
Chapter 22
Light-Induced Processes
in Porphyrin-Fullerene Systems

Alexander S. Konev

Abstract Porphyrin-fullerene dyads are representative class of donor-acceptor
molecular systems capable of undergoing photoinduced charge separation, the phe-
nomenon that is the key process in solar energy conversion systems either in organic
solar cells or photoredox catalysis. The charge-separated state generated in covalently
linked dyad is a highly polarized electronically excited state. Formation of this state
typically proceeds as a result of the relaxation of a locally excited state of higher
energy, which is populated upon the initial excitation of the dyad. The review of
computational and spectroscopic studies of the excited states in porphyrin-fullerene
covalently linked dyads is given in the present chapter.

22.1 Introduction

Donor-acceptor dyads capable of undergoing photoinduced charge separation are
useful in both understanding of photoredox processes occurring in the natural pho-
tosynthesis and in the design of catalytic systems for artificial photon initiated redox
reactions mimicking photosynthesis [1, 2]. Donor-acceptor photoreactive combina-
tions include porphyrins [3], mesytylene [4], carotenoids [5], polythiophens [6] and
phtalocyanines [7] as donors and fullerenes C60 [3], C70 [8], carbon nanotubes [9],
acridinium salts [4] and porphyrins [10] as acceptors. Probably the most studied
are porphyrin-fullerene dyads and more complicated molecular ensembles bearing
porphyrin-fullerene system as the key fragment.

The photoinduced charge separation in porphyrin-fullerene dyads might be used
for solar energy harvesting in photoinduced charge-separation type solar cells [3,
11–14]. In particular, Yamada [14] have recently reported superiority of a porphyrin-
fullerene covalent dyad over porphyrin-fullerene blend in p-i-n organic photovoltaic
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cells. Recent DFT-based finding that Zn-porphyrin-fullerene dyad should show high
rate of an electron transfer to graphene support [15] inspires further studies in this
direction.

The ability of porphyrin-fullerene dyads to undergo photoinduced charge separa-
tion was well documented in a number of reviews which summarize the experimental
achievements of the groups of Sakata [12], Guldi [16], D’Souza [3], Imahori [11,
17], Lemmetyinen [18], Nakamura [19] and Ito [20]. To achieve better understanding
of the charge separation phenomenon in porphyrin-fullerene dyads a large number
of computational research was reported, the latest review given by Agnihotri [21].

In this chapter, quantum chemical and spectroscopic description of the issues
related to the charge separation process in covalently linked porphyrin-fullerene
dyads are combined to obtain picture, which reflects both theoretical and experimen-
tal data and to provide the reader with the introductory bibliographic guide on the
topic.

22.2 Electronic Structure of Porphyrin-Fullerene Dyads

The electronic structure of the ground state of porphyrin-fullerene dyads can be ide-
ally described as consisting of fullerene-localized, porphyrin-localized and mixed
molecular orbitals, with HOMO localized on porphyrin and LUMO—on fullerene
fragment and charge separated state corresponding to HOMO1LUMO1 electronic
configuration. A representative example of the idealized non-interacting case can
be the electronic structure of dyad 1c (Fig. 22.1) with large separation of the chro-
mophores [22]. Actual degree ofmixing of the atomic orbitals belonging to porphyrin
or fullerene fragment upon formation of molecular orbitals depends on the geometry
of the dyad.

According to the computational study of Zandler and D’Souza [23] at B3LYP/3-
21G(*) level of theory, close face-to-face arrangement of the porphyrin and fullerene
moieties, where the fullerene spheroid is situated above the center of the porