous metal-organic framework

matrix entail the impregnation of a metal precursor in a porous MOF, followed by

reduction of the metal precursor to metal (0) atoms, which aggregate into M-NPs

within the MOF. The precursor molecules that are most frequently used for the

production of M-NPs are chloride or nitrate salts of the corresponding transition

metal ions. In general, metal precursors included in MOFs are reduced with

hydrogen gas [252, 255, 258–261], hydrazine [48, 262], oleylamine [251], or

NaBH4 [263–266] to generate M-NPs, and the reduction process is often performed

at high temperature, followed by a washing step. In some cases, supercritical CO2-

methanolic solution has been used to load the precursor compound within a MOF,

followed by a heating process [267]. The reaction conditions for fabricating M-NPs

in MOFs should be determined, depending on the properties of the host matrices

during the reduction process. Since the size of the NPs is significantly affected by

the loading time of the metal precursor and the reduction conditions, these condi-

tions should be carefully controlled.

Here we review recent progress on the MOF-supported metal nanoparticle

catalysts for hydrogen generation from chemical hydrides, such as ammonia

borane, dimethyl borane (DMAB), hydrazine(HZ), formic acid(FA), and so

on. These are also proved to be one of the most convenient and effective ways to

achieve property synergies of metal NPs and MOFs for dehydrogenation applica-

tions [257–261].

15.3.1 Ammonia Borane and Its Derivatives

Our group [268] reported the first example of water-stable MOF-supported catalysts

for hydrogen generation from hydrolysis of AB. Highly dispersed Ni nanoparticles

were successfully immobilized by metal-organic framework ZIF-8 via both chem-

ical vapor deposition (CVD) [247, 269, 270] and chemical liquid deposition (CLD)

[137, 271] approaches to obtain CVD-Ni@ZIF-8 and CLD-Ni@ZIF-8, respec-

tively. The CVD-Ni@ZIF-8 and CLD-Ni@ZIF-8 showed high catalytic activity

for hydrogen generation from hydrolysis of aqueous AB at room temperature. For

CLD-Ni@ZIF-8, the hydrolysis reaction of the AB can be completed

(Ni/AB¼ 0.019) in 19 min (H2/AB¼ 3.0), giving a TOF value of 8.4 min�1. The

CVD-Ni@ZIF-8 sample showed a higher activity, with which the reaction can be

completed (H2/AB¼ 3.0) in 13 min (Ni/AB¼ 0.016), corresponding to a TOF

value of 14.2 min�1. As shown in Fig. 15.8, the experiments of durability/stability

indicated that there was no significant decrease in catalytic activity even after 5 runs

of hydrolysis reactions for both catalysts due to the fact that the highly dispersed Ni

NPs have been effectively immobilized by the frameworks of ZIF-8.

By employing a “double solvents” method (DSM), we synthesized the highly

active MOF-immobilized Pt nanocatalysts, Pt@MIL-101 [148]. The uniform three-

dimensional distributed and ultrafine Pt NPs were successfully immobilized inside

the pores throughout the interior cavities of MIL-101 without aggregation of Pt NPs
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on the external surface of the MOF. The “double solvents” method used in this work

is based on a hydrophilic solvent (water) and a hydrophobic solvent (hexane), the

former containing the metal precursor with a volume set equal to or less than the

pore volume of the adsorbent (MIL-101), which can be absorbed within the

hydrophilic adsorbent pores and, the latter, in a large amount, playing an important

role to suspend the adsorbent and facilitate the impregnation process (Fig. 15.9). In

the presence of 2 wt.% Pt@MIL-101 catalysts (Pt/AB¼ 0.0029 in molar ratio), the

H2 generation by hydrolysis of aqueous AB (ammonia borane) is completed within

2.5 min at room temperature, corresponding to a catalytic activity 2 times higher

than that of 2 wt.% Pt/γ-Al2O3 [272, 273], the most active Pt catalyst reported for

this reaction so far. Interestingly, the Pt@MIL-101 exhibited excellent catalytic

activities for all three reactions in liquid-phase ammonia borane hydrolysis, solid-

phase ammonia borane thermal dehydrogenation, and gas-phase CO oxidation.

Our group exploited a liquid-phase concentration-controlled reduction (CCR)

strategy for the first time to control the size and location of the alloy AuNi NPs

during reduction of the Au3+ and Ni2+ precursors which are introduced into the

pores of MOF by using the double solvents method [274]. After an overwhelming

reduction (OWR) approach with a high concentration reductant (NaBH4) solution

was employed, the ultrafine AuNi alloy NPs were successfully encapsulated into

the MOF nanopores without aggregation on the external surface, which exhibited

excellent catalytic performance in hydrolytic dehydrogenation of ammonia borane.

Fig. 15.8 Hydrogen generation from hydrolysis of aqueous AB (2 mmol in 2 mL water) in the

presence of 10 mg (a) CVD-Ni@ZIF-8 (Ni/AB¼ 0.016) and (b) CLD-Ni@ZIF-8 (Ni/AB¼ 0.019)

at room temperature (Reproduced from Ref. [268] by permission of The Royal Society of

Chemistry)
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As shown in Fig. 15.10, the AuNi@MIL-101 catalysts are more active than the

monometallic counterparts, exhibiting synergistic effect between Au and Ni. The

experimental results indicate that the AuNi@MIL-101 with the Au/Ni atomic ratio

of 7:93 is the most active, in which the AB hydrolysis reaction is completed with a

70 mL H2 release in 2.67 min ((Au +Ni)/AB¼ 0.017 in molar ratio), corresponding

to a higher TOF value of 66.2 molH2
�mol�1

cat
�min�1 than those of the most active

non-noble metal-based catalysts for this reaction reported so far and even higher

than those of most Pt-, Rh-, and Ru-related catalysts [88, 274–278]. More impor-

tantly, the initial dehydrogenation rates indicate that the catalytic activity is severely

decreased with the increase of AuNi alloy NPs size. As a result, a liquid-phase CCR

strategy in combination with DSM could control the size and location of the MOF-

immobilized metal NPs. Using the OWR approach, ultrafine AuNi alloy NPs would

be fabricated inside the mesoporous MIL-101, which could serve as a high-

performance catalyst for future development of ammonia borane into a practical

hydrogen storage materials for clean energy applications. New avenues will be

opened up for developing high-performance heterogeneous catalysts by using porous

MOFs as hosts for ultrafine metal NPs, especially non-noble metal-based NPs.

Recently, Zahmakiran and coworkers reported the synthesis, characterization of

Pd@Cu3(btc)2 with palladium(0) nanoparticles stabilized by the activated frame-

work of HKUST-1 [134] or MOF-199 [279]. The in situ formation of well-

dispersed palladium (0) nanoparticles with the size 4.3� 1.1 nm was supported

Fig. 15.9 Hydrogen generation from aqueous AB in the presence of Pt@MIL-101 catalysts at

room temperature and representation of synthesis of Pt nanoparticles inside the MIL-101 matrix

using double solvents method (Inset) (Reprinted with the permission from Ref. [148]. Copyright

2012 American Chemical Society)
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on Cu3(btc)2 framework, which showed unprecedented catalytic activity, lifetime,

and reusability for the dehydrogenation of DMAB at room temperature, providing

an initial TOF value of 75 h�1 for complete conversion of DMAB to cyclic

diborazane ([Me2NBH2]2) and generation of 1 equiv. of H2 per mole of DMAB

[280]. In particular, the PdNPs@Cu3(btc)2 shows high stability against leaching and

sintering throughout the catalytic runs, which make them a long-lived and reusable

catalyst. Consequently, they provide a total turnover number (TTON) of 2100 and

retain almost their inherent activity even at the fifth catalytic reuse in the dehydro-

genation of DMAB.

15.3.2 Hydrous Hydrazine

Anhydrous hydrazine (H2NNH2, HZ) has a hydrogen content as high as 12.5 wt.%,

but it is hypergolic and explosively reacts upon exposure to a metal surface, which

Fig. 15.10 (a) Representation of immobilization of the AuNis nanoparticles by the MIL-101

matrix using the DSM combined with a liquid-phase CCR strategy and plots of time vs. volume of

hydrogen generated from AB (1 mmol in 5 mL water) hydrolysis at room temperature catalyzed by

(b) the Au@MIL-101, Ni@MIL-101, and AuNi@MIL-101_a catalysts (50 mg, (Au +Ni)/AB

(molar ratio)¼ 0.017) and (c)the AuNi@MIL-101_a� c catalysts (50 mg, (Au +Ni)/AB (molar

ratio)¼ 0.017) prepared by reduction in NaBH4 solution with different concentrations. Inset: the
corresponding TOF values of the catalysts (Reprinted with the permission from ref. [274]. Copy-

right 2013 American Chemical Society)
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limits its application from safety point of view. Mostly the reactions of hydrazine

must be highly diluted in inert gases such as argon. However, hydrous hydrazine,

H2NNH2 · H2O, still contains a large amount of hydrogen, 8.8 wt.%, which is

available for hydrogen generation and is much safer, while efforts need to be

made from the engineering side to minimize the influence of toxicity. Hydrazine

might be catalytically decomposed into ammonia, nitrogen, and hydrogen over

some catalyst (Eqs. 15.7 and 15.8) [281–284]. For the incomplete decomposition

reaction of hydrazine, the NH3 as a by-product could not only complicate the

separation process but also poison the Nafion membrane and the fuel cell catalysts.

H2NNH2 ! N2 gð Þ þ 2H2 gð Þ ð15:7Þ
3H2NNH2 ! 4NH3 þ N2 gð Þ ð15:8Þ

The competition between decomposition reactions Eqs. (15.7) and (15.8)

depends on the catalysts used and also on applied reaction conditions [285–

288]. Thus, finding highly selective and active catalysts for immediate hydrogen

release without ammonia is of great importance for practical applications. The only

by-product of complete decomposition of hydrazine is N2 that does not need to be

collected for recycling. Moreover, N2 can be transformed into ammonia by the

Haber–Bosch process, homogeneous catalytic processes, or an electrolytic process

[289–291] and subsequently to hydrazine on a large scale [292–294] or perhaps

transformed directly to hydrazine by using an electrolytic process similar to that for

ammonia synthesis. However, it is a thermodynamic unfavorable process for

complete decomposition of hydrazine (Eq. 15.7) at ambient temperatures. Many

attempts have been put forward to achieve this aim. Our group synthesized various

kinds of monometallic as well as bimetallic nanoparticles [295–302].

Among them, Pt–Ni, Ir–Ni, and Rh–Ni bimetallic nanoparticles exhibited selec-

tivity close to 100 % for hydrogen generation at room temperature [296–301]. Fur-

thermore a highly efficient and low-cost catalyst of noble-metal-free Ni–Fe alloy

nanoparticles exhibited excellent catalytic performance for the complete decom-

position of hydrous hydrazine, for which the Ni–Fe nanocatalyst, with equimolar

compositions of Ni and Fe, achieved 100 % hydrogen selectivity from hydrous

hydrazine decomposition in an alkaline solution (0.5 M NaOH) at 70 �C [300]. The

development of low-cost and high-performance catalysts may encourage the effec-

tive application of hydrous hydrazine as a promising hydrogen storage material.

The present finding demonstrates the importance of combining different non-noble

metals to develop active metal nanocatalysts whose distinct surface properties

enable them to outperform their parent metals. These low-cost, high-performance

catalysts may strongly encourage the effective application of hydrous hydrazine as

a promising hydrogen storage material. Wang et al. [303] reported a supported

catalyst by depositing Rh–Ni nanoparticles on graphene, which exhibited higher

activity than the bare nanoparticle catalysts. Carbon-supported Ni3Fe nanosphere

catalysts were active, excreting 100 % selectivity for hydrogen from hydrous

hydrazine at room temperature [304]. However, the aggregation of graphene
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nanosheets in aqueous solution and the weak interaction between carbon black and

active metals would limit further improvement in the performance of the catalyst.

To improve the kinetic properties of hydrous hydrazine decomposition and

decrease the noble metal loading, MOF-supported metal nanoparticles have con-

tributed to the development of efficient heterogeneous catalysts. Recently, our

group [305] reported highly dispersed Ni-Pt bimetallic NPs catalysts supported

by ZIF-8 [306]. Four Ni-Pt@ZIF-8 composites were prepared from activated ZIF-

8 (100 mg) with NiCl2 and K[PtCl4] (total 0.2 mmol in molar rations of 95:5, 90:10,

80:20, 50:50) impregnated with deionized water (4 mL) at room temperature for

12 h, subsequently separated by centrifugation, dried, and reduced by NaBH4 to

yield catalysts I, II, III, and IV with 0.131, 0.133, 0.137 mmol metal loading

(100 mg catalysts I, II, and III). For hydrogen generation from hydrous hydrazine,

the four Ni-Pt@ZIF-8 composites exhibit high-performance catalytic activity,

which strongly depends on the Ni-Pt composition, as shown in Fig. 15.11. The

Ni-Pt@ZIF-8 is the first example of water-stable MOF-supported bimetallic Ni-Pt

catalysts for hydrogen generation from selective decomposition of hydrous hydra-

zine. Similar dependences on temperature and base have been observed for the

catalytic decomposition of hydrazine in aqueous solution over Ni-Pt@ZIF-8 cata-

lysts. At room temperature, no hydrogen release in the absence of base. In the

presence of base, hydrogen is generated and increases with increasing temperature.

Fig. 15.11 Time course plots for the decomposition of hydrous hydrazine over ZIF-8 supported

mono- and bimetallic catalysts (a) Ni@ZIF-8, (b) I, (c) II, (d ) III, (e) IV, and ( f ) Pt@ZIF-8 in the

presence of NaOH (0.5 M) at 323 K (catalyst¼ 0.100 g; N2H4 · H2O¼ 0.1 mL). Box: Synthesis of
ZIF-8 supported bimetallic nanocatalysts Ni-Pt@ZIF-8 (Reproduced with permission from Ref.

[305] by permission of Jon Wiley & Sons Ltd)
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At 50 �C, the hydrous hydrazine can be completely converted to N2 and H2 (nearly

2.9 equiv.), respectively, in 75, 36, and 26 min by catalysts I, II, and III, whereas

catalyst IV shows only 11 % selectivity. Catalyst III shows the highest TOF value

with 90 h�1 among all the catalysts. These highly efficient catalysts represent a

promising step toward the practical applications of water-stable MOFs as effective

matrices to immobilize metal NPs in the catalytic dehydrogenation reaction system

and practical application of hydrous hydrazine as promising hydrogen storage

material.

Interestingly, unlike bimetallic catalysts, monometallic catalyst Pt@ZIF-8 is

catalytically inactive, and Ni@ZIF-8 has very low activity under the same reaction,

which clearly indicates that alloying nickel with a small amount of platinum can

tune the structure of the catalyst surface, resulting in high catalytic performance in

decomposition of hydrazine in aqueous solution. In comparison with the previous

Ni-Pt catalysts with surfactants as capping agents [296, 297], catalytic activities are

improved for the MOF-supported Ni-Pt catalyst.

15.3.3 Formic Acid

Formic acid (FA), the simplest carboxylic acid with a density of 1.22 g cm�1, a

melting point of 8.4 �C and boiling point of 100.8 �C, is suitable for easy transpor-

tation, refueling, and handling [307]. Formic acid is considered as a convenient H2

carrier because it is a liquid at room temperature, nontoxic, and contains a hydrogen

content of 43 g kg�1, corresponding to 4.4 wt.% hydrogen [308].

HCOOH ! H2 þ CO2 ΔG ¼ �48:4 kJ mol�1 ð15:9Þ
HCOOH ! H2Oþ CO ΔG ¼ �28:5 kJ mol�1 ð15:10Þ

The decomposition of FA can follow both dehydrogenation reaction producing

CO2 and H2 (Eq. 15.9) and dehydration reaction producing CO and H2O

(Eq. 15.10). To maximize the efficacy of FA as a hydrogen storage material, the

first decomposition pathway is regarded as a promising H2-generating and desirable

reaction process, which produces only gaseous products (H2–CO2), whose mixture

can be easily separated under certain conditions. The selective decomposition of FA

to CO2 and H2, which is reversible reaction of CO2 hydrogenation, is crucial for

formic acid-based hydrogen storage [309, 310]. In this case, a reduction of CO2

emission is the use of CO2 itself as a hydrogen carrier. However, the dehydrated

pathway is not desirable because CO is toxic to fuel cell catalysts [311]. Recently,

the selective dehydrogenation of FA in homogeneous reactions with organometallic

complexes [312–314] and in heterogeneous reactions with noble metal

nanoparticles (NPs) [315–320] has been reported.

In 2011, our group reported bimetallic Au–Pd NPs immobilized in mesoporous

MIL-101 as efficient catalysts for the decomposition of formic acid for hydrogen
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generation [271]. MIL-101 was chosen as a support because of its large pore sizes

(2.9–3.4 nm), window sizes (1.2–1.4 nm), and its high pore surface, which facili-

tates the encapsulation of metal NPs and the adsorption of the substrate formic acid

inside the pores. We grafted the electron-rich functional group ethylenediamine

(ED) into MIL-101 (ED-MIL-101) for improving the interactions between the

metal precursors and the MIL-101 support. By using a simple liquid impregnation

method, the resulting bimetallic Au–Pd NPs immobilized in the MIL-101 and

ED-MIL-101 (Au–Pd@MIL-101 and Au–Pd@ED-MIL-101) represent the first

highly active MOF-immobilized metal catalysts for the complete conversion of

formic acid to hydrogen. The study of its catalytic activity showed that formic acid

(140 mg) can be completely converted to H2 in 145 min ((Au + Pd)

catalyst¼ 20 mg) at 90 �C, as shown in Fig. 15.12. Furthermore, Au–Pd@MIL-

101 exhibited the enhanced kinetics with increasing temperature and 100 % selec-

tivity for hydrogen generation from formic acid. The stability/durability test

showed that the productivity of hydrogen remained almost unchanged after five

runs in the decomposition of formic acid at 90 �C.
In another report, Martis et al. [321] used a photocatalytically active titanium-

based MOF, MIL-125 [322], and its amine-functionalized-MOF, NH2-MIL-125

[323], to immobilize Pd NPs by photoassisted and ion exchange deposition

methods. Owing to the amine functional groups and small NP size, the Pd NPs

embedded within the amine-functionalized NH2-MIL-125 displayed higher cata-

lytic activity for H2 generation from FA at ambient temperature in comparison to

MIL-125. Furthermore, the Pd@NH2-MIL-125 is capable of generation of H2 from

FA without the unfavorable formation of CO (less than 5 ppm), giving a TOF value

of 214 h�1 working at 32 �C. No H2-producing activity was observed in the control

experiment with the MIL-125, NH2-125, TS-1 (Ti/Si¼ 57.7, prepared by

photoassisted deposition method), and Ti-MCM-41 (5 mol % Ti, prepared by

photoassisted deposition method) porous materials, but their Pd NPs-supported

material exhibited some catalytic activity. As shown in Fig. 15.13, the Pd-TS-1

Fig. 15.12 Time course plots for hydrogen generation from formic acid in the presence of 20 mg

of different metal NP catalysts, 140 mg of formic acid, 70 mg of sodium formate, and 1.0 mL of

water at 90 �C (Reprinted with permission from Ref. [271]. Copyright 2011 American Chemical

Society)
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and Pd�Ti- MCM-41 were the least efficient catalysts, generating only 1.7 and

5.1 μmol of H2 from 0.39 mL FA, respectively. Pd-NH2-MIL-125 (photoassisted)

displayed the best catalytic performance, generating 48.1 μmol, Pd-NH2-MIL-125i

(ion exchange) produced 43.1 μmol, and Pd-MIL-125 produced only 17.8 μmol

from 0.39 mL FA. The ratio of H2 and CO2 generated during the reaction was

approximately 1. The CO concentration during the dehydration reaction for

Pd-NH2-MIL-125 never exceeded 5 ppm. While the H2 generation by Pd-MIL-

125 nearly ceased after 1 h, the Pd-NH2-MIL-125 continued to generate H2 at a

nearly linear rate after the initial period, but the H2 production decreased for

Pd-NH2-MIL-125i.

From the experimental results, it is clear that the increased catalytic activity for

FA decomposition was mainly caused by the –NH2 functional groups within the

nanoporous structure of the MOF, while the average size of Pd NPs is not the most

important factor in attaining the high catalytic activity. High-performance mono-

metallic gold nanoparticles were functionalized with amine and encapsulated in

silica nanospheres. Due to the strong metal–molecular support interaction

(SMMSI), amine-functionalized gold nanoparticles in the presence of amine in

the silica sphere can make the gold nanoparticles highly active and 100 % selec-

tivity for hydrogen generation from aqueous formic acid at a convenient tempera-

ture, although the unsupported or silica-supported gold NPs are inactive for this

reaction. The amine-functionalized gold nanoparticles represented the highly active

and stable monometallic nanocatalyst for hydrogen generation from aqueous

formic acid decomposition [324]. The dehydrogenation mechanism of FA with

Pd NPs supported on amine-functionalized MOF was deduced that the reaction

intermediate of Pd formate undergoes β-hydride elimination to produce CO2 and a

Pd hydride species. The weakly basic –NH2 group within the MOF with a positive

effect on the O–H bond dissociation acts as a proton scavenger, forming –+NH2,

which explained that the positive effect on the O–H bond dissociation and the

cooperation of the amine functionality within the MOF structure and NPs is

responsible for the high catalytic activity.

Fig. 15.13 Generation of H2 from FA using different supports prepared by photoassisted depo-

sition and the ion exchange method. (A) Pd-TS-1, (B) Pd�Ti-MCM-41, (C) Pd-MIL-125

(photoassisted), (D) Pd-NH2-MIL-125 (ion exchange), and (E) Pd-NH2-MIL-125 (photoassisted)

(Reprinted with permission from Ref. [321]. Copyright 2013 American Chemical Society)
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15.3.4 Conclusions

The wide range of adjustable metal centers and their surrounding environments as

well as a variety of organic or pseudo-organic linkers provide multiple opportuni-

ties to create various MOFs with different catalytic properties. Loading of metal

NPs inside the porous matrices of MOFs and their catalytic applications are of

significant interest. The use of nanocluster catalysts appears to be an efficient way

of preventing aggregation in mesoporous and microporous MOF, which could

afford well-dispersed metal NP catalysts. It has been proved extremely significant

that controllable integration of metal nanoparticles and metal-organic frameworks

could obtain M-NP@MOF composite materials for improved kinetics of dehydro-

genation of chemical hydrides; see Table 15.2.

Utilization of MOFs as supports for M-NPs has several advantages over other

porous materials: their three-dimensional pore structures, the presence of organic

linkers that stabilize M-NPs, robust structural property in some cases, and moderate

thermal stability. Various MOFs with different pore sizes and shapes can be

prepared from a wide range of metal ions and organic linkers, and thus an appro-

priate MOF can be selected as a host matrix. In choosing a MOF for loading M-NPs,

the structural stability of the MOF upon the precursor loading or reduction proce-

dure should be considered. Furthermore, to maintain a high surface area of the

MOF, caution must be taken in the reduction process not to block the pores by the

NPs or by unwanted by-products formed. Although the encapsulation of M-NPs in

MOF pores is expected to limit the particle growth, the precursor compound and the

product can actually diffuse out through the pores of the host to form M-NPs on the

surface of the MOF crystal, instead of being inside the pores. Therefore, the

location of the M-NPs, on the surface of the crystal or inside of the pores, should

be verified by experimental evidence. Double solvent method (DSM) might be an

effective way for the fabrication of M-NPs supported by MOFs. If MOFs have

Table 15.2 MOF-supported metal nanoparticle catalysts for hydrogen generation from chemical

hydrides

MOF M-NPs Hydridea TOF (h�1)b Temperature (K )c Ref.

ZIF-8 Ni AB 852d RT [268]

504e RT [268]

ZIF-8 Ni-Pt HZ 90 323 [305]

MIL-101 Pt AB ~24,490 RT [148]

MIL-101 Au-Ni AB 3,972 RT [274]

HKUST-1 Pd DMAB 75 RT [280]

NH2-MIL-125 Pd FA 214 305 [321]
aCH chemical hydride, AB ammonia borane (NH3BH3), DMAB dimethylamine borane

(H3BNMe2H), FA formic acid (HCOOH), HZ hydrazine(N2H4)
bmol H2 per mol catalyst per hour
cAt room temperature (298 K)
dMolar ratio Ni/AB¼ 0.016
eMolar ratio Ni/AB¼ 0.019

15 Metal-Organic Frameworks as Platforms for Hydrogen Generation. . . 447



straight channels, they do not provide an adequate confinement effect, and thus

there is a possibility that agglomeration may occur and M-NPs may escape through

the pores. Therefore, it is necessary to develop appropriate novel porous MOFs that

can be employed as supports for M-NPs for the improvement of efficiency.

M-NPs@MOFs have exhibited excellent catalytic activities in dehydrogenation

of chemical hydrides due to the confinement effect of the M-NPs in a MOF as well

as the limitation of the particles that remain constrained and do not grow further

after catalytic reactions. In spite of being promising, the M-NPs@MOFs usually

involved relatively cumbersome preparation processes and expensive organome-

tallic precursor compounds. The development of a general, simple, and efficient

route that can easily achieve a loading of MOFs with cavity-size-matched metal

nanoparticles, and a homogeneous dispersion throughout the bulk MOF matrix is

highly desirable and still remains challenging.

15.4 MOFs as Catalyst Precursors for Hydrogen
Generation from Hydrides

Besides using the MOF framework itself as a catalyst, or using MOF as a host

material for supporting NPs, MOFs can also act as precursors for forming catalysts

by framework decomposition, which can be employed by hydrogen generation

from chemical hydrides.

Li and coworkers reported in situ generated Ni NPs using a Ni-based MOF ([Ni

(4,40-bipy)(HBTC)], 4,40-bipy¼ 4,40-bipyridine) [325] as a precursor and AB as a

reducing agent [275] in methanol. Due to the low activation energy and high

reaction rate, the catalyst showed accelerated hydrogen generation kinetics, as

shown in Fig. 15.14. With the MOF-based catalyst, the hydrogen generation from

aqueous AB solution (0.32 M) was completed within 11, 7, 6, and 5 min at 298 K

with Ni/AB molar ratios of 0.02, 0.05, 0.08, and 0.10, respectively. When the

concentration of AB was 0.16 M, complete hydrolysis from aqueous NH3BH3

solution (1.0 mL) occurred in less than 2 min at 313 K in the presence of MOF-

based catalyst (20 mg) and within 5 min at room temperature in the AB solution

with the concentration of 0.32 M in the presence of MOF-based catalyst

(MOF-based catalyst/NH3BH3¼ 0.10), as shown in Fig. 15.13. More importantly,

the catalyst can be recycled by centrifugal separation and reused for up to 20 cycles

without obvious loss of activity.

Subsequently, they obtained other two catalysts from MOF precursors [Ni(pyz)]

[Ni(CN)4] (pyz¼ pyrazine) and Ni3[Fe(CN)6]2 [326] by in situ reduction with AB

in methanol (MOF/AB¼ 0.02). Using Ni0-based catalysts (1.0 mol%) from the

precursors of the two MOFs, the thermal decomposition of AB shows a signifi-

cantly lower reaction onset temperature, remarkably accelerated kinetics, and

decreased activation energy, as shown in Fig. 15.15. At 80 �C, AB with catalyst

derived from [Ni(4,4´-bipy)(HBTC)] released 7.5 wt.% H2 in 2 h without any
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Fig. 15.14 (a) Hydrogen generation from the hydrolysis of NH3BH3 (0.32 M, 1.0 mL) in the

presence of different catalysts at 298 K in air (MOF-based catalyst (~), Ni powder mixed with

MOF (○), no catalyst (■); (b) MOF-based catalyst with MOF-based catalyst/NH3BH3 in molar

ratios of 0.02 (○), 0.05 (♦), 0.08 (∙), and 0.10 (~); (c) hydrogen release from aqueous NH3BH3

solution (1.0 mL) with different concentrations (0.16 (■), 0.32 (♦), 0.65 (♦), and 0.97 M (~)) in the

presence of MOF-based catalyst (20 mg); (d) hydrogen generation from aqueous NH3BH3

(0.32 M, 1.0 mL) in the presence of MOF-based catalyst (MOF-based catalyst/NH3BH3¼ 0.10)

at 273 (▼), 298 (∙), and 313 (~) K (Reproduced with permission from Ref. [325] by permission of

John Wiley & Sons Ltd)
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induction period, and AB with catalyst derived from [Ni(pyz)][Ni(CN)4] could

generate 6.0 wt.% H2 in 40 min. At 90 �C, 6.0 wt.% H2 can be released from AB

with the catalyst derived from [Ni(pyz)][Ni(CN)4] within only 20 min. Therefore,

for further development, both the frameworks and the metal sites in the MOFs can

be well adjusted by crystal engineering to create more effective catalysts for various

catalytic processes.

In another report, this group prepared a highly active Co(0) catalyst by the same

in situ reduction of a MOF precursor Co2(bdc)2(dabco) (bdc¼ 1,

4-benzenedicarboxylate; dabco¼ 1,4-diazabicyclo[2.2.2]-octane) [327]. It is inter-

esting that the active Co(0) sites, generated by using NaBH4 reduction in the

micropores and channels, are surrounded by the organic linkers and stabilized in

the residue of the framework. The hydrogen generation from aqueous AB solution

(0.32 M) was completed within 1.4 min (MOF/NaBH4/AB¼ 0.057:0.08:1) at room

temperature.

Recently, Li and Kim used ZIF-9 (Co(PhIm)2 · (DMF) · (H2O),

PhIm¼ benzimidazolate) [148] framework as catalyst for the hydrolysis of

NaBH4 for the first time [328]. Unlike traditional Co-based catalysts [329–340],

the experiments of the recycling and durability of ZIF-9 showed that the initial

hydrogen generation rate is comparatively low and then linearly increase with the

reaction time for the fresh ZIF-9, while the reused ZIF-9 obtains its rapid hydro-

genation rate at the beginning, which is due to the formation of CoB active centers

of ZIF-9 in the first cycle. Since ZIF-9 could consume a small amount of NaBH4,

the final volume of generated hydrogen decreases with the increase of ZIF-9

catalyst, although the same amount of NaBH4, H2O, and NaOH are used, as

shown in Fig. 15.16. The hydrogen generation rate can reach 2,345.28 and

Fig. 15.16 The effect of catalyst amount on hydrogen production. NaBH4:0.5 wt.%, NaOH 5 wt.

%, H2O 50 ml, temperature 30 �C (Reprinted from Ref. [328], Copyright 2012, with permission

from Elsevier)
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3,641.69 ml min�1 g�1 (Co) at 30 and 40 �C. After five cycles, ZIF-9 maintains its

basic structure and crystallinity, but the long range order of ZIF-9 was destroyed to

a certain extent during the operation. In this case, metal centers (Co) form CoB

active centers firstly, which can promote the NaBH4 hydrolysis. Thus, ZIF-9 plays

both the roles of a support and a precursor for preparing the catalyst.

15.5 Conclusions and Future Outlook

The chapter reports recent developments of hydrogen production from hydrides

with the help of MOFs and MOF-based materials. Chemical hydrides usually

possess excellent hydrogen gravimetric storage capacities, and some of them

show volumetric densities even surpassing that of liquid hydrogen. A group of

hydrides stand as promising candidate for competitive hydrogen storage with

reversible hydrogen for onboard applications. While many of these systems are

commercially available, they often suffer from high thermal stability and poor

reversibility under moderate conditions as well as sensitivity to oxygen and

water. The chapter reports recent developments of MOFs as platforms for chemical

hydrogen production from hydrides on properties including hydrogen release

capacity, kinetics, cyclic behavior, toxicity, pressure, and thermal behavior. Many

exciting developments emerged in the field of hydrogen generation from chemical

hydrides, whereas the area of MOF-based catalysis for hydrogen generation reac-

tions is still in its infancy. For most of the reactions, MOFs play important roles in

controlling the reaction kinetics and product selectivity of hydrogen generation

from chemical hydrides. Most reports have focused on simply documenting cata-

lytic dehydrogenation behavior rather than on demonstrating catalytic chemistry

that may prove useful to chemists working in areas other than porous materials,

such as zeolites, mesoporous silica, and carbon nanotubes.

In addition, hydrogen is plentiful but is bound up primarily in water in nature.

Economical and environmentally clean production of hydrogen from water is

crucial to hydrogen-based power generation. Efficient conversion of sunlight to

hydrogen by splitting water through photovoltaic cells driving electrolysis or

through direct photocatalysis at energy costs competitive with fossil fuels is a

major enabling milestone for a viable hydrogen economy. In the future, hydrogen

is produced from water using sunlight and specialized microorganisms, such as

green algae and cyanobacteria. Just as plants produce oxygen during photosynthe-

sis, these microorganisms consume water and produce hydrogen as a by-product of

their natural metabolic processes. Photobiological water splitting is also a long-

term technology. Currently, the microbes split water too slowly to be used for

efficient, commercial hydrogen production. Scientists are searching ways to modify

the microorganisms and to identify other naturally occurring microbes that can

produce hydrogen at higher rates. Photobiological water splitting is in the very early

stages of research but offers long-term potential for sustainable hydrogen produc-

tion with low environmental impact. Taking cues from these various natural
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processes, modeling and simulation approaches may be employed for rational

design of hydride materials for unprecedented capabilities and more selective and

high-performance catalysts for improved hydrogen production, storage, and

application.

In short, MOFs as catalysts have been devoted to the dehydrogenation from

hydrides to decrease their decomposition temperatures and enhance the kinetics and

cycle life. However, the state-of-the-art hydrides are still far from meeting every

aimed target for their transport applications. Therefore, further research work is

needed to achieve the goal by practical application on hydrogenation and thermal

and cyclic behavior of hydrides. At present hydride systems are not suitable for

large-scale commercial applications. Due to thermodynamic constraints, hydrides

are not reversibly hydrogenated under acceptable conditions. The known complex

transition metal hydrides suffer from high-cost and low gravimetric loading. How-

ever, exceptions for specific hydrides are possible as hydrogen carrier for PEM fuel

cells. Fundamental research is necessary to understand the mechanisms involved in

the dehydrogenation and rehydrogenation of complex hydrides.
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155. Schüth F, Bogdanović B, Felderhoff M (2004) Light metal hydrides and complex hydrides for

hydrogen storage. Chem Commun 20:2249–2258

156. Gilliard RJ Jr, AbrahamMY,Wang Y et al (2012) Carbene-stabilized beryllium borohydride.

J Am Chem Soc 134:9953–9955

157. Sun T, Wang H, Zhang QA et al (2011) Synergetic effects of hydrogenated Mg3La and TiCl3
on the dehydrogenation of LiBH4. J Mater Chem 21:9179–9184

158. Wang FH, Liu YF, Gao MX et al (2009) Formation reactions and the thermodynamics and

kinetics of dehydrogenation reaction of mixed alanate Na2LiAlH6. J Phys Chem C

113:7978–7984

159. Nakamori Y, Orimo S (2008) Borohydrides as hydrogen storage materials. In: Walker G

(ed) Solid-state hydrogen storage. Woodhead Publishing, Cambridge, pp 420–449

160. Zhang Y, Ding H, Liu C et al (2013) Significant effects of graphite fragments on hydrogen

storage performances of LiBH4: a first-principles approach. Int J Hydrog Energy

38:13717–13727

161. Rafieudedin QXH, Li P et al (2011) Hydrogen sorption improvement of LiAlH4 catalyzed by

Nb2O5 and Cr2O3 nanoparticles. J Phys Chem C 115:13088–13099

162. Muir SS, Yao X (2011) Progress in sodium borohydride as a hydrogen storage material:

development of hydrolysis catalysts and reaction system. Int J Hydrog Energy 36:5983–5997

163. Xiong R, Sang G, Yan X et al (2013) Separation and characterization of the active species in

Ti-doped NaAlH4. Chem Commun 49:2046–2048

164. Michel KJ, Ozolin V (2011) Native defect concentrations in NaAlH4 and Na3AlH6. J Phys

Chem C 115:21443–21453

165. Kurban Z, Lovell A, Bennington SM et al (2010) A solution selection model for coaxial

electro spinning and its application to nanostructured hydrogen storage materials. J Phys

Chem C 114:21201–21213

166. Nielsen TK, Besenbacherb F, Jensen TR (2011) Nanoconfined hydrides for energy storage.

Nanoscale 3:2086–2098
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204. Bogdanović B, Brand RA, Marjanović A et al (2000) Metal-doped sodium aluminium

hydrides as potential new hydrogen storage materials. J Alloys Compd 302:36–58

205. Vegge T (2006) Equilibrium structure and Ti-catalyzed H2 desorption in NaAlH4

nanoparticles from density functional theory. Phys Chem Chem Phys 8:4853–4861

206. Zhao Y, Wang H, Guo J (2011) Energetics and structure of single Ti defects and their

influence on the decomposition of NaAlH4. Phys Chem Chem Phys 13:552–562

207. Frankcombe TJ (2012) Proposed mechanisms for the catalytic activity of Ti in NaAlH4.

Chem Rev 112:2164–2178

208. Wang P, Kang XD, Cheng HM (2005) Exploration of the nature of active Ti species in

metallic Ti-doped NaAlH4. J Phys Chem B 109:20131–20136

209. Frankcombe TJ (2013) Catalyzed Rehydrogenation of NaAlH4: Ti and friends are active on

NaH surfaces; Pt and friends are not. J Phys Chem C 117:8150–8155

210. Xiao X, Fan X, Yu K et al (2009) Catalytic mechanism of new TiC-doped sodium alanate for

hydrogen storage. J Phys Chem C 113:20745–20751

211. Li L, Qiu F, Wang Y et al (2012) TiN catalyst for the reversible hydrogen storage perfor-

mance of sodium alanate system. J Mater Chem 22:13782–13787

212. Suttisawat Y, Rangsunvigit P, Kitiyanan B et al (2007) Catalytic effect of Zr and Hf on

hydrogen desorption/absorption of NaAlH4 and LiAlH4. Int J Hydrog Energy 32:1277–1285

213. Fan X, Xiao X, Chen L (2013) Significantly improved hydrogen storage properties of NaAlH4

catalyzed by Ce-based nanoparticles. J Mater Chem A 1:9752–9759

214. Anton DL (2003) Hydrogen desorption kinetics in transition metal modified NaAlH4. J

Alloys Compd 356–357:400–404

215. Wang J, Ebner AD, Zidan R et al (2005) Synergistic effects of co-dopants on the dehydro-

genation kinetics of sodium aluminum hydride. J Alloys Compd 391:245–255

216. Fan X, Xiao X, Chen L et al (2011) Enhanced hydriding–dehydriding performance of CeAl2-

doped NaAlH4 and the evolvement of Ce-containing species in the cycling. J Phys Chem C

115:2537–2543

15 Metal-Organic Frameworks as Platforms for Hydrogen Generation. . . 461



217. Fan X, Xiao X, Chen L et al (2011) Hydriding-dehydriding kinetics and the microstructure of

La- and Sm-doped NaAlH4 prepared via direct synthesis method. Int J Hydrog Energy

36:10861–10869

218. Gao J, Adelhelm P, Verkuijlen MHW et al (2010) Confinement of NaAlH4 in nanoporous

carbon: impact on H2 release, reversibility, and thermodynamics. J Phys Chem C

114:4675–4682

219. Lohstroh W, Roth A, Hahn H et al (2010) Thermodynamic effects in nanoscale NaAlH4.

Chem Phys Chem 11:789–792

220. Stephens RD, Gross AF, Van Atta SL et al (2009) The kinetic enhancement of hydrogen

cycling in NaAlH4 by melt infusion into nanoporous carbon aerogel. Nanotechnology

20:204018
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Chapter 16

Organometallics for Hydrogen Storage
Applications

Torsten Beweries

Abstract In this chapter, the role of organometallic compounds for hydrogen

storage applications is highlighted. In this context, the focus is on transition metal

complex-catalysed dehydrogenations of amine-borane adducts as a special class of

so-called chemical hydrides as well as dehydrogenation reactions of formic acid

and alcohols, which are also discussed as possible fuel alternatives.

Keywords Alcohols • Formic acid • Homogeneous catalysis • Hydrogen storage •

Main group compounds • Organometallic chemistry

16.1 Introduction

In light of the diminishing fossil resources and the increasing demand for energy

owing to a rapidly growing population, much attention has been directed towards

alternative ways of supplying food, water, housing and power. For natural scien-

tists, especially the energy issue has attracted a great deal of interest. Apart from the

problem of sustainable energy production, the development of a clean, workable,

inexpensive and environmentally friendly way of storing energy is inevitable as all

methods of producing “green” energy suffer discontinuous availability. Wind, solar

and tidal power are nowadays well-established clean energy sources; however,

energy must be stored in the absence of the primary source (e.g. at night or in

times of variable wind). One option to overcome this problem can be the so-called

hydrogen economy, a term which was first used by Bockris in 1972 [1]. This

concept includes offshore (nuclear) power plants, which would electrolyse water

into hydrogen and oxygen; the former could be “piped to distribution stations and

thereafter sent to factory and homes”, where fuel cells would produce electricity

[1]. Other methods to produce hydrogen directly from aqueous media, which are

currently under investigation, include photoelectrolysis, photocatalysis,

electrocatalysis as well as photobiological techniques [2]. Apart from the fact that
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nuclear power is currently discussed controversially in some parts of the world,

transformation and adaption of Bockris’ concept is part of today’s models for a

sustainable energy supply. Moreover, instead of “piping” the hydrogen gas to the

electricity production site, direct transformation of the latter in to a convenient,

transportable storage material is highly desirable. One approach in this context can

be the methanisation of hydrogen, thus producing synthetic gas, which can be fed

into the gas grid for industrial and domestic uses [3]. However, depending on the

nature of the application site (size dimensions, energy demand, lifetime), a wide

range of different solutions is needed. In order to be applicable as a hydrogen

storage technique, the medium has to meet certain requirements such as high

volumetric and gravimetric hydrogen density, a reasonably operable temperature

range for charging and discharging, good stability as well as convenience of

manipulation.

Well-established techniques of physical hydrogen storage include compressed

hydrogen tanks where the energy carrier is contained as a gas under high pressure as

well as liquid hydrogen tanks, which are operated at low temperatures. Apart from

this, ways of storing hydrogen chemically were developed with one of the most

considered approaches being based on metal-organic frameworks (MOFs), which

consist of three-dimensional polymers of metal atoms bridged by organic ligands

[4]. These can easily be prepared from wet chemical methods, and activation

proceeds in most cases by the removal of solvent. At low temperatures and elevated

pressures of 10–20 bar, hydrogen can be stored by physisorption in the cavities of

the cage molecules or by chemisorption directly at the metal centres or at the

organic linkers [5]. In metal hydrides as another potential hydrogen storage

medium, hydrogen is bound more strongly to its binding partner, thus giving

significantly higher operating temperatures. The disadvantage of relatively low

gravimetric capacities due to the presence of heavy metals can be compensated

by using lighter main-group hydrides as well as complex metal hydrides such as

NaAlH4, LiBH4, LiNH2 or MgH2. In this contribution, an overview of current

trends in hydrogen storage concepts that employ organometallic complexes either

as catalysts for the hydrogenation (i.e. charging) or dehydrogenation

(i.e. discharging) of a storage medium is presented [6].

16.2 Chemical Hydrides

The term “chemical hydride” is used to differentiate between the aforementioned

metal hydrides and the multifaceted class of potential hydrogen storage compounds

that display covalent element-hydrogen bonds. Typically, in these species, much

lighter elements than in metal hydrides are used, thus giving higher gravimetric

hydrogen capacities. Reversibility of hydrogen uptake and release is an important

aspect that has to be considered when discussing the potential of a compound for

hydrogen storage applications. In many cases, reaction enthalpies for either of the

two half reactions are highly endothermic or exothermic, which results in reaction
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conditions for the respective reactions that are highly unpractical. Hence, an ideal

hydrogen storage system based on chemical hydrides should have reaction

enthalpies that are only slightly positive or negative in order to work under

convenient conditions.

As an example for a purely organic hydrogen storage system, N-ethylcarbazole
was studied in detail. Typically, dehydrogenation of organic cyclic molecules

requires very harsh conditions; however, in this case, due to the presence of the

nitrogen heteroatom in the fused ring system, dehydrogenation of the parent fully

hydrogenated compound dodecahydro-N-ethylcarbazole proceeds at temperatures

in the range 150–200 �C in the presence of supported noble-metal catalysts such as

Pd/Al2O3 [7]. Re-hydrogenation takes place at moderately high temperatures of

around 130 �C and hydrogen pressures of 70 bar over supported Ru catalysts [8]. As

for the practical feasibility in automotive applications, N-ethylcarbazole would be a
viable alternative to commonly used fossil energy carriers, as one could use existing

infrastructures for distribution and fuelling. Discharged fuels could be removed

from the automotive and be replaced by newly charged material.

Also on laboratory scale, molecularly defined model compounds for the revers-

ible hydrogenation/dehydrogenation were reported, the most prominent being

Stephan’s system based on a so-called “frustrated Lewis pair” containing a

perfluoroaryl bridged phosphine-borane moiety R2P-C6F4-B(C6F5)2 (1a)

(R¼ 2,4,6-Me3-C6H2) [9]. This species can add hydrogen at ambient conditions

to give a zwitterionic compound R2P(H)-C6F4-B(H)(C6F5)2 (1b). Heating of the

latter above 100 �C regenerates the starting material (Scheme 16.1).

Other model substances for hydrogenation/dehydrogenation of a hydrogen stor-

age medium involve heavier main group elements such as gallium, germanium or

tin. Power and co-workers reported on a series of reactions of dihydrogen with

low-valent organoelement compounds (Scheme 16.2) [10, 11].

These examples show that apart from the well-established reactions of transition

metal complexes with hydrogen to give metal hydrides and metal dihydrogen

complexes, also low-valent main-group compounds can be very interesting for

the activation of small molecules. The exploration of these species for catalytic

applications is one of the main challenges for main group and organoelement

chemists [12].

R2P R2PB(C6F5)2 B(C6F5)2

F F

FF

H2

DT

F F

FF

R = 2,4,6-Me3-C6H2 

H

H

1a 1b

Scheme 16.1 Stephan’s model system for hydrogenation/dehydrogenation

16 Organometallics for Hydrogen Storage Applications 471



16.3 Amine-Borane Adducts

16.3.1 Metal-Catalysed Hydrogen Release from Amine-
Borane Adducts

The above mentioned systems featuring main group elements show great potential

for the investigation of mechanisms of hydrogen activation and storage. However,

in virtually all cases, gravimetric hydrogen capacities are very low, and most

systems lack reversibility. The first aspect can be addressed by employing light-

weight main group elements such as boron and nitrogen, which can both bind

multiple hydrogen atoms and thus give compounds with high gravimetric hydrogen

capacities. Also, due to the electronegativity difference, in corresponding element-

hydrogen compounds (B: 2.0; N: 3.1; H: 2.2), B–H bonds are hydridic, whereas N–

H bonds are typically protic, which turns out to be beneficial for the elimination of

hydrogen from BN adducts, so-called amine-borane adducts (Scheme 16.3). Also,

for the release of a maximum amount of hydrogen, a balanced ratio of protic and

hydridic element-hydrogen bonds is important. In this section, a selection of

examples of amine-borane compounds will be described with the focus on organ-

ometallic catalysts for dehydrogenation.

Ammonia borane (AB, H3N · BH3) as the simplest of all amine-borane adducts

has attracted a considerable amount of attention, as it contains the highest amount

of hydrogen (gravimetric hydrogen capacity of 19.6 wt%). It is very stable at room

temperature, solid and moderately soluble in water, making it very convenient to

ArGa: ArGa(H)(µ-H]2Ga(H)Ar

Ar'2GeH2

Ar = 2,6-(2,6,-i-Pr-C6H3)2C6H3

Ar' = 2,6-(2,4,6-Me-C6H2)2C6H3

Ar'' = 2,6-(2,4,6-Me-C6H2)2C6H3Ar''2SnH
- Ar''H

Ar'
2
Ge:

Ar''
2
Sn:

+ H2

+ H2

+ H2

Scheme 16.2 Reactions of group 13 and 14 organoelement compounds with dihydrogen

RnH3-nN.BH3

R = organic group
n = 1,2

+ H2

solvolysis, thermolysis
or dehydrogenation

BN compounds

Scheme 16.3 Hydrogen release from amine-borane adducts
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handle. Release of hydrogen from this compound is possible by solvolysis (thermal,

acid- and metal-catalysed), thermolysis (solid state and solution) as well as dehy-

drogenation (acid and metal catalysed). A concise overview of these aspects was

given recently by Baker and Manners [13]. Most of the examples known for the

solvolysis of AB use metal nanoparticles as catalysts (e.g. Fe [14], Ni [15], Co@Au

[16]); however, in recent reports, Garralda and later Amoroso and Abdur-Rashid

describe very efficient systems based on molecularly defined iridium hydride

complexes (2–4) (Fig. 16.1) [17, 18]. In the latter example, the catalyst is capable

of dehydrogenating AB in different mixtures of alcohols and water as well as in the

solid state in the presence of water vapour. Moreover, the catalysts’ lifetime is very

high, as evidenced by consecutive addition of fresh AB to the catalyst solution.

Mechanistic details were not reported by the authors; a cooperative effect of the

amine ligand is however likely to play a role, as evidenced by further studies on the

dehydrogenation of amine-boranes (vide infra). Other examples were reported by

the group of Djukic, who found that a series of ruthenium(II) dicarbonyls is active

for the full hydrolytic release of hydrogen from AB; however, also in this case, no

mechanistic insights were given [19].

The vast majority of transition metal-catalysed processes for the release of

hydrogen from AB do not involve hydrolysis and formation of boronic acid and

its derivatives but dehydrogenation with formation of oligomeric and polymeric BN

compounds. Selected examples will be presented here; review articles that give a

more detailed insight into this chemistry were published in the past [13, 20,

21]. Complexes that are active catalysts for the dehydrogenation of AB were

established based on a broad range of early and late transition metals (Fig. 16.2).

So-called base metal catalysts were developed by the group of Baker, who used

nickel complexes of the type Ni(NHC)2 (5) (NHC¼N-heterocyclic carbene) and

found that the activity for AB dehydrogenation is strongly dependent on the sub-

stituents of the carbene ligand [22]. As for the mechanism, initial coordination of

the B–H bond at the metal centre followed by protonation of a Ccarbene donor atom

and formation of a Ni hydride is suggested. Recombination of the hydride and the

carbon bound proton gives hydrogen, which can be eliminated from the complex

to furnish the starting complex Ni(NHC)2 and [H2NBH2] [23], a species which

IrNH

Cl

H
ClIr

P(t-Bu)2 P(t-Bu)2

P(t-Bu)2P(t-Bu)2

NH
Cl

H
Ir

HPh2 Ph2
P P

O O
H

Cl

H3N.BH3 + H2O 3H2 + NH4
+ + BO2

-
cat.

2 3 4

Fig. 16.1 Catalytic hydrolysis of AB and iridium complexes for this purpose
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is further dehydrogenated to yield polyborazylene. Later, the same group also

investigated iron complexes containing amido and phosphine supporting ligands

(6–9) and found that the nature of the BN dehydrogenation products as well as the

extent of hydrogen release (Scheme 16.4) is strongly dependent on the used

ligands [24].

The authors postulate that in cases where the intermediate aminoborane

[H2NBH2] remains coordinated to the metal centre, formation of linear

polyaminoborane (i.e. partial dehydrogenation with release of 1 eq. of H2) is the

favoured pathway over generation of polyborazylene (i.e. almost full dehydroge-

nation with release of up to 3 eq. of H2). Also, it became evident that Fe(+2)

fragments react much different than Fe(0) species, which are likely to be formed by

dissociation of a labile amine ligand. Another example for AB dehydrogenation

involving an iron complex was reported by Manners et al., who found that

photoactivated [CpFe(CO)2]2 is a moderately active catalyst [25].
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genation of AB

[M] + H3N.BH3

- [H2NBH2]

[H2NBH2]
n

[HNBH]
n Polyborazylene

-H2

-H2

Scheme 16.4 Different pathways for the dehydrogenation of AB

474 T. Beweries



Complexes based on ruthenium were found to be among the most active

catalysts for hydrogen release from AB. Williams and co-workers described a

study of the Shvo complex [26], which was used before for a broad range of

other catalytic applications and is capable of liberating up to two equivalents of

hydrogen within two hours. In another study, the same group introduced a Lewis

basic boron functionality into a Ru(II) complex (10) and found that the presence of

this group is an important factor for its high activity. Additionally, this complex is

very stable in air and water, thus making it very interesting for further optimisations

[27]. Cooperative reactivity between a PNP pincer ligand and the metal centre was

observed in AB dehydrogenation using a bifunctional ruthenium hydride complex

(11) [28]. In this case, concerted transfer of a hydride (B–H) and a proton (N–H)

from the substrate to a catalyst, similar to the Noyori-Morris mechanism for

hydrogen transfer processes [29], is likely to be present. A molecularly defined

iridium pincer dihydride complex (POCOP)IrH2 (12) (POCOP¼ κ3-C6H3-1,3-[OP

(tBu)2]2) was used by Heinekey and Goldberg and co-workers for the catalytic

dehydrogenation of AB [30]. As for the mechanism of hydrogen formation, two

possibilities were discussed, including concerted activation of B–H and N–H bonds

at a monovalent [(POCOP)Ir] centre as well as at a trivalent [(POCOP)IrH2]

species, respectively. Notably, this catalyst was also found to be active for the

homogeneous dehydrogenation of alkanes, thus showing similarities between for-

mally isoelectronic hydrocarbon and BN compounds (e.g. benzene/borazine, eth-

ane/AB). Most importantly, in many cases during the catalytic cycle, the metal

species exhibits structural and electronic changes, owing to the strongly reducing

conditions present in the reaction mixture. As a consequence, the active species can

strongly differ from the precatalyst, as demonstrated by Manners et al., who found

that, upon addition to a solution containing AB, initial [Rh(COD)(μ-Cl)]2 (13) is
reduced to form Rh nanoparticles, which serve as the dehydrogenation

catalyst [31].

Despite being structurally very similar to AB, hydrazine borane (N2H4 · BH3,

HB) and the parent hydrazine bis(borane) (N2H4 · (BH3)2, HBB) are poorly

explored in terms of chemical hydrogen storage. Both substances display compa-

rably high gravimetric hydrogen capacities of 13.1 % and 13.4 %, respectively.

Unfortunately, HBB is poorly suited for hydrogen storage applications owing to its

shock sensitivity and its thermal lability in air. For HB, studies of thermolysis [32]

as well as metal-catalysed hydrolysis [33] were described; however, to date, only

one example is known for a catalytic dehydrogenation involving molecularly

defined transition metal complexes. Group 4 metallocene alkyne and hydride

complexes were found to be moderately active for the release of hydrogen from

HB; however, this process was very slow, and substantial improvements are needed

in order to make this approach attractive for applications [34]. Also, the study of the

dehydrogenation mechanism turned out to be very difficult as the obtained HB

dehydrogenation products were poorly soluble, even in highly polar solvents.

Further variations of the substituents at amine-borane adducts offer the possi-

bility of adjusting physical properties such as solubility as well as melting and

decomposition temperatures. Moreover, once introduced, organic groups at the
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heteroatoms can serve as a spectroscopic handle, which can be very useful in terms

of mechanistic investigations. One of the simplest and most frequently used

substituted amine-borane adducts is dimethylamine borane (Me2NH ·BH3,

DMAB). Despite displaying a rather low gravimetric hydrogen capacity of only

3.4 %, the dehydrogenation chemistry of this compound is well studied for a broad

range of main group and transition metal complexes.

A number of active catalysts were reported for group 4 metallocenes (Fig. 16.3).

Chirik and co-workers found significant differences in reactivity when comparing

the steric influence of the cyclopentadienyl substituents, with the sterically more

demanding species being less active and complex 14 displaying good DMAB

dehydrogenation efficiencies [35]. This effect was also observed for other

titanocenes and zirconocenes that were formed from the corresponding metallocene

bis(trimethylsilyl)acetylene complexes (e.g. 15) [36, 37]. The mechanism of

titanocene [Cp2Ti]-catalysed DMAB dehydrogenation was investigated by Man-

ners et al., who suggested the presence of titanocene(IV) hydrides as intermediates;

however, the presence of these species was not confirmed [38]. Also, as the

catalytically active component, a titanocene(II) species was proposed. Later, the

same authors used EPR spectroscopic techniques to corroborate that Ti(III) species

are present during DMAB dehydrogenation, thus pointing towards the importance

of such paramagnetic species for the catalytic cycle [39]. In a study of DMAB

dehydrogenation using cationic zirconocene-phosphinoaryloxide complexes such

as 16 with frustrated Lewis pair character, Wass et al. demonstrated high activities

(TOF up to 600 h�1) and reaction times of only several minutes [40].

Similarly as for AB dehydrogenation described above, a variety of late transition

metal complexes were investigated. Examples include amino olefin nickel(0) and

nickel(I) complexes, the latter being very active compared to other noble-metal-free

dehydrogenation catalysts (release of 1 eq. of H2 within one minute) [41]. Mecha-

nistic details were not reported; however, the presence of a hydridic intermediate is

likely as a stoichiometric reaction of DMAB with the Ni(I) catalyst furnished a Ni

(I) hydride fragment. Other examples described byWeller and co-workers highlight

the importance of initial coordination of the DMAB substrate at the metal centre.

For instance, in the dehydrogenation reaction using the Rh(III) complex Ru

H2(PCy3)2Cl (17), hydrogen elimination from the complex was induced by oxida-

tive addition of one of the B–H bonds of DMAB [42], probably by a σ-CAM [43]
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mechanism. As an alternative, yet much slower initial step, oxidative addition of the

N–H bond to give an aminoborane complex was suggested. From either of the two

intermediates, release of H2B¼NMe2 takes place, which subsequently dimerises to

yield the main dehydrocoupling product [H2B-NMe2]2 (Scheme 16.5).

In another study, stoichiometric reaction of DMAB with an Ir(III) complex

[Ir(H2)2H2(PCy3)2]BAr
F
4 (18) furnished a κ2-H-bound amine-borane σ-complex

[IrH2(PCy3)2(κ2-H-H3B-NMe2H)]BAr
F
4 (19). Hydrogen release was found to take

place from this species to give an aminoborane complex [IrH2(PCy3)2(κ2-H2BNMe2)]

BArF4 (20), which could release the fragment H2B¼NMe2 in catalytic reactions

to reform the catalytically active species (Scheme 16.6a) [44]. Also, in this case,

the metal was found to be essential for the formation of the linear dimer

H3B ·NMe2BH2 ·NMe2H, a species which is often observed spectroscopically in

transition metal-catalysed dehydrogenations of DMAB (Scheme 16.6b). Generation

of the cyclic dimer [H2B-NMe2]2 is proposed to proceed via coupling of H2B¼NMe2
with the aforementioned amine-borane σ-complex followed by elimination of one

equivalent of hydrogen (Scheme 16.6c).

These reactivity patterns of the iridium centre demonstrate the multifaceted

chemistry that should be considered when modelling and interpreting catalytic

cycles in transition metal-catalysed amine-borane dehydrogenation. Further

evidence for the essential role of such structural motifs was also given by

Aldridge and co-workers, who isolated an 18-electron aminoborane adduct

[IrH2(IMes)2(κ2-H2BNMe2)]BAr
F
4 from reaction solutions containing DMAB

and catalytic amounts of the catalyst precursor [45]. In the same study, the

formation of a very unusual 14-electron rhodium(III) aminoboryl complex
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{Rh(IMes)2(H)[B(H)NMe2]}BAr
F
4 was observed from the similar reaction of the

parent Rh precursor, thus pointing towards considerable differences in dehydroge-

nation reactivity when moving down one group.

As an alternative to transition metal catalysts, recently significant efforts to also

develop systems based on main group metals were made. Hill and co-workers

prepared a magnesium β-diketiminate complex by reaction of [HC{(Me)CN

(Dipp)}2Mg(nBu)] with DMAB and found that this species [HC{(Me)CN

(Dipp)}2Mg(NMe2BH2NMe2BH3)] (21a) plays a key role in the catalytic dehy-

drogenation of DMAB as elimination of the cyclic dimer [H2B-NMe2]2 yields a

magnesium hydride complex (21b), which can insert further DMAB with release of

hydrogen and regeneration of the starting complex (Scheme 16.7) [46].

Also, a structurally similar calcium complex was investigated for dehydrogena-

tion of DMAB; however, the rate of hydrogen evolution was much slower. In an

attempt to rationalise this behaviour, the authors suggest that the efficiency of

insertion of the intermediate H2B¼NMe2 into the M–N bond and subsequent β-
or δ-hydride elimination steps is dependent on the charge density and the polarising

capability of the metal centre. Other d0 dehydrogenation catalysts were developed

by Wright et al., who investigated aluminium(III) and gallium(III) amides and

found that similar insertion processes are present in these cases [47, 48]. Also, it

should be noted that parent titanium(IV) and zirconium(IV) amides are moderately

active for DMAB dehydrogenation, thus pointing towards the analogies of struc-

turally similar d0 complexes [36]. Organotin(IV) complexes Cp*2SnCl2 and

Ph2SnCl2 were tested for DMAB dehydrogenation; however, the catalytic activity

was comparably low with both complexes requiring several days and high catalyst
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loadings in order to realise mentionable turnovers [49]. In contrast, in AB dehy-

drogenation experiments, these compounds have shown more promising activities.

16.3.2 Regeneration of Spent Amine-Borane Fuels

Hydrogen release from amine-borane compounds is exothermic and takes place at

comparably low temperatures, which means that direct re-hydrogenation is impos-

sible. Hence, a recycling protocol should consist of multiple steps in order to

provide a thermodynamic driving force that facilitates the reformation of the

hydrogen carrier (Scheme 16.8). For AB, Mertens et al. summarised these steps

as (1) the digestion of the polymeric spent fuel by the formation of oxidised, or

more specifically, halogenated boron species such as BX3 (X¼Cl, Br, I), (2) hydro-

genation/hydrodehalogenation of these compounds and (3) replacement of the

auxiliary reagents (bases) used as thermodynamic drivers in the hydrodehalo-

genation process by ammonia [50]. Alternatively, a strong reductant such as

hydrazine can be used to hydrogenate polyborazylene, which is the

BN-containing product when releasing more than two equivalents of hydrogen

from AB [51]. Although being very simple from an experimental perspective, this

procedure features the significant disadvantages of the toxic, highly energetic and

unstable reagent hydrazine. Moreover, the described one-pot regeneration is carried

out in liquid ammonia at 40 �C, thus requiring high-pressure equipment.

As for the first step of BN waste regeneration, digestion is required in order to

solubilise the spent material. For AB, different reactions were described such as

transformation of B–N bonds into B–Cl bonds by reaction with the superacidic

system AlCl3/HCl/CS2. This is followed by hydrodehalogenation in the presence of

the base NEt3 with nickel boride as the catalyst. In the last step, substitution of the

amine by NH3 furnishes AB [50]. Main advantages of this reaction sequence are the
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use of inexpensive reagents which can theoretically be implemented into a closed

regeneration scheme. Moreover, hydrogen gas serves as the reductant, a fact that is

essential in terms of adapting this procedure for true hydrogen storage applications.

In another report, Dixon, Gordon and co-workers reported on the digestion of

polyborazylene with benzenedithiol to give the soluble adduct C6H4S2BH ·NH3

(Scheme 16.8) [52]. This can be hydrogenated using the organotin hydrides

Bu3SnH and Bu2SnH2. Similar to the hydrazine-based protocol described above,

this approach uses equimolar amounts of a highly energetic reductant; moreover, it

produces stoichiometric amounts of organotin-containing waste.

16.3.3 Transition Metal-Catalysed Dehydrogenation
of Formic Acid

Formic acid (FA) is a very promising hydrogen storage material, owing to its low

toxicity and the fact that it is formed by nothing else than reversible binding of

hydrogen and carbon dioxide. The transition metal-catalysed dehydrogenation

chemistry of FA was first investigated by Coffey, who used a series of noble-

metal complexes based on iridium, palladium and platinum [53]. However, until the

end of the twentieth century when hydrogen became more and more important in

the context of energy storage, no significant improvements of catalysts were

reported.

In 2000, Puddephatt and co-workers developed a binuclear, diphosphine-bridged

diruthenium catalyst (22a) for the conversion of FA to H2 and CO2 [54]. As for the

mechanism (Scheme 16.9), the authors propose that initial hydrogenation yields the

active dihydride complex 22b, which upon insertion of FA and elimination of
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hydrogen yields a formate monohydride complex (22c). Subsequent hydride trans-

fer from the formate ligand to the ruthenium centre yields a dihydride complex

(22d), from which CO2 can dissociate to furnish the catalytically active species.

Interestingly, the catalyst was found to catalyse the reverse reaction,

i.e. hydrogenation of CO2 to give FA, as well. In a mechanistic study, Wills

et al. investigated the fate of molecularly simple mononuclear ruthenium com-

plexes during dehydrogenation of a mixture of FA and Et3N as a basic additive

[55]. It became evident that during catalysis, chloride complexes such as

RuCl2(DMSO)4, RuCl2(NH3)6 and RuCl3 form binuclear formate-bridged ruthe-

nium species as addition of varying amounts of PPh3 to reaction solutions furnished

the corresponding binuclear isolable phosphine complexes.

Other examples for ruthenium-catalysed dehydrogenation of FA were reported

by Beller and co-workers, who used commercially available complexes

[RuCl2(p-cymene)]2 and RuCl2(PPh3)3 to dehydrogenate various FA/amine adducts

[56]. The influence of the amine was found to be significant, as aliphatic

dialkylmethylamines give higher activities with increasing chain length

(Oct2NMe>Hex2NMe>Bu2NMe), whereas the addition of sterically more

demanding amines such as PhNMe2 results in a decreased hydrogen yield. In a

more detailed study, also the effect of a variation of the phosphine ligand was

investigated, and [RuCl2(benzene)]2/dppe (dppe¼ 1,2-bis(diphenylphosphino)eth-

ane) was found to be the most active catalyst system for hydrogen release from a 5:2

mixture of FA and Et3N [57]. Notably, the released hydrogen gas was found to be

virtually CO-free and could thus be used directly in a fuel cell setup for production

of electricity. Visible light illumination was found to accelerate the dehydrogena-

tion process. As for the influence of light, the authors suggest light-accelerated

ligand dissociation steps to be the key factors for the large increase of catalytic

activity (Scheme 16.10). It should be noted, that this effect was only observed for

Ru

Ph2P PPh2

Ru
C
O

H

Ph2P PPh2

COOC
H

Ru

Ph2P PPh2

Ru
C
O

H

Ph2P PPh2

COOC
O

O

H

Ru

Ph2P PPh2

Ru
C
O

H

Ph2P PPh2

COO2C
H

Ru

Ph2P PPh2

Ru
C
OPh2P PPh2

COOC
COOC H2

HCO2H

H2

CO

CO

CO2

22a 22b

22c

22d

Scheme 16.9 Proposed mechanism for FA dehydrogenation with a binuclear Ru catalyst

16 Organometallics for Hydrogen Storage Applications 481



aryl phosphine ligands with the most significant improvements being found for the

bidentate ligand dppe in combination with [RuCl2(benzene)]2 (23) (TON 2804,

cf. 407 without illumination) [58].

A system that operates continuously in aqueous solutions was established by

Laurenczy and co-workers [59]. Dehydrogenation of FA was investigated using the

highly water-soluble ligand meta-trisulfonated triphenylphosphine (TPPTS) with

either [Ru(H2O)6]
2+ or commercially available RuCl3 with addition of a small

amount of sodium formate, which is essential for activation of the catalyst. A

study of the reaction mechanism implied that two competing catalytic cycles are

present with a ruthenium monohydride aqua fragment [Ru(TPPTS)2(H2O)3H]
+

being the key intermediate. Formate was found to be important for the generation

of the active species, as replacement of a water ligand by formate induces further

loss of water to generate free coordination sites which can be occupied by hydride

ligands [60].

The first example of a catalyst that can reversibly store hydrogen using CO2/FA

in aqueous media was recently published by Hull, Himeda and Fujita

et al. [61]. Most interestingly, the described binuclear iridium catalyst 24a/b

(Scheme 16.11) displays a proton-switchable ligand framework that – depending

on the pH of the reaction system – is capable of either storing (high pH) or releasing

hydrogen (low pH). Moreover, the catalyst is highly active for both reactions,

operates at conditions that resemble those of common fuel cells and provides

very pure, CO-free hydrogen gas. The reaction mechanism for the dehydrogenation

was not reported to date; however, initial elimination of one of the aqua ligands

followed by coordination of formate and loss of hydrogen is likely. In the hydrogen

storage reaction, the deprotonated form of the catalyst can activate H2 to give an
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iridium hydride, which subsequently inserts CO2 to furnish a formate complex.

Further addition of H2 induces elimination of FA and reforms the hydride species.

In order to lower the cost of the overall system for potential applications, Beller

and co-workers introduced FA dehydrogenation catalysts based on less expensive,

abundant iron complexes. In the first studies, multicomponent catalyst systems

based on iron carbonyl complexes were presented [62, 63]. In isolated mononuclear

molecularly defined complexes Fe(CO)3(PPh2Bn)2 and Fe(CO)3(PBn3)2
(Bn¼Benzyl), moderate turnover numbers were observed in combination with

terpyridine as a co-ligand [62]. The latter was found to be beneficial for the stability

of the system, as it stabilises the iron centre during catalysis. Also, ortho-metalation

of the Bn groups was found to be of importance for the long-term stability of the

catalyst. Later, also in situ systems using a combination of Fe3(CO)12, PPh3 and

bidentate N-donor ligands such as phenanthroline and terpyridine were described

[63]. Interestingly, also in these studies, visible light was found be relevant for the

generation of the active catalyst as well as for driving the catalytic cycle, thus

accelerating FA dehydrogenation significantly. More recently, an iron-based cata-

lyst that operates in environmentally benign propylene carbonate was described

[64]. The highly active, long-term, stable, in situ system consists of the precursor

complex Fe(BF4)2 · 6 H2O and tris[(2-diphenylphosphino)ethyl]phosphine [P

(CH2CH2PPh2)3, PP3] and does not require additional base, thus giving signifi-

cantly higher hydrogen capacities (4.4 wt%, cf. 2.3 % in commonly used 5:2

FA/Et3N mixtures). Other examples for base-free FA dehydrogenation catalyst

systems were reported by Reek [65], Himeda [66] and Puddephatt [54].

As mentioned above, the reversibility of FA decomposition into H2 and CO2

may offer the possibility of developing efficient hydrogen storage systems based on

FA, formate and, most interestingly, cheap, readily available CO2. The latter is also

a greenhouse gas, and fixation would be a key element of a carbon-neutral energy

storage cycle. Hence, besides significant research efforts addressing FA dehydro-

genation, also transition metal complex-catalysed hydrogenation of CO2 and car-

bonates was extensively studied in the past. Excellent review articles addressing the

fundamentals of this conversion were published by Leitner [67], Noyori [68] as well

as for more recent developments by Gong [69]. Examples for homogeneous

Scheme 16.11 An iridium

catalyst that reversibly

stores hydrogen in aqueous

media. 24a0 denotes a partly
protonated form of the

ligand between 24a and 24b
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transition metal complexes that catalyse hydrogenation of CO2 or carbonates

include an iridium trihydride PNP pincer (25) complex that is capable of selectively

producing potassium formate from equimolar mixtures of H2 and CO2 in potassium

hydroxide with a TON of up to 3.5·106 [70]. As for the mechanism, insertion of CO2

into one of the Ir–H bonds is suggested, followed by base-induced deprotonation of

the pyridine moiety and elimination of formate. Addition of hydrogen results in

rearomatisation and closure of the catalytic cycle (Scheme 16.12).

Well-defined noble-metal-free catalysts for CO2 hydrogenation were reported to

display considerable activities. In a study of different iron precursor complexes, the

combination of Fe(BF4)2 · 6 H2O and the tetradentate phosphine ligand PP3 (vide

supra) was identified to hydrogenate bicarbonate to formate at medium H2 pressures

of 60 bar and temperatures of 80 �C [71]. Mechanistic insights were gained after

isolation of a hydride species [FeH(PP3)]BF4, which after reaction with CO2

furnished the coordination compound [FeH(CO2)(PP3)]BF4.
13C NMR spectro-

scopic reaction control further indicated subsequent insertion of CO2 into the Fe–

H bond to give the corresponding formate complex [Fe(HCO2)(PP3)]BF4. A

non-precious metal-based system that was found to be competitive and even

superior to noble-metal catalysts for hydrogenation of CO2 or carbonates was

identified in a study of different cobalt precursor complexes and the same phos-

phine ligand [72]. The combination Co(BF4)2 · 6 H2O/PP3 gave a maximum TON

of 3,877. In contrast to the similar iron-based system described above, the

corresponding cobalt monohydride was found to be inactive; in contrast, the

dihydrogen complex [Co(H2)(PP3)]BPh4 showed activities comparable to the in

situ system, thus indicating significant differences in the hydrogenation mechanism.

Also, in in situ NMR studies at higher hydrogen pressure, a signal corresponding

to a dihydrogen complex could be identified.
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Current efforts focus on the evolution of systems that can reversibly interconvert

carbonates/CO2 and H2 and formates/FA (vide supra [61, 73]). For instance, the

reversible coupling of formate dehydrogenation and bicarbonate hydrogenation

using a commercially available ruthenium chloride complex [RuCl2(benzene)]2 in

combination with dppm (dppm¼ 1,2-bis(diphenylphosphino)methane) was dem-

onstrated. It should be noted that – in contrast to previous studies of FA dehydro-

genation – the hydrogen release step does not require additional base [74]. Himeda

and co-workers reported on well-defined ruthenium and rhodium catalysts for both

reactions [75]. In this case, the nature of the used DHBP ligand (DHBP¼ 4,4-
0-dihydroxy-2,20-bipyridine) was found of special importance as the acid-base

equilibrium involving the OH groups, and the aromatic framework is essential for

driving catalysis. Hydrogenation of CO2/bicarbonate was found to take place under

basic conditions, whereas decomposition of FA/formate took place in acidic media.

In the course of a mechanistic study of CO2 hydrogenation using an Ir trihydride

PNP pincer complex 25 (cf. Scheme 16.12), Nozaki et al. also developed a protocol

for the catalytic dehydrogenation of FA in the presence of base using the same

complex [76]. Observed activities were comparable to other FA dehydrogenation

systems. The role of the pyridine ligand in the FA decomposition reaction was not

elucidated; however, it was shown that reversible interconversion of CO2 and FA is

possible using this Ir catalyst.

First efforts to develop a hydrogen storage device based on the hydrogenation of

bicarbonate and decomposition of formate in aqueous solution were made by Papp

and Joo et al., who – taking into account the thermodynamic prerequisites –

designed a simple setup that uses the water-soluble catalyst system consisting of

[RuCl2(mTPPMS)2]2 and mTPPMS (mTPPMS¼ sodium diphenylphosphi-

nobenzene-3-sulfonate) [77]. Important features that need to be addressed in this

context are the requirement for a closed system that can be switched between

charging (i.e. CO2 hydrogenation) and discharging (i.e. FA decomposition) simply

by means of pressure and temperature variation as well as sufficient recyclability of

the used components. Depending on the applied catalyst, the closed cycle system

consisting of CO2/bicarbonate and FA/formate fulfils these requirements and thus

holds potential for further developments and future applications.

16.3.4 Transition Metal-Catalysed Dehydrogenation
of Alcohols

Dehydrogenation of aromatic and aliphatic alcohols using transition metal com-

plexes is a well-known reaction motif in homogeneous catalysis. Since the devel-

opment of first catalysts – especially for transfer hydrogenation reactions – the

knowledge in this field has been extended enormously. In this part of the chapter,

selected systems that catalyse the dehydrogenation of alcohols without transfer of

the produced hydrogen to an organic acceptor will be described. Also, as
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maximisation of the hydrogen content is one main target from the applicant’s
perspective, the focus will be on the dehydrogenation of low-molecular weight

alcohols such as methanol, ethanol, propanol or isopropanol. Other examples

referring to the dehydrogenation of alcohols with lower hydrogen content will not

be discussed in this section [78].

One of the first studies of hydrogen production from alcohols by means of

homogeneous catalysis was described by Dobson and Robinson, who used the

complex Ru(COOCF3)2(CO)(PPh3)2 (26a) in combination with an excess of

trifluoroacetic acid for the catalytic dehydrogenation of a range of alcohols

[79]. As proposed, initial coordination of the alcohol at the ruthenium centre

followed by proton shift to one of the acetate ligands and elimination of one

equivalent of trifluoroacetic acid (via 26b and 26c) is followed by formation of a

ruthenium hydride species (26d), which upon reaction with further acid eliminates

hydrogen and the carbonyl product (Scheme 16.13). It should be noted that activ-

ities for low-molecular weight substrates were rather low; competitive results were

however observed for benzyl alcohol. A reason for this difference in reactivity was

later identified in the higher tendency of small primary alcohols to undergo

decarbonylation reactions, thus producing the catalyst poison CO. Moreover,

under the applied acidic conditions, competing aldol condensations are much

more likely for primary alcohols [80].

An approach to avoid the use of strongly acidic additives was demonstrated by

Hulshof and co-workers, who integrated tetrafluorosuccinic acid as a bidentate

fluorinated ligand into a ruthenium catalyst for benzyl alcohol dehydrogenation,

thus giving a cooperative effect between the ruthenium centre and the fluorinated

succinate ligand [81]. As a consequence, the system operates at neutral pH and is

less prone to side reactions.

The development of more efficient catalysts for the dehydrogenation of

low-molecular weight alcohols proceeded as Morton and Cole-Hamilton used

rhodium [82, 83] and ruthenium complexes [82] with addition of NaOH. For the

more active ruthenium precatalyst Ru(N2)H2(PPh3)3 (27a), as for the beneficial

influence of base, initial reaction of alkoxide (formed by reaction of NaOH with the

corresponding alcohol substrate) with the fragment [RuH2(PPh3)3] (27b) is

suggested [82]. Subsequent elimination of the carbonyl compound gives an anionic

trihydride complex (27d), which reacts with alcohol to form an alcoholate and a

dihydrogen complex (27e). The latter eliminates hydrogen to close the catalytic

cycle (Scheme 16.14). Notably, also methanol and ethanol were converted using

this catalyst. Light illumination was found to increase the activity of the investi-

gated ruthenium-based systems significantly, most likely due to more facile release

of hydrogen from the intermediate [RuH2(H2)(PPh3)3] (27e).

In a detailed study of the catalytic dehydrogenation of isopropanol using differ-

ent ruthenium precursor complexes in combination with different phosphine

ligands and NaOH or Na as the base, Beller and Junge identified ruthenium chloride

RuCl3∙x H2O with adamantylphosphines and biarylphosphines as the most active

systems [84]. Notably, this combination was found to exceed the activity of the

well-defined hydride complexes described before [82]. Later, further improvement
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of the catalyst system was achieved by using bidentate N-donor ligands to stabilise
the metal precursor [RuCl2( p-cymene)]2 [85]. Replacement of the phosphine

ligands by amine ligands gives a significant increase of long-term stability. More-

over, the reaction temperatures were lowered to 90 �C (cf. 150 �C in reference 82).

Combinations of ruthenium complexes with other chelating ligands based on

pyridine were also found to be active for the dehydrogenation of alcohols. Milstein
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et al. developed PNN pincer complexes that – by cooperation between the metal

centre and the ligand framework – are capable of coupling alcohol dehydrogenation

to the synthesis of esters and amides [86, 87].

Significant improvements regarding the catalytic dehydrogenation of energeti-

cally interesting low-molecular weight primary and secondary alcohols were

recently made as the efficient hydrogen release from ethanol and isopropanol at

temperatures below 100 �C was reported [88]. In an evaluation of different pincer-

type transition metal complexes and in situ combinations of ruthenium precursor

complexes and pincer ligands, a system consisting of RuH2(PPh3)3CO and HN
(CH2CH2PiPr2)2 was identified as the most active combination that – most inter-

estingly – also dehydrogenates ethanol with high activities (TOF 1,483 h�1 after

2 h). The proposed outer-sphere mechanism includes loss of hydrogen from the

ruthenium dihydride complex (28a) to give an amido species (28b), followed by

addition of the alcohol to reform the amine functionality in the ligand and the metal

dihydride (Scheme 16.15). In the case of ethanol being the hydrogen source, the

process can also be used for the highly efficient and environmentally benign

synthesis of ethyl acetate in the absence of an acceptor, thus lowering the amount

of waste produced [89].

One of the most interesting substrates in terms of applications in an energy

consuming device is however methanol, as it displays a very high hydrogen content

of 12.6 wt% being liquid at ambient conditions. For this reason, the concept of a

“methanol economy” as an alternative to the aforementioned “hydrogen economy”

was intensively discussed [90]. The efficient reforming of methanol as an import

aspect to realise this concept is however very challenging and requires high

temperatures of more than 200 �C. Important contributions towards a homogeneous

approach of methanol reforming were made by the group of Beller. Aqueous-phase

methanol dehydrogenation and reforming virtually without formation of C1 resid-

uals CH4 and CO were observed using a molecularly defined ruthenium pincer
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complex 29a (Scheme 16.16) [91]. The described catalyst is highly active, is long-

term stable and operates at temperatures around 90 �C. The proposed dehydroge-

nation mechanism involves initial base-assisted elimination of HCl to generate the

active species 29b, which can activate methanol in an outer-sphere mechanism that

involves the amine/amide functionality of the ligand (29c). Elimination of hydro-

gen and interaction with hydroxide most likely furnish a gem-diolate species 29d

that can also be referred to as a masked formaldehyde complex. Another outer-

sphere dehydrogenation step gives a formate complex 29e, from which CO2 can

dissociate to give the amine group in the ligand as well as the ruthenium dihydride

motif (29f). Finally, a third equivalent of hydrogen is generated to close the

catalytic cycle.

A methanol-reforming system based on a molecularly defined nonnoble metal

catalyst (HPNP)FeH(HBH3)(CO) (HPNP¼HN(CH2CH2PiPr2)2) was found to pro-
duce hydrogen for a period of several days with a TON of up to 10,000, thus

indicating that further developments in this field should pave the way to applica-

tions, e.g. in PEM fuel cells [92]. Similarly as for the above catalyst, base is needed

to abstract the anionic ligand. Attempts to further optimise methanol reforming

resulted in the development of base-free catalyst systems. Trincado, Grützmacher

and co-workers demonstrated that full dehydrogenation of a methanol/water mix-

ture is possible using a ruthenium hydride complex with a chelating bis(olefin)

diazadiene ligand without using additional base (30) (Fig. 16.4a) [93]. The special
feature of this compound is its ability to store up to two equivalents of hydrogen

intramolecularly. Due to this, the oxidation states of the ruthenium centre change

between 0 and +2. The use of a precatalyst without chloride ligand proved to be
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necessary in order to observe catalytic activity for methanol dehydrogenation in the

absence of base. For further improvements of the efficiency of ruthenium-based

methanol-reforming systems, a bicatalytic approach can be applied, as demon-

strated by Beller et al. [94]. The combination of two complexes Ru(MACHO)BH

(31a) and RuH2(dppe)2 (31b) (Fig. 16.4b) gives significantly higher activities at

mild conditions than one of the complexes alone. This effect can be rationalised, as

formally, during methanol reforming, three separate dehydrogenation steps

(methanol! formaldehyde! FA!CO2) must be performed. Hence, it is sensible

to add a second catalyst that can improve the rate of the methanol dehydrogenation

by accelerating the decomposition of in situ formed FA.

16.4 Conclusions

The studies highlighted in this chapter demonstrate the vital importance of a

fundamental understanding of organometallic complexes and its elementary reac-

tivity for the development of new catalytic systems for hydrogen generation and

storage in various storage media. Rational optimisations of catalyst systems and

interpretation of side reactions and degradation pathways never go without deeper

insights into elementary steps of the respective catalytic cycles. Some of the

catalytic systems described herein display activities that already meet the require-

ments needed for potential applications. Further evolution of these as well as the

transfer of such chemical solutions into applications designed by engineers is one

main target of research in this field.

References

1. Bockris JOM (1972) A hydrogen economy. Science 176:1323

2. Riis T, Hagen EF, Vie PJS, Ulleberg O (2006) Hydrogen production and storage. R&D

priorities and gaps. Available via https://www.iea.org/publications/freepublications. Accessed

12 Nov 2013

Fig. 16.4 Single

component (a) and
multicomponent (b)
catalysts for the base-free

catalytic reforming of

methanol

490 T. Beweries

https://www.iea.org/publications/freepublications


3. One widely discussed concept in this context is power-to-gas, see: Gahleitner G (2013)

Hydrogen from renewable electricity: an international review of power-to-gas pilot plants

for stationary applications. Int J Hydrog Energy 38:2039–2061
4. Collins DJ, Zhou H-C (2007) Hydrogen storage in metal–organic frameworks. J Mater Chem

17:3154–3160
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64. Boddien A, Mellmann D, Gärtner F, Jackstell R, Junge H, Dyson PJ, Laurenczy G, Ludwig R,

Beller M (2012) Efficient dehydrogenation of formic acid using an iron catalyst. Science

333:1733–1736

65. Oldenhof S, de Bruin B, Lutz M, Siegler MA, Patureau FW, van der Vlugt JI, Reek J (2013)

Base-free production of H2 by dehydrogenation of formic acid using an iridium–

bisMETAMORPhos complex. Chem Eur J 19:11507–11511

66. Himeda Y (2009) Highly efficient hydrogen evolution by decomposition of formic acid using

an iridium catalyst with 4,40-dihydroxy-2,20-bipyridine. Green Chem 11:2018–2022

67. Leitner W (1995) Carbon dioxide as a raw material: the synthesis of formic acid and its

derivatives from CO2. Angew Chem Int Ed Engl 34:2207–2221

68. Jessop PG, Ikariya T, Noyori R (1996) Homogeneous hydrogenation of carbon dioxide. Chem

Rev 95:259–272

69. Wang W, Wang S, Ma S, Gong J (2012) Recent advances in catalytic hydrogenation of carbon

dioxide. Chem Soc Rev 40:3703–3727

70. Tanaka R, Yamashita M, Nozaki K (2009) Catalytic hydrogenation of carbon dioxide using Ir

(III)-pincer complexes. J Am Chem Soc 131:14168–14169

71. Federsel C, Boddien A, Jackstell R, Jennerjahn R, Dyson PJ, Scopelliti R, Laurenczy G, Beller

M (2010) A well-defined iron catalyst for the reduction of bicarbonates and carbon dioxide to

formates, alkyl formates, and formamides. Angew Chem Int Ed 49:9777–9780

72. Federsel C, Ziebart C, Jackstell R, Baumann W, Beller M (2012) Catalytic hydrogenation of

carbon dioxide and bicarbonates with a well-defined cobalt dihydrogen complex. Chem Eur J

18:72–75

73. Fujita E, Muckerman JT, Himeda Y (2013) Interconversion of CO2 and formic acid by

bio-inspired Ir complexes with pendent bases. Biochim Biophys Acta 1827:1031–1038
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Chapter 17

Hybrid Systems Consisting of Redox-Active
π-Conjugated Polymers and Transition
Metals or Nanoparticles

Toshiyuki Moriuchi, Toru Amaya, and Toshikazu Hirao

Abstract Nitrogen atoms of the quinonediimine (QD) moiety of the emeraldine

base of poly(o-toluidine) (POT) are capable of participating in the complexation

with metals (Pd, V, Cu, etc) to afford the single-strand or cross-linked network

conjugated complexes. The complexation of the redox-active π-conjugated
1,4-benzoquinonediimines, unit molecules of the emeraldine base of polyanilines

(PAn’s), with the palladium(II) complexes affords a variety of conjugated com-

plexes. The conjugated complexes can be used as electronic materials and catalysts,

for example, the redox mediator in the Wacker reaction. The regulation of the

coordination mode of the QD moiety permits controlled formation of the conju-

gated bimetallic or polymeric complexes. The introduction of the chiral complex

into the QD nitrogens of POT via coordination interaction induces chirality into a

π-conjugated backbone of POT, affording optically active conjugated complexes.

Metal nanoparticles (NPs) such as Pd and Au are also assembled with PAn’s to

afford PAn’s/metal NPs hybrids. Three representative approaches including direct

reduction approach, template approach, and ligand exchange approach are devel-

oped here. The PAn’s metal NPs hybrid can be utilized as a catalyst.

Keywords Polyaniline • Phenylenediamine • Quinonediimine • Redox active •

Coordination mode • Conjugated complex • Chiral complexation • Metal

nanoparticles

17.1 Introduction

π-Conjugated polymers and oligomers have attracted much attention in the

application of electronic materials depending on their redox properties [1–

5]. Polyanilines (PAn’s) are promising conducting π-conjugated polymers with

T. Moriuchi • T. Amaya • T. Hirao (*)

Department of Applied Chemistry, Graduate School of Engineering, Osaka University,

Yamada-oka, Suita, Osaka 565-0871, Japan

e-mail: hirao@chem.eng.osaka-u.ac.jp

© Springer-Verlag Berlin Heidelberg 2015

W.-Y. Wong (ed.), Organometallics and Related Molecules for Energy Conversion,
Green Chemistry and Sustainable Technology, DOI 10.1007/978-3-662-46054-2_17

497

mailto:hirao@chem.eng.osaka-u.ac.jp


chemical stability. PAn has been extensively studied because of its unique elec-

tronic and redox properties as well as numerous potential use in a wide range of

applications in many fields. PAn’s exist in three different discrete redox forms,

which include the fully reduced leucoemeraldine, the semioxidized emeraldine,

and the fully oxidized pernigraniline base forms [1]. The neutral emeraldine

base is composed of the quinonediimine (QD) and phenylenediamine

(PD) moieties as oxidized and reduced forms, respectively. Another interesting

function of PAn’s is coordination properties of two nitrogen atoms of the

QD moiety. The function of π-conjugated polymers is expected to be modified

dramatically by incorporation of metal centers into the polymers [6–14].

π-Conjugated polymers and molecules, which possess redox-active properties

and coordination sites, are allowed to serve as redox-active ligands to give the

d,π-conjugated complexes. Depending on the number and geometry of the coor-

dination sites, the systems with a variety of designed structures can be constructed

as shown in Fig. 17.1. In the case of both metals and ligands having two

coordination sites, these components are arrayed alternatively to give the

corresponding polymer complexes. The multinuclear complex is derived by

multi-coordination of the π-conjugated polymers. This can be extended to the

complexes of metal nanoparticles (NPs) with the π-conjugated polymers. Such

hybrids of metal NPs and π-conjugated polymers can be of their potential appli-

cability as electronic devices, chemical sensors, and catalysts. This chapter

summarizes the conjugated complexes with redox-active π-conjugated PAn’s
and 1,4-benzoquinonediimines.

Fig. 17.1 Controlled design of the conjugated complexes with redox-active π-conjugated ligands
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17.2 Hybrid Systems Consisting of Redox-Active
π-Conjugated Polymers and Transition Metals

17.2.1 Controlled Design of Conjugated Complexes
with Redox-Active π-Conjugated Polyanilines
and 1,4-Benzoquinonediimines

The complexation of the emeraldine base of poly(o-toluidine) (POT) with palla-

dium(II) compounds is demonstrated in an organic solvent to afford the conjugated

polymer complexes [15]. Two nitrogen atoms of the quinonediimine (QD) moiety

are found to be available for complexation in the case of Pd(OAc)2 and

PdCl2(MeCN)2, which have two coordination sites, giving the cross-linked conju-

gated complexes as shown in Scheme 17.1. Poly(3-heptylpyrrole) is performed to

serve as an efficient π-conjugated polymer ligand to afford the similar conjugated

complex with PdCl2(MeCN)2. An organic light-emitting diode device with the

thus-obtained conjugated complex film as a hole injection layer shows the

maximum luminance of 11,000 cd/m2 at 10 V, which is 2 V lower than a device
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Scheme 17.1 Controlled formation of cross-linked conjugated complexes 1 and single-strand

conjugated complex 2
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with the conventional copper phthalocyanine hole injection layer [16]. In contrast,

the single-strand conjugated complex 2 is likely to be formed by using the palla-

dium(II) complex [L1Pd(MeCN)] [17, 18] bearing one interchangeable coordina-

tion site, which is obtained by treatment of the N-heterocyclic tridentate ligand, N,
N’-bis(2-phenylethyl)-2,6-pyridinedicarboxamide (L1H2) [19, 20] with Pd(OAc)2
(Scheme 17.1).

The conjugated polymer complexes with PAn’s or polypyrroles are demonstrated

to afford the redox systems depending on their structures and redox properties. For

example, copper salts can affect the redox properties of PAn’s to form the reversible

redox cycle [21]. The conjugated polymer complex can be effectively employed as

an oxidation catalyst [22–25], wherein the coordination of the QD moiety is con-

sidered to play an important role in reversible redox processes of the complex. In the

Wacker reaction, PAn’s or polypyrroles serve as a redox-active ligand.
The complexation behavior of the redox-active π-conjugated molecule, N,N0-bis

(40-dimethylaminophenyl)-1,4-benzoquinonediimine (L2) [26], as a model mole-

cule of PAn affords the further insight into the coordination and redox properties in

the complexation with the QD moieties. Complexation of L2 with [PdCl2(MeCN)2]

having two interchangeable coordination sites in acetonitrile leads to the formation

of the conjugated polymeric complex 3, in which palladium centers are incorpo-

rated in the main chain (Scheme 17.2) [27].

Regulation of the coordination mode of the QD moiety is possible. The 1:2

conjugated homobimetallic palladium(II) complex [(L1)Pd(L2)Pd(L1)] (4) is

formed by the complexation of L2 with two equimolar amounts of the palladium

(II) complex [L1Pd(MeCN)] as shown in Scheme 17.2 [28]. Variable temperature
1H NMR studies on the conjugated complex 4 indicate that the syn configuration is

enthalpically more favorable than the anti configuration in CD2Cl2, but entropically

less favorable. The crystal structure of 4-anti shows that the two [L1Pd] units are

bridged by the QD moiety of L2 in anti conformation as depicted in Fig. 17.2. The

steric repulsion between the hydrogen atoms at C(32) and at C(38) causes the

phenylene ring of L2 to rotate away from the orientation parallel to the QD moiety,

resulting in a propeller twist between the planes of the two phenylene rings. The

redox properties of the QD moiety are found to be modulated by complexation with

the palladium(II) complex [L1Pd(MeCN)]. The conjugated complex 4 in

dichloromethane shows the successive one-electron reduction of the QD moiety

to give the corresponding reduced species [28]. This result is in sharp contrast to the

redox behavior of L2 in dichloromethane, wherein an irreversible reduction wave is

observed. Compared with the uncomplexed QD, the complexed QD is stabilized as

an electron sink.

17.2.2 Redox Complexation of Poly(o-toluidine)

Electronic interaction of transition metals with the π-conjugated polymers through

the coordination is envisaged to provide efficient redox systems. Vanadium com-

pounds can exist in a variety of oxidation states and generally convert between the
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states via a one-electron redox process [29]. Vanadium compounds in low oxidation

states can serve as one-electron reductants, as exemplified by the redox process of V

(III) to V(IV). The emeraldine base of POT is performed to undergo redox com-

plexation with VCl3, affording the corresponding conjugated complexes

5 (Scheme 17.3) [30]. The complexation proceeds via reduction of the QD moiety

with oxidation of V(III) to V(IV), wherein the vanadium species is considered to

play an important role in both the complexation and redox reactions.

17.2.3 Chirality Induction into the π-Conjugated Backbone
of Polyanilines

Chirality induction into PAn’s and oligomers has attracted much attention because

of their potential use in diverse areas such as surface modified electrodes, molecular
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recognition, and chiral separation [31]. The reaction of the emeraldine base of POT

with the chiral palladium(II) complex [(S,S)-L3Pd(MeCN)] induces chirality to a

π-conjugated backbone of POT, giving the corresponding optically active conju-

gated polymer complexes (S,S)-6 (Scheme 17.4) [32, 33]. The CD spectrum of (S,
S)-6 shows an induced circular dichroism (ICD) at the absorbance region of the

π-conjugated moiety around 500–800 nm (Fig. 17.3). The conjugated polymer

complex (R,R)-6 exhibits the mirror imaged ICD signal around 500–800 nm

(Fig. 17.3), supporting the chirality induction into a π-conjugated backbone of

Fig. 17.2 (a) A top view and (b) a side view of the crystal structure of 4-anti (hydrogen atoms are

omitted for clarity)
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POT. The helical conformation with a predominant screw sense might be formed

through chiral complexation.

17.3 Hybrid Systems Consisting of Redox-Active
π-Conjugated Polymers and Transition Metal
Nanoparticles

17.3.1 PAn/Pd Nanoparticles

Hybrid systems of metal NPs and π-conjugated polymers or molecules have

become of great interest because of their potential applicability to electronic

devices, chemical sensors, and catalysts [34]. In the catalytic applications, the

NPs with small size and high surface-to-bulk ratio often exhibit advantages com-

pared with the bulk materials [35]. Therefore, the smaller and well-dispersed NPs

are desired. Metal NPs generally need a stabilizer (polymers are often used) to

prevent metal NPs from the aggregation [36]. On the other hand, Pd NPs are known

to catalyze various reactions [37]. Furthermore, their catalytic activity is often

superior to that of the mononuclear Pd complexes [37]. In this section, the syntheses

of PAn/Pd NPs are summarized, including three different synthetic approaches:

(1) direct reduction approach, (2) template approach, and (3) ligand exchange

approach.

17.3.1.1 Direct Reduction Approach

Direct reduction approach is the simple synthesis based on mixing of the metal ion

and PAn followed by the reduction to form the metal NPs (Scheme 17.5a) [38].

Reductants such as hydroquinone, EtOH, ascorbic acid, or NaBH4 are investi-

gated, where ten-time excess amounts of PAn (emeraldine base) to PdCl2 are

employed (four units of the monomer are used to calculate the molar ratio). As a

result of optimization, the procedure using NaBH4 in the presence of PdCl2 and

PAn (emeraldine base) with 1/10 ratio affords small particle size, well dispersity,

and better reproducibility [38]. The TEM image is shown in Scheme 17.5b (2–6 nm,

average diameter¼ 3.4 nm). The particles are ascertained to be palladium in the

EDX experiment.

17.3.1.2 Template Approach

Template approach involves two stages: (1) the complex formation of metal ion

with PAn and (2) the reductive aggregation of metallic species of the coordinated

complex [38, 39]. In the case of the direct reduction approach, generally, use
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of excess amounts of the polymer to the metal ion is necessary to prepare small and

well-dispersed NPs to inhibit the formation of largely aggregated metal colonies.

The template approach is envisaged to provide small and well-dispersed NPs even

in a high molar ratio of metal ion/polymer because the metal species are

pre-organized on the polymer.

Scheme 17.6a shows template approach for the synthesis of PAn/Pd NPs [38,

39]. Preparation of Pd(II) pre-organized polymer is already described in

Sect. 17.2.1; here Pd(OAc)2 is employed. No NPs is observed by the TEM analysis

of the thus-obtained complex. Reduction of the pre-organized complex gives small

and dispersed NPs by reduction with refluxing EtOH, where EtOH works as a

reductant. On the other hand, reduction not via pre-organization affords more

aggregated particles. Thus, the effect of pre-organization is confirmed. Reduction

of the complex with NaBH4 also yields the PAn/Pd NPs (average

diameter¼ 2.4 nm). The TEM image is shown in Scheme 17.6b. Notably, each

particle is independent while the palladium density is high (16 wt%). The thus-

obtained NPs catalyze the oxidative dimerization of 2,6-di-t-butylphenol to give the
corresponding diphenoquinone compound in a good yield.

17.3.1.3 Ligand Exchange Approach

Direct reduction approach and template one cause partial or complete reduction of

redox-active ligand PAn, whose redox state significantly contributes to the elec-

tronic, coordinating, and catalytic properties. Ligand exchange approach offers

PdCl2+
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PAn/Pd NPsN N
H
N

H
N

n

Average diameter: 3.4 nm
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b

Scheme 17.5 (a) Synthesis of PAn/Pd NPs by direct reduction approach and (b) the TEM image
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a reductant-less method to preserve the redox state of PAn. This method has two

stages: the preparation of metal NPs with ligand A by addition of reductant and then

ligand exchange reaction from ligand A to ligand B to provide metal NPs. The key

of this method is the choice of ligand A, which is required to stabilize the metal NPs

well and be easily removable by ligand exchange. Starch is selected as a ligand A

based on the reasons that the coordination to the hydroxy groups in starch is weaker

than that to the imino and amino groups of PAn, and the high water solubility

permits to separate starch after ligand exchange by washing only with water.

Pd(OAc)2 and PAn (emeraldine base) are selected as a metal salt and a ligand B,

respectively.

Preparation of the small and well-dispersed starch/Pd NPs (average

diameter¼ 2.3 nm) is achieved by reduction of Pd(OAc)2 with NaBH4 in the

presence of starch, followed by neutralization with 1 M HCl (Scheme 17.7a).

PAn/Pd
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Scheme 17.6 (a) Synthesis of PAn/Pd NPs by template approach and (b) the TEM image
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TEM image is shown in Scheme 17.7b [40]. The increasing size and aggregation of

particles are not observed at least when the solution is kept at room temperature for

2 weeks.

The reaction procedure of ligand exchange is quite simple as follows: (1) mixing

of PAn (emeraldine base) and starch/Pd NPs, (2) stirring for a day, (3) evaporation,

(4) suspending in water, (5) filtration, and (6) washing the dark-blue residue

thoroughly with water to remove starch. In order to dissolve both hydrophobic

PAn (emeraldine base) and hydrophilic starch/Pd NPs, a cosolvent THF/H2O (v/v

¼1:1) solution is used (Scheme 17.7a). The thus-obtained PAn (emeraldine base)/

Pd NPs are confirmed with IR and TEM. The IR spectrum of starch/Pd NPs exhibits

the characteristic peak at around 3,300 cm�1 assignable to the stretching mode of

the hydroxyl group. After ligand exchange, this characteristic peak disappears in

the IR spectrum; instead the sharp peaks appear at 1,596 and 1,490 cm�1 assignable

to the quinonediimine and the phenylenediamine of PAn (emeraldine base), respec-

tively. The peak intensity ratio of two characteristic absorptions at 1,596 and

1,490 cm�1 is almost the same in both PAn (emeraldine base) and PAn (emeraldine

base)/Pd NPs. These results clearly indicate that the ligand exchange reaction

proceeds completely with preservation of the redox state of PANI (emeraldine

base). The particle sizes are distributed in a range of diameter 2–7 nm (average

diameter¼ 3.0 nm), showing a little growth of the particles during the ligand

exchange reaction (Scheme 17.7c) [40].

PAn (emeraldine base)/
Pd NPs
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NaBH4,
H2O,Ar,
0 °C

PAn (emeraldine base)
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Scheme 17.7 (a) Synthesis of PAn/Pd NPs by ligand exchange approach and TEM images for (b)
the starch/Pd NPs and (c) the PAn/Pd NPs
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17.3.2 PAn/Iron Oxide Nanoparticles

Hybrids of metal oxide NPs and π-conjugated polymers are also expected to create

a novel class of electronic device materials and catalysts due to the characteristic

properties as an electron mediator.

Synthesis of PAn (emeraldine base)/iron oxide NPs is demonstrated, and they

are applied for the catalysis [41]. Fe(acac)3 is employed as an iron source. The

formation of iron oxide NPs depends on the thermal reaction under argon, which is

carried out in the presence of PAn (emeraldine base) in DMF to give PAn

(emeraldine base)/iron oxide NPs. The particle size is distributed in a range of

diameter 3–9 nm as shown in the TEM image (Fig. 17.4). The presence of Fe is

confirmed by EDX experiment. The characteristic absorptions for PAn (emeraldine

base) are observed in the IR spectrum (1,596 cm�1 for the quinonediimine and

1,490 cm�1 for the phenylenediamine). There are no peaks derived from Fe(acac)3.

PAn (emeraldine base)/iron oxide NPs catalyzes the oxidative dimerization of

2,6-di-t-butylphenol to give the corresponding diphenoquinone compound.

17.3.3 PMAS/Au Nanoparticles

Synthesis of the water-soluble poly(2-methoxyaniline-5-sulfonic acid) (PMAS)/Au

NPs is demonstrated for the catalytic aerobic dehydrogenative oxidation in aqueous

solution [42]. The synthetic procedure is as follows: (1) treatment of PMAS (half

ox) with N2H4 · H2O and (2) addition of NaAuCl4 to the reaction mixture

(Scheme 17.8a), where the reduced PMAS can be a reductant to yield the Au

NPs. TEM image of the PMAS/Au NPs is shown in Scheme 17.8b. The average

diameter is 7.9 nm.

The thus-obtained PMAS/Au NPs can catalyze the aerobic dehydrogenative

oxidative reactions of alcohols [42], 2-substituted indolines [43], N-phenyltetrahy-
droisoquinolines [44], and secondary amines [45] in an aqueous solution, where the

redox mediating effect of PMAS is suggested.

Fig. 17.4 TEM image for

PAn (emeraldine base)/iron

oxide NPs
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17.4 Conclusions

The π-conjugated PAn’s and QD derivatives are demonstrated as a potential

redox-active ligand based on the coordination ability of the QD nitrogen atoms,

affording d,π-conjugated complexes. The combination of both redox properties

provides an efficient redox system for electronic materials and catalysts. The

controlled formation of the conjugated complexes with redox-active-

π-conjugated PAn’s and QD derivatives is achieved by the regulation of the

coordination mode of the QD moiety and transition metal directed assembly.

Incorporated metals play an important role as a metallic dopant, in which

complexed QD becomes stabilized as an electron sink. Chirality induction into

a π-conjugated backbone of PAn’s is performed by chiral complexation through

coordination interaction, affording optically active d,π-conjugated complexes.

Metal NPs such as Pd and Au are also assembled with PAn’s to afford PAn’s/
metal NPs hybrids. Three representative approaches including direct reduction

approach, template approach, and ligand exchange approach are introduced

here. The PAn’s metal NPs hybrid can be utilized as a catalyst, in which

PAn’s serve as a redox mediator. Such conjugated complexes and NPs com-

posed of the redox-active conjugated ligands are envisioned to provide future

potential functional materials and redox catalysts.
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Scheme 17.8 (a) Synthesis of PMAS/Au NPs and (b) the TEM image
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Chapter 18

Photochemical Solar Energy Conversion
and Storage Using Cyclometalated Iridium
Complexes

Zhen-Tao Yu

Abstract The appealing photophysical properties of cyclometalated iridium com-

plexes, such as their intense and highly efficient luminescence and long-lived

excited states, render them highly desirable for the conversion and storage of

solar energy. In this chapter, we describe general considerations in terms of

pursuing these applications and track the successful use of cyclometalated iridium

complexes as photosensitizers in dye-sensitized solar cells (DSSCs) and light-

driven hydrogen production, which have gained a large amount of attention in

recent years. Particular emphasis is placed on the systematic elucidation of the

correlation between the complex architectures, the corresponding photophysical

behavior, and the aforementioned potential promising applications of

cyclometalated iridium complexes, which are expected to contribute possible

design implications to the development of superior light-harvesting components

for efficiently driving photosynthesis.

Keywords Dye-sensitized solar cells • Iridium • Photochemistry •

Photosensitizer • Water splitting

18.1 Introduction

The demand for sustainable energy is one of the most important challenges

confronting the world today and far into the future [1]. As a long-term, carbon-

neutral renewable energy source, the utilization of the sun’s abundant energy is

attracting increasingly great attention all over the world and has yet to fulfill its

promise of providing an attractive alternative to traditional fuels [2]. One promising

long-term solution for directly and efficiently harvesting and storing energy is to

build artificial photosynthetic systems capable of solar energy conversion with

concepts derived from natural photosynthesis [3]. Along these lines, one alternative
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approach is solar-driven hydrogen production via photoelectrochemical water

splitting [4], which can store energy in the form of fuel. The research on photo-

assisted hydrogen production from water began with the discovery of the TiO2-

based Honda-Fujishima effect in 1972, which demonstrated that hydrogen can be

produced via the bandgap excitation of TiO2 by ultraviolet light [5]. Instead of

using semiconductor particles as the light absorber, in 1977, Lehn and Sauvage

reported the first working artificial photosynthesis model for producing hydrogen

using a Ru(II) polypyridine complex-based intermolecular system [6]. Another

approach is the development of efficient solar cells, from which solar radiation

can be directly converted into electrical power, unlike in photosynthesis. However,

such cells cannot store energy. The landmark discovery in solar conversion research

was a low-cost sandwich-type solar cell based on dye-sensitized colloidal TiO2

films reported by O’Regan and Grätzel in 1991, which works quite similarly to a

photosynthetic plant cell and does not produce fuel or use water as a source of

electrons [7].

Light-induced charge separation is necessary for all of these energy conversion

devices and is coupled to redox reactions [8]. The first requirement of such

processes is a key photoactive component for capturing the sun’s energy, giving
rise to the efficient generation of a long-lived charge-separated state between

adjacent donor or acceptor molecules and facilitating the extremely complex

reduction of substrates at low overpotentials. In the past decade, both

dye-sensitized solar cells and artificial photosynthesis have achieved photon

absorption using synthetic photoactive and redox-active organometallic complexes

of transition metals [9], especially since the first reports on solar conversion using

ruthenium–polypyridyl complexes [10].

Transition metal complexes of d6-configured metal ions with organic ligands are

attracting great interest, as they generally strongly absorb light in the visible region

due to their exceptional electronic structure to produce stable and long-lived excited

states [11], which is of crucial importance for efficient charge generation and

separation. The charge transfer transitions in metal complexes involve electron

transfer between the metal and the ligands, including metal-to-ligand charge trans-

fer (MLCT, for readily oxidized metal ions and ligands with low-lying acceptor

orbitals) and ligand-to-metal charge transfer (LMCT, for readily reduced metal ions

with strong donor ligands). The MLCT state, having an electron vacancy in the

metal d-electron manifold and an excess electron in the acceptor ligand-based

orbitals, is quite reactive and is probably the key to the photochemical behavior

of the complexes [12]. Furthermore, these complexes can be designed to have

readily accessible coordination sites for the binding of substrates in solution

through coordination geometry changes and can be tuned to the desired optical

absorption by careful ligand design and systematic variation of the metal center. In

addition, as a successful sensitizer, the energy state of the electron upon excitation

in the sensitizer should allow the thermodynamic driving force to be large enough

for the charge transfer involved in the related processes [13]. After photoexcitation,

the generating excited electron is appropriately energetic in terms of reduction
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potential to be capable of participating in redox reactions at the liquid/semicon-

ductor interface [14].

To achieve these functions, the octahedral d6ruthenium-tris(bipyridyl) complex

has been extensively studied due to its unique combination of chemical stability and

photophysical and acceptable redox properties [15]. However, in general, the

hexacoordinate metal center bearing three bidentate ligands, such as bipyridine,

exhibits notable chirality; as a result, these complexes are often available as

racemic mixtures of enantiomers. From a synthetic perspective, product purifica-

tion and analysis are often difficult. More importantly, the emission energy of this

class of complexes cannot be tuned via the systematic chemical modification of the

ligands, which suffer from the characteristics of a low-lying triplet metal-centered

excited state [16].

As the d6 congener of Ru(II), isoelectronic organometallic Ir(III)

complexes have been highly appealing in attempts to extend the family of com-

pounds with excited states capable of photochemical electron transfer reactions

[17]. For these complexes, the occurrence of close-lying, ligand-centered transi-

tions enables broader tuning of the electronic properties of the complex, such as its

emission energy, emission lifetimes, and quantum yields, by modifying the metal

coordination environment, potentially allowing control of the photoactivity and

redox activity of the metal complex [18]. The stronger metal–ligand bonding

between the Ir metal and ligands, which allows for more efficient MLCT to ligand

π* orbitals, provides the complexes with good stability and favorable photophysical

and electrochemical properties well suited for solar conversion applications. In this

section, we present the recent development of iridium complexes as sensitizers to

facilitate the conversion of solar energy into electricity or chemical hydrogen fuel.

18.2 Basic Structure and Photophysical Properties
of Iridium Complexes

Cyclometalation, which was discovered in the early 1960s, provides a direct

pathway for accessing transition metal compounds that contain a covalent metal–

carbon bond in place of a metal–nitrogen bond [19], allowing the tuning of orbital

energies and thus the modification of the redox and photophysical properties of the

resulting complex. Cyclometalated Ir(III) complexes have been designed and

synthesized by the established chemistry [20] and show good light-harvesting

capabilities. The family of cyclometalated iridium complexes, including one core

Ir atom and three bidentate ligands in an octahedral geometry, most commonly

applied are charged bis-cyclometalated complexes, usually with general formula-

tion of [Ir(C^N)2(N^N)]
+, and neutral tris-cyclometalated complexes, such as Ir

(C^N)3 [21]. In these complexes, there is sufficient charge compensation for metal-

centered oxidation when the monoanionic cyclometalating ligand C^N, commonly

a derivative of 2-phenylpyridine (ppy), in which the phenyl ring acts as the anionic
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component, is used, binding the metal through an sp2-hybridized C-atom to produce

an ortho-fused five-membered ring through activation of the C–H bond of the

phenyl ring in the ortho position. Neutral N^N ligands, such as oligopyridines,

are used as ancillary ligands, which donate less charge density to the metal but

endow the complexes with large molar extinction coefficients. In terms of the

design of such complexes, it is especially important to select chelates with appro-

priate photophysical characteristics. The simplest cases of a prototypical Ir(III)

system, Ir(ppy)3 (1) and [Ir(ppy)2(bpy)]
+ (2) (bpy¼2,20-bipyridine), are illustrated

in Fig. 18.1 and often serve as model systems.

Based on the Rehm–Weller correlation, the spectroscopic properties of the metal

complex affect the redox character of the excited state. Iridium complexes are

typically characterized by smaller Stokes shifts relative to similar ruthenium com-

plexes [22]. As a result, excited state iridium complexes act as a much stronger

potent reductant or oxidant than their ruthenium counterparts. To allow excited

state electron transfer, the lifetime (τ) of the MLCT excited state of the chromophore

must be sufficiently long (τ>10�9 s) [23].

Consideration of the excited state properties, as given above, is important

because the excited chromophore can be used to initiate an electron transfer

process, and they play a vital role in the function of a light-harvesting complex

[24]. Understanding the connection between the properties and structure not only

provides a sound understanding of the role of the photoactive complexes in solar

energy conversion but also provides information that can be used for developing

successful photosynthetic strategies.

In an Ir(III) complex, due to the presence of remarkable delocalized molecular

orbitals for the transition, there are at least four concurrent optical transitions:
1MLCT, 3MLCT, and ligand-centered (1LC and 3LC) transitions. These transitions

follow the general energetic order of 1LC>1MLCT>3MLCT>3LC [25]. The

cyclometalating ligand tends to be associated with the 3LC transition and the

ancillary ligand with the 3MLCT transition. According to Kasha’s rule, emission

should be due to the lowest triplet state, which is a combination of the 3MLCT and
3LC transition states. Moreover, the strong spin–orbit coupling from the iridium

center promotes the sufficiently fast intersystem crossing of the singlet excited state

to the energetically triplet manifold that the excited state is usually a mixed excited

state, leading to high phosphorescence quantum yields, even at room

temperature [26].

N

N

N
IrIII

N

N

N

IrIII

2

21

Fig. 18.1 General structure

of cyclometalated iridium

complexes (1 and 2) used as

sensitizers
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Density functional theoretical (DFT) investigations have provided insight into

the nature of the excited state in these iridium complexes [16]. In the case of 1, the

delocalized highest occupied molecular orbital (HOMO) primarily resides on the

d-orbitals of the iridium atom and π orbitals of the phenyl rings of anionic ligands,

while the lowest unoccupied molecular orbital (LUMO) preferentially resides at the

formally neutral pyridine of the ligands. Similar results have been attained for

the cationic Ir(III) complex 2 [27]. Thus, it appears feasible for the excited state

of these complexes to contain mixed MLCT-LC character. Bis-cyclometalated

complexes have appreciably lower quantum yields than the tris-cyclometalated

family because of the lower LUMO orbitals of the 2,20-bipyridine ligand [28].

The introduction of suitable electron-donating and electron-withdrawing substitu-

ents or changes in their positions at the ligand to decrease or increase the energy of

the frontier orbitals (i.e., the HOMO and LUMO) is a promising method for

attaining the desired excited state properties for iridium complexes. Generally,

the introduction of electron-withdrawing F and/or CF3 substituents on the phenyl

of the C^N ligands, stabilizing the metal-based HOMO, or the introduction of donor

substituents, such as dimethylamino groups on the bipyridine, destabilizing the

LUMO, can result in high quantum yields. In this way, metal–ligand-based lumi-

nescence covering the whole visible spectrum [29], excited state lifetimes in the

range of nanoseconds to several microseconds, and high phosphorescent yields

close to 100 % can be realized [30]. In general, the properties of the lowest spin-

forbidden3MLCT state of the Ir(III) complex meet the requirement for light-

harvesting systems in solar energy conversion. However, the iridium complexes

absorb a smaller fraction of visible light than the ruthenium complexes, limiting

their utilization as a light harvester.

18.3 Conversion of Light into Electricity

In the field of dye-sensitized solar cells (DSSCs), the properties of the sensitizers

significantly influence the performance of the photovoltaic devices. The most

effective DSSCs reported to date are based on a classical ruthenium–polypyridyl

dye, such as cis-bis-(4,40-dicarboxy-2,20-bipyridine)dithiocyanato Ru(II) ([Ru

(dcbpy)2(NCS)2], known as N3-dye) and its doubly protonated analog (N719),

possessing a very high solar-to-electric power conversion efficiency in excess of

10 % [31]. The carboxylate groups of the dye ensure efficient adsorption of the dye

on the surface of mesoporous semiconductor metal oxide (such as nanocrystalline

TiO2) films. The inclusion of two NCS groups in the dye improves visible-light

absorption, leading to higher DSSC efficiencies [32]. However, concerning the

future prospects of DSSC with these metal complexes, the long-term ability of dyes

is greatly hampered by the liberation of the NCS� ligands from the metal center and

toxicity considerations [33].
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In the solar cell device configuration, the use of cyclometalated iridium com-

plexes as a dye has not been extensively explored. DSSC is fabricated on a fluorine-

doped tin oxide (FTO) conductive-glass substrate using a dye-sensitized TiO2

working electrode, a platinized FTO glass counter electrode, and a typical liquid

electrolyte consisting of iodide/triiodide (I�/I3
�) ions as a redox couple. In related

studies, Gray and coworkers pioneered the use of Ir(III) dyes in sensitizing TiO2 as

a functional solar cell in 2006 [34]. In particular, [Ir(ppz)2(dcbpy)]
+ (3) and [Ir

(ppz)2(dcbq)]
+ (4) (ppz is phenylpyrazole and dcbq is 4,4-dicarboxy-2,20-

biquinoline; with PF6
� counterions) complexes were reported. Based on DFT

calculations, these complexes have absorption maxima at 455 and 495 nm and

exhibit relatively weak absorption with a low molar extinction coefficient

(700 M�1 cm�1) in the visible region of the spectrum relative to a Ru(II)-bipyridyl

analog, [Ru(bpy)2(dcbpy)]
2+ (with PF6

� counterions), due to transitions attributed

to an LLCT transition from the cyclometalating ligand to the bpy or dcbq

ligand. The efficiency (η) for the corresponding TiO2-based DSSCs under simulated

AM 1.0 sunlight was 0.65 for 3 and 0.50 for 4, compared with 1.0 % for

[Ru(bpy)2(dcbpy)]
2+. The short-circuit current density (Jsc¼1.99 and

2.24 mA cm�2) induces a drop in efficiency, which is 3.35 mA cm�2 for the Ru

(II) case. The report provides specific examples of the charge production based on

injection from solely LLCT states [35], which is thought to be favorable to suppress

the recombination of the photoinduced charges, rather than the typical MLCT states

in ruthenium-based cells, in which the excitation of the dye involves the transfer of

an electron from the metal to the π* orbital of the surface anchoring carboxylated

bipyridyl ligand. It is important to recognize that dual sensitization through LLCT

and MLCT is expected to endow iridium complexes with better characteristics for

DSSC devices.

These studies were subsequently extended to the complexes [Ir(2-phenyl-4-

(2,5-dimethoxystyryl)pyridine)2(4,4
0-dicarboxy(phenylethenyl)-2,20 -bipyridine)]+

(5), [Ir(2-phenyl-4-(2,5-dimethoxystyryl)pyridine)2(dcbpy)]
+ (6), [Ir(2-(2,4-

difluorophenyl)-4-dimethylamino-pyridine)2(dcbpy)]
+ (7), and [Ir(2-phenyl-4-car-

boxylic acid-pyridine)2(acetylacetonate)] (8) [36]. These complexes produced

DSSCs with efficiencies of only 0.09 % for 5 due to the very low Jsc
(0.27 mA cm�2), 0.94 % for 6 (Jsc¼2.70 mA cm�2), 0.79 % for 7 (Jsc¼
2.70 mA cm�2), and 1.87 % for 8 (Jsc¼4.30 mA cm�2). The relatively low

efficiencies were related to the incident photon-to-current conversion efficiency

(IPCE) response of these sensitizers, which does not extend beyond 600 nm.
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Encouraged by the promising performance of the simple neutral molecule 8, in

which the anchoring carboxyl group is directly connected to the main C^N ligands,

this class of dyes for DSSCs was further studied [37]. In the visible region,

compound 8 exhibits a band at 500 nm extending up to 590 nm with an absorption

coefficient of approximately 2,200 M�1 cm�1, while compounds 9 and 10

absorb at 472 nm extending up to 630 nm with absorption coefficients of

7,000 M�1 cm�1 and 4,700 M�1 cm�1, respectively. These bands possess an

MLCT character. DSSCs based on a 9-μm transparent TiO2 film possessed Jsc
values in the following sequence: dyes 10 (5.78 mA cm�2)>9 (5.11 mA cm�2)>
8 (4.60 mA cm�2). This ordering is consistent with the UV/Vis absorption results.

The open-circuit voltage (Voc) values of dyes 9 (539 mV) and 10 (491 mV) are

lower than that of dye 8 (670 mV), which is probably due to the faster recombina-

tion of the former two dyes. As a result, the overall efficiency under standard global

AM 1.5 solar conditions is 2.23 % for 8, 1.96 % for 9, and 2.04 % for 10,
respectively, with the standard electrolyte A6141 (0.6 M N-methyl-N-butyl

imidazolium iodide (BMII), 0.03 M I2, 0.1 M guanidinium thiocyanate, and

0.5 M tert-butylpyridine in acetonitrile/valeronitrile 85:15). However, due to the

lack of a standard dye as a reference, the assessment of the benefits of the

complexes is difficult. To increase the light-harvesting efficiency, a light-scattering

TiO2 film with approximately 400-nm TiO2 particles was applied on the transparent

TiO2 layer. With 9+5-μm TiO2 films, dye 8 shows the highest power conversion

efficiency of 2.51 % under full sunlight.

A new type of efficient Ir(III) complex with carboxyl pyridine ligands was

designed for the sensitization of TiO2 injection solar cells [38]. In the visible region,

18 Photochemical Solar Energy Conversion and Storage Using Cyclometalated. . . 519



dyes 11–13 show weak absorption assigned to 3MLCT mixed with significant 3ππ
transition character. The molar extinction coefficient of dye 12 is higher than those

of dyes 11 and 13 due to the presence of the extended π-system conjugation in 12.
The photoluminescence quantum yield of 13 (0.38) is higher than those of 11

(0.0024) and 12 (0.0067), which might be correlated with the electron injection

efficiency and therefore device performance of the DSSCs. It is notable that com-

plex 13 was synthesized without anion metathesis using NH4PF6. In some

cases, similar iridium complexes with dcbpy ligands are charge neutral because the

terminal deprotonated carboxyl group can offer charge compensation for the highly

charged centered metal ion. The weaker strength of the metal–ligand coordinative

bond of the carboxyl pyridine group in these complexes may decrease the emission

quantum yield. After adsorption on the TiO2 film, dye 13 shows the highest

absorbance in the long-wavelength region because of its relatively high dye loading

and distinct molar extinction coefficient at similar wavelengths. The cell based on dye

13 achieves the highest conversion efficiency of 2.86 % (Jsc¼9.59 mA cm�2; Voc¼
0.55 V), compared with 6.8 % for N719 using MPII/I2 (MPII¼1-methyl-3-

propylimidazolium iodide) in acetonitrile/3-methyl-2-oxazolidinone 9:1 as an elec-

trolyte. Using Br�/Br3
� (Eox¼1.09 V) as a redox electrolyte, an increase in the Voc of

DSSC was observed at 0.79 V due to the positive potential of the Ir complex

(especially for 13, 1.48 V).
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To modify the light-harvesting effect, a series of the cyclometalated Ir(III)

complexes 14–17 with tridentate ligands were prepared [39]. These compounds

possess an absorption band between 400 and 550 nm, which is assigned to mixed

MLCT and LLCT transitions. Importantly, due to their high molar extinction

coefficients (104 M�1 cm�1), which are superior to those of bidentate ligands,

they are expected to be good sensitizers for DSSCs. The lifetimes for these

complexes are approximately 200 ns, which are longer than that of N3 (50 ns at

77 K). Dye 17 in a nanocrystalline TiO2-based solar cell shows a maximum of 63 %

IPCE and the highest conversion efficiency of 2.16 % (Jsc¼8.23 mA cm�2;

Voc¼0.46 V), compared with 3.32 % for N3 (Jsc¼14.10 mA cm�2; Voc¼0.46 V)

with DMPII/I2 (DMPII¼1,2-dimethyl-3-propylimidazolium iodide) in

propionitrile/tetrahydrofuran (80:20, v/v) under simulated AM 1.5 sunlight. The

results demonstrated that to improve the energy conversion efficiency of the
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photovoltaic devices, the light-harvesting capacity of Ir(III) complexes should be

enhanced via the maximization of the spectral overlap with the solar spectrum.

NIrIIIN

N

N

R1

R2

R2

14: R1 = -Ph-COOH, R2 = R3 = H

15: R1 = -Ph-COOH, R2 = H, R3 = Ph

16: R1 = -COOH, R2 = R3 = H

17: R1 = -COOH, R2 = H, R3 = Me

R3

For solar energy conversion, it is crucial to explore systems with high photon

absorption efficiency, whereas the construction of structural complexity is simple

from a synthesis viewpoint. Simple cationic cyclometalated Ir(III) complexes, such

as 18 and 19, were used for DSSC solar cells [40]. Compared with ppy in the similar

complex 13, an increase in the π-conjugation in the C^N ligand in 18 or 19 leads to a

small redshift of the MLCT band of the absorption spectrum. The photovoltaic

efficiencies are low (0.2 % for 18 and 0.3 % for 19) compared to that of N719 with a

standard electrolyte A6141 (7.0 %). However, cationic [Ir(ppy)2(dcbpy)]
+ (with

PF6
� counterions) under the same conditions also exhibited a low efficiency

(0.2 %), which is quite different from the unusual complex 13, especially the

emission quantum yield.

1918

N

N

N
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2

COOH

COOH

N

N

N

IrIII

2

COOH

COOH

The use of rigid cyclohexenone derivatives as CN ligands extended the absorp-

tion response of the resulting iridium complexes 20 and 21 to a low-energy band

near 550 nm [41]. Using these complexes as a sensitizer, the fabricated DSSCs

exhibit a low but wide IPCE response in the range of 350–675 nm with peaks at

530 nm for 20 and 550 nm for 21. These cells presented relatively low Jsc
(2.1 mA cm�2 for 20 and 1.8 mA cm�2 for 21) and low conversion efficiencies

of 1.03 % for 20 and 0.83 % for 21 compared with 6.08 % for N719 with the

standard electrolyte A6141 (Voc¼645 mV for 20 and 626 mV for 21).

Using as similar structure to 21, complexes 22–26 based on the

2-phenylbenzothiazole were tested for use in DSSCs [42]. In the visible region,

all of the complexes except 26 exhibit weak absorption bands centered at ca.

408 nm (except for 23 at 415 nm) with a tail extending well into the visible
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region. The DFT calculations indicate that the electronic transition in low-energy

regions for 22–25 is mainly attributed to the 3MLCT [dπ(Ir)!π*N^N] and/or
3LLCT (πN^C!π*N^N). The absorption spectrum of 26 displays a particularly

intense absorption band (438 nm) with a shoulder arising from an intraligand

transition of the C^N ligand, probably mixing with the LLCT transition from the

π orbital of the amino-substituted C^N to the π* orbital of the N^N moiety. Based

on these dyes, dye-sensitized solar cells were constructed. For all five devices based

on complexes 22–26, the observed Voc is approximately 0.5 V. The Jsc values vary
from 2.2 to 3.7 mA cm�2. The DSCC achieves a maximum overall efficiency (η) of
1.39 % for dye 24 compared with 7.8 % for N719.

20 21
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O O
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2

COOH
O

2
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Organic photovoltaic (OPV) cells represent another approach pursuing for

current generation. Iridium complexes are also increasing used for active layer

formation in the fabrication of an efficient OPV cell [43, 44]; however, this topic

exceeds the scope of this review.

22: R1 = CF3, R2 = R3 = H
23: R1 = R3 = H, R2 = CF3

24: R1 = R2 = R3 = H
25: R1 = R2 = H, R3 = CF3

26: R1 = NMe2, R2 = H, R3 = CF3
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18.4 Conversion of Light into Hydrogen

18.4.1 Bis-Cyclometalated Ir(III) Complexes

Parallel to the development of DSSCs based on iridium complexes described above,

efforts have also been devoted toward photoinduced hydrogen production. The

direct conversion of solar energy to hydrogen, in general, proceeds catalytically in a

multicomponent system containing at least a light sensitizer (e.g., iridium species)

for light-harvesting and a water reduction catalyst (WRC), such as colloidal
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platinum, in addition to a sacrificial electron donor such as triethylamine (TEA) or

triethanolamine (TEOA). This field was initiated in the late 1970s. Lehn and

coworkers discovered that the ortho-metalated complex [Ir(bpy)2(C
3,N0-bpy)]2+

(27) can be used as a sensitizer for the reduction of water to hydrogen at pH 7.8

[45]. Avnir and coworkers subsequently provided an early example of photoin-

duced electron transfer between compound 27 confined within an inert porous sol–

gel SiO2 matrix and 1,4-dimethoxybenzene (DMB) dissolved in a water phase in

the pores of the glass [46]. From this heterogeneous system, hydrogen was pro-

duced from water reduction at acidic pH; the turnover number (TON) for Ir(III),

which acts as both a photosensitizer (PS) and a catalyst, is estimated to be greater than

100. The TON is, by definition, being the number of one-electron proton reductions

created by one molecule of photosensitizer in the initial reaction mixture over the

system lifetime (TON¼nH/nPS), reflecting a catalytic system’s productivity and

stability under the working conditions [47].

N

N

N

N

IrIII

2

27

Significant improvements in system performance were realized by Bernhard and

coworkers in 2005 [48]. They investigated a series of heteroleptic diimine iridium

complexes, which were prepared using a combinatorial technique. These com-

plexes 28–33 (with PF6
� counterions) were tested for use as a photosensitizer for

hydrogen production together with Co(bpy)3Cl2 (2.5 mM) as a WRC and TEOA

(0.57 M) as a sacrificial reductant in a 20 mL 1:1 (v:v) water/MeCNmixture (the pH

was adjusted by the addition of 0.4 mL of 37 % HCl). Under blue LED (500 mW;

wavelength of center emission: approximately 465 nm) irradiation, these iridium

complexes were proven superior to the classical ruthenium polypyridine derivatives

such as Ru(dmphen)3
2+ (dmphen¼4,7-dimethy-1,10-phenanthroline) by a factor

of 3–6. The author observed that the emission of iridium compounds can be

quenched better than that of the standard ruthenium sensitizer, Ru(dmphen)3
2+,

by Co(bpy)3Cl2; moreover, it can also be quenched by TEOA, which does not

quench the emission of Ru(dmphen)3
2+. The dominant reductive quenching behav-

iors that occur for the iridium compounds are believed to be correlated with the

increased hydrogen production. Furthermore, based on the DFT calculations, there

is significant phenylpyridine ligand contribution to the HOMO levels of the irid-

ium-based complexes, while that of the ruthenium complexes is almost exclusively

metal centered. These differences in the HOMO between Ir- and Ru-based photo-

sensitizers might be responsible for the variation in quenching behavior. The ppy-

containing compounds 28–30, with shorter excited state lifetimes varying from 390

to 1,033 ns, produce slightly less hydrogen than the corresponding F-containing
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compounds 31–33 (τ¼1,049, 1,636, and 1,924 μs), which may be related to their

quenching or electrochemical properties.

In the ground state, the iridium complexes are usually stable, the inner coordi-

nation sphere of their Ir cores being saturated. They become active in their

photoexcitation-induced excited states; therefore, electron transfer involving direct

interactions with Ir centers occurs. As a result, the complexes become unstable, and

the weakly bound N^N ligand escapes from the complexes, providing an open

coordination site for a solvent molecule to subsequently gain access. Mass spec-

troscopic analysis of the samples from the reaction media (9:3:1 MeCN/water/

TEOA) containing complex 28 as the PS, in situ-formed Pt(0) catalyst and TEOA as

a sacrificial reductant demonstrated that the photodecomposition of the photosen-

sitizer to [Ir(ppy)2]
+ and [Ir(ppy)2CH3CN]

+ during catalysis is the main cause of the

deactivation of the catalytic process over time [49]. The lack of charge separation in

the excited state of the inactive photoproducts, which involves the LC transitions on

the cyclometalating ligands, leads to the loss of the driving force for forming

hydrogen from water. The results also suggest that the choice of cosolvents is

important because they are directly involved in the PS decomposition of the system.

Therefore, the relatively weakly coordinating solvents, such as DMF and THF, are

considered alternatives for enhancing the system stability. However, except using

zwitterionic cyclometalated Ir(III) complexes, few photocatalytic systems display

activity in pure water [50].
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28: R1 = R2 = H 29: R1 = R2 = H 30: R1 = R2 = H

31: R1 = F, R2 = Me 32: R1 = F, R2 = Me 33: R1 = F, R2 = Me

Efficient iron-catalyzed hydrogen generation was found using an Fe(0) carbonyl

complex such as Fe3(CO)12 as the WRC; the maximum TON was as high as 3,000

based on the Ir complex 28 in a solution containing 8:2:1 THF/TEA/H2O with

visible-light irradiation (420-nm cutoff filter) [51]. The process was investigated by

in situ EPR spectroscopy [52]. When the solution in the absence of Fe3(CO)12 is

irradiated, an intense isotropic signal of the reduced form of the iridium photosen-

sitizer (Ir PS�) formed by the sacrificial reductive quenching of the excited state of

the iridium photosensitizer (Ir PS*) by TEA is observed. However, when a mixture

containing all of the necessary components of the water reduction system is

irradiated, no paramagnetic signal of Ir PS� species is observed due to the rapid

intermolecular electron transfer to the Fe catalyst. Using in situ FTIR techniques,

the iron hydride [HNEt3][HFe3(CO)3(CO)11] was identified as a catalytically active

species involved in light-induced hydrogen generation. The result indicates that the
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one-electron transfer process in the catalytic cycles is initiated by the capture of

light. The bioinspired diiron thiolate-bridged complex [Fe2S2] has also been used in

further study of complex 28, resulting in a TON of 660 in a 9:1 acetone–H2O

mixture [53]. In addition, through cation exchange, both complex 28 and [Rh

(bpy)3]
3+ can be entrapped within a macroreticular acidic resin [54], creating a

recyclable heterogeneous photocatalyst and enabling hydrogen production in aque-

ous media (9:1 H2O/MeCN).

The attachments of a CF3 group and t-butyl groups to the difluorophenylpyridine

ligand and the bpy ligand, respectively, significantly enhanced the lifetime and

reducing power of the excited state of complex 34 with respect to those of other

iridium complexes with the same N^N ligand [55]. Using the similar conditions as

described previously for 28–33, applying Co(bpy)3Cl2 as a WRC, with 34 (with

PF6
� counterions), the total hydrogen amount obtained was 1.8 times greater than

that with the ruthenium-based standard. However, the amount of light absorbed by

complex 34 is approximately 12.5 % that absorbed by Ru(dmphen)3
2+. As a result,

complex 34 is 14 times more efficient at converting light into hydrogen in terms of

the relative quantum yield at 465 nm relative to Ru(dmphen)3
2+. The improved

H2-evolving performance of 34 can be ascribed to a combination of the long

lifetime (τ¼2.3 μs) and significant reducing power (�1.21 V) of the excited state

of complex 34.
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In addition to the optimized experimental conditions and the use of synthetic

modification and catalyst screening, the combination of photosensitizer 35 (with

PF6
� counterions) with [Rh(dtbbpy)3]

3+ (dtbbpy¼4,40-di-tert-butyl-2,20-dipyridyl)
as a catalyst instead of [Co(bpy)3]

2+ was a more effective H2-evolving system than

the other Ir(III) PSs and Rh WRCs and achieved over 5,000 turnovers for PS with

quantum yields (1/2 H2 per photon absorbed) exceeding 34 % [56]. The solvent

properties can strongly affect the photophysical characteristics of the excited states

of the PS and the electron transfer rates between the PS and WRC and thus affect

the activity and stability of the catalysts. The use of 4:1 THF–H2O as a reaction

medium provided the maximum H2 production, which may provide a good balance

between the advantages of the lower dielectric constant at suitable THF concentra-

tions and the need for water as a proton source for the formation of Rh–hydride

species, which is believed to be the immediate precursor to H2 formation. Isotope-

labeling studies demonstrated that the hydrogen is predominantly formed from
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water reduction. Based on tests for system poisoning with mercury or quantitative

CS2, the system was identified as a true homogeneous system for hydrogen pro-

duction. In studies with a Pd(0) catalyst, such as [Pd(PPh)3Cl2]2, the system

including complex 35 gave an incident photon-to-hydrogen efficiency of 12.3 %

[57]. The addition of bpy considerably enhanced the durability and activity of the

system (TON increased from 3,129 to 3,708). With a nickel–thiolate hexameric

cluster, Ni6(SC2H4Ph)12, as a catalyst, using complex 35 as a PS also leads to a

highly active water reduction system [58].

The substituents of the N^N ligand also have a dramatic effect on PS perfor-

mance when the C^N ligand is held constant. For instance, the contact of the solvent

with the iridium center is minimized when steric bulk ligands are located around the

metal center, which presumably helps stabilize the PS by decreasing the possibil-

ities for ligand substitution. Using a heterogeneous Pd catalyst generated in situ

from K2PdCl4 in place of a platinum catalyst, the system with complex 36 (with

PF6
� counterions) [59], which is sterically encumbered with fluoro substituents on

the bpy ligand, achieved turnover numbers over six times greater than those of the

parent compound 28 under identical conditions. Additionally, when evaluated with

the Ir-based PS, the Pd catalyst is much more active than the known Pt-based

catalyst under the employed conditions. Steric bulk plays an important role in the

photocatalytic activity of these Ir complexes. To further increase the overall

photocatalytic performance of these systems, the stability of the Ir photosensitizer

was increased by the utility of the improvement of the fundamental inertness of

cationic Ir complexes [60]. The use of a triphenylsilyl groups introduced at the N^N

ligand is attributed to sufficient steric protection through the site-isolation effect at

the reaction site, thereby preventing the undesired photodissociation of the photo-

sensitizer and substantially increasing the longevity. Indeed, significant improve-

ments in the turnover numbers from several hundreds to over 10 thousand

compared to the traditional complex 28 were observed in the cases of complexes

37 and 38.
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SiR1 =
37: R = H
38: R = F

As described above, an 3MLCT-dominant excited state in the tested Ir PSs

proved necessary to harvest solar radiation. In principle, other complexes featuring

non-3MLCT, such as [Ir(ppy)2(dppe)]
+ (dppe¼1,2-bis(diphenylphosphino)ethane),

which exhibits a pure π–π* emissive state [61], do not work. The development

of a new efficient photosensitizer responsible for the initial absorption of a photon

represents a critical issue for solar-to-fuel conversion. One efficient method is the

judicious design of the ligand sphere of the luminescent iridium complex. Inspired

by the basic structure of the classical iridium complex 28, some iridium complexes
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were designed by the variation of the ligand sphere, especially the use of the N^N

ligand with other neutral bidentate N^N ligands in place of the analogous bpy

ligand, in which the basic 1,4-bisimine-coordinated Ir(III) structure remained

unchanged [62]. For instance, complex 39, bearing a 6-iPr-substituted bpy ligand,

was tested as a photosensitizer to promote hydrogen generation together with the

iron catalyst generated in situ from [HNEt3][HFe3(CO)3(CO)11] and PR3 (R¼3,5-

bis(trifluoromethyl)phenyl) (1:1.5) in a mixture of 3:2:1 THF/TEA/H2O. The

electron-deficient monodentate phosphine can stabilize low-valent metal Fe(0)

species or even the reduced form of the catalyst obtained from electron transfer

from the Ir PS�, improving hydrogen production by ca. 30 %. A similar strategy has

been applied to improve the stability of a diimine–dioxime-based cobalt catalyst

[63]. Using blue light irradiation (440 nm, 1.5 W), the catalytic activity of complex

39 proved to be more active than that of the basic structure with unsubstituted

bipyridine. The incident photon-to-hydrogen yield reached 16.4 % and the maxi-

mum TONs reached 4,550 for the iridium photosensitizer [64]. In the same exper-

iments, no significant activity was observed for complexes 40–44, which was

consistent with their photophysical properties.
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Using other cyclometalating ligands such as phenylazoles in place of

phenylpyridine, the final iridium complexes 45 and 46 exhibited interesting

photophysical properties [65], especially an unusually long excited state lifetime.

Using an iron catalyst based on [HNEt3][HFe3(CO)3(CO)11], complexes 45 and 46

exhibited better productivities than the standard photosensitizer 28 for hydrogen

evolution from water. Using other complexes with similar structural motifs,

reduced productivity was obtained despite their lowest triplet state also having a

microsecond-scale lifetime. The report suggested that the long lifetime of the

lowest triplet state does not significantly increase the catalytic efficiency of the

system in the established experiments. Most cyclometalated iridium complexes

meet the requirement of excited states longer than ca. 10�9 s, allowing the possi-

bility of interacting with substrate molecules.
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Although methods to create effective photosensitizers based on [Ir

(C^N)2(N^N)]
+ complexes in catalytic hydrogen-producing system have been

developed, attention has turned to other structural complexes, such as [Ir

(C^N^N)2]
+ (47) (with PF6

� counterions), carrying rigid tridentate 6-phenyl-2,20-
bipyridine ligands [66]. The tight binding of a tridentate ligand may create a

distorted octahedral geometry of the Ir(III) coordination sphere, in which both the

excited state lifetime and the fluorescence quantum yield will be affected. The

absorptivity of complex 47 is higher than that of compound 28 for visible wave-

lengths. Moreover, due to the increased rigidity of complex 47, which is based on

C^N^N ligands, compared to that of complex 28, which is based on C^N ligands,

the former exhibits a longer excited state lifetime than that of the latter. When

complex 47 is used as a photosensitizer, the lifetime of the catalytic activity of the

system was approximately 3 times longer in a 4:1 MeCN/H2O system than that of

compound 28; however, both catalytic systems have identical maximum hydrogen

evolution rates of 85 μmol h�1.

N

N
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Various approaches have been explored and pursued to stabilize Ir-based PS to

achieve robust photocatalytic water reduction. One successful strategy is the

improvement of the interaction between photosensitizer and catalyst. Several

studies have examined this effect using modified Ir(III) complexes. A very attrac-

tive example is the Ir(III) complex 48 (with PF6
� counterions) containing vinyl

moieties at the ligand backbone [67]. The use of vinyl groups can stabilize the

colloidal metal nanoparticles and promote a faster electron transfer from the

photosensitizer to the catalyst. Acting as a photosensitizer for the reduction of

water, despite their similar initial photocatalytic activities, the turnover numbers of

complex 48 and its vinyl-free derivative 49 are 8,500 and 1,300, respectively. The
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lifetime of the catalytic systems is significantly increased by the additional vinyl

groups of the N^N ligand. The effect is explained by the possible interaction of the

vinyl moieties with the in situ-formed colloidal Pt or Rh catalysts during this

process. Similarly, a series of Ir(III) complexes containing pendant pyridyl moieties

[68], such as complex 50, which allow the complexes to adsorb on the surface of the

colloidal metal nanoparticles, are used as a photosensitizer for the hydrogen-

producing photoreaction. These complexes also have higher stability than photo-

sensitizers that display similar photophysical properties but without adsorbing

moieties.
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Water reduction by visible light in pure water without the use of organic

cosolvents was carried out using the complexes 22–26 [42, 50]. The introduction

of charged or polar substituents, such as carboxyl (COOH) groups, into the N^N

ligand increases the aqueous solubility of its complexes because of the presence of

the acid/base equilibrium of the ligand. The production of hydrogen from water

using these complexes differs by the architecture of the complex and the electronic

effect of the substituent of the cyclometalated ligand in particular. Among the

systems, the better activity is achieved in 9:1 acetone/water medium based on

complexes 23 or 24, in which the strong electron-withdrawing CF3 substituent is

attached to a phenyl ring of the cyclometalated ligand. The directional nature of the

carboxylate anchoring groups is shown to be suitable for grafting the complexes on

the TiO2 surface for efficient electron transfer, resulting in the enhancement of the

hydrogen evolution compared to the homogeneous systems in the absence of TiO2.

The utility of colloidal MoS2 as a catalyst for photoinduced hydrogen production

was developed with iridium sensitizers, such as complex 51 [69]. The system

exhibited much higher performance in 1:1 MeOH/water medium than the

K2PtCl4, [Co(bpy)3]Cl2, [Rh(dtb-bpy)3](PF6)3, and [Co(dmgH)2(H2O)2] (dmgH ¼
dimethylglyoximate) catalysts under the same conditions. The conversion effi-

ciency with complex 51 reached 12.4 % at 400 nm in the optimum MoS2-TEOA

system. Other Ir(III) complexes, such as 52 and 53 (with PF6
� counterions) with

other substituents such as CH2OH or NH2, were less active in the reduction of

protons with colloidal MoS2. The introduction of adsorbing moieties of carboxylate

groups allows the species to interact with the MoS2 nanoparticles, leading to the

promotion of the electron transfer, positively affecting the activity of the catalytic

system.
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18.4.2 Tris-Cyclometalated Ir(III) Complexes
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The capabilities of such bis-cyclometalated Ir(III) complexes have been demon-

strated in photocatalytic hydrogen production. These complexes usually carry bpy

moieties, which dissociate from the complex during catalysis, leading to the

termination of catalysis [70]. The exclusively reductive quenching step in the

photochemical system, in which PS� is generated by electron transfer to the excited

photosensitizer from the sacrificial reductant, was thought to be responsible for this

decomposition [71]. In contrast with the success of the bis-cyclometalated Ir(III)

complexes in photocatalytic hydrogen production described in the previous section,

only a very limited number of tris-cyclometalated Ir(III) complexes have been

reported so far in this field. Monoanionic N,N-bis-imine-type ligands, such as

amidinates (RNR0CNR), were used instead of neutral bipyridines for increased

stability for the resulting charge-neutral complexes 54 and 55 [72]. Using a cobalt

catalyst, the complexes display long-term photostability for photoinduced hydrogen

production under constant illumination (xenon-arc lamp, 300 W) over 72 h; com-

plex 54 achieved a relatively high turnover number of 1,880 in 4:1 acetone/water

medium during this reaction period. The improved utility of the photocatalytic

systems likely benefits from an oxidative quenching pathway in the photochemi-

cally driven step that occurs for the iridium-based photosensitizers, in which PS+ is

generated by electron transfer from the excited photosensitizer to the catalyst. This

argument was supported by fluorescence-quenching experiments. The observed

photoluminescence spectra suggest that the excited states of the neutral complexes

54 and 55 cannot be quenched upon the addition of TEOA but can be quenched

upon the addition of [Co(bpy)3]
2+. This is an obvious difference from the behaviors

of the bis-cyclometalated Ir(III) complexes.
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56: R1 = R2 = R3 = H
57: R1 = CF3, R2 = R3 = H
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To further increase the stability of the iridium-based photosensitizers, a series of

charge-neutral, heteroleptic tris-cyclometalated Ir(III) complexes Ir(thpy)2(bt) (56–

59, where thpy¼2,20-thienylpyridine; bt¼2-phenylbenzothiazole and its deriva-

tives) were described for producing hydrogen over an extended period of time in the

presence of Co(bpy)3
2+ and triethanolamine (TEOA) [73]. Similar to complexes 54

and 55, the PS excited state can be quenched through an oxidative quenching

mechanism only. With [Co(bpy)3Cl2] as a WRC and TEOA as a sacrificial electron

donor, a system for light-induced hydrogen production from water was obtained

with a TON of approximately 300 based on complex 56 after 72 h of illumination.

The maximal amount hydrogen is obtained under constant irradiation (300

W Xenon lamp; λ > 420 nm) over 72 h, and the system can regain its activity

upon the addition of a cobalt-based catalyst after hydrogen evolution ceases. When

hydrogen production ceased, the decomposition products were determined after the

photolysis experiments using 56 by GC-MS. The results demonstrate that in the

photocatalytic systems, the complete loss in activity of the catalytic system was

linked with a loss of the active species of the Co(bpy)3
2+ catalyst, limiting the long-

term catalytic duration of the systems.

N
IrIII
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R

60: R = H
61: R = CF3
62: R = n-Bu

The neutral homoleptic tris-cyclometalated compounds of fac-Ir(ppy)3 are known
to feature high phosphorescence efficiencies and relatively long excited state lifetimes

[74]. When the charge-neutral homoleptic tris-cyclometalated iridium complexes

chelated by 2-phenylpyridine and its derivatives as cyclometalating ligands,

Ir(C^N)360–62 (HC^N¼2-phenylpyridine and its derivatives) [75], were used as

PSs for photocatalytic hydrogen formation in the presence of [Rh(dtbbpy)3]
3+ as a

proton reduction catalyst and TEOA as a sacrificial donor in an acetone/water (4:1)

solvent mixture, these systems displayed a long lifetime far exceeding 72 h,maximum

H2 turnovers of up to 3,040 (for 60) and amaximum apparent quantum yield of 2.59%

at 380 nm with visible-light irradiation by a 300 W Xenon lamp equipped with a

cut-off filter (λ > 420 nm).
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18.4.3 Iridium-Based Supramolecular Systems

The intermolecular reaction used in the above strategy is a diffusion-controlled

process and depends critically on the efficiency of the intermolecular collision

between the species involved [76]. In contrast, only several studies have been

conducted on the intermolecularly linked component systems in which the Ir PS

is combined with the catalyst for hydrogen evolution in one molecule via coordi-

native interactions or covalent linkages [77].

N

N
IrIII

2

N

63

O

N
N

N
Co

N

NN

O

O

BF2O

O
F2B

OH2

In 2008, Artero and coworkers reported a single photocatalytic system for

hydrogen production based on cyclometalated iridium as a photosensitizer and

cobaloxime H2-evolving catalytic moiety (complex 63, with PF6
� counterions)

[78]. A turnover number of 210 and a quantum efficiency for H2 production of

0.10 were obtained in a 15-h experiment; moreover, the replacement of Ir

cyclometalated with Ru(dmphen) in the photosensitizer subunits was found to

significantly decrease the activity under the same conditions. The author suggested

that the reaction might be determined by the reductive quenching of the excited

photosensitizer by TEA because the first electron transfer process between the

photosensitizer and the catalyst was assumed not to be a rate-determining step for

this type of catalysis based on the initial turnover frequencies of the supramolecular

architecture and the reference bicomponent system of [Ir(ppy)2(phen)]
+ and [Co

(dmgBF2)2(OH2)2]. Under the same experimental conditions, the supramolecular

system was shown to be more stable than the bicomponent catalytic system, being

capable of 165 TON.

Another system based on [Ir(ppy)(bpy)]+ and [Co(bpy)3]
2+ cores was developed

through a self-assembled supramolecular approach [79]. Cyclometalated iridium

complexes bearing a pendant bipyridine spontaneously coordinated with a cobalt

ion to afford self-assembled species, such as compound 64 (with PF6
� counterions),

in which the two components were brought together by a nonconjugated bridge.

Hydrogen was evolved in a 1:1 H2O/MeCN solution with a TON of up to 20, which

is double compared with that of the corresponding multicomponent system, where

[Ir(ppy)(bpy)]+ and [Co(bpy)3]
2+ were used under the conditions of identical

component concentrations.
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Using the bridging ligand 2,20:50,200-terpyridine, iridium–Pt/Pd dinuclear com-

plexes 65 and 66 were designed (with PF6
� counterions) [80]. These complexes

exhibited good activity for hydrogen production with TONs with visible excitation

that are comparatively higher than those produced in the UV region, which resulted

from the interplay between two independent excited states. The DFT method was

used to understand the wavelength-dependent photocatalytic behaviors. The results

obtained from the calculations indicated that MLCT transitions directly involving

the Pd centers occur in the UV region of the spectrum, which was believed to be

inactive, acting as a photocatalyst for hydrogen formation.
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N

N

N
IrIII

2

N

N

X X
Cl

Cl

18.5 Conclusions and Perspectives

The construction of artificial synthetic systems for generating clean and sustainable

fuel cycles at high efficiencies has remained a central academic issue for many

years. As outlined above, cyclometalated iridium complexes have gained impor-

tance in this context and have represented significant advances in terms of the

efficiency and operating lifetime of molecular-based photochemical conversion

systems. However, solar conversion efficiencies have remained too low to imple-

ment these compounds in large-scale practical devices in real-world applications

due to issues with the durability, ability, and cost of such photosensitizers and the

lack of a deep understanding of the structural role of the metal complexes in their

reactive properties.

In the future, significant developments are expected in the important desired

application of iridium complexes as the photoactive constituent of solar-to-energy
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devices by an increasingly precise understanding of the theoretical fundamentals of

the complicated photochemical processes involving the interplay between the

photoexcitation, energy or electron transfer, charge separation and transport, and

catalytic activation. Furthermore, the further improvement of their light-harvesting

and charge-generation abilities would be enabled by finding new members of this

family through systematic investigation and various structural modifications to

continuously improve the emission efficiency and increase the molar extinction

coefficient as well as long-term chemical and electrochemical stability.
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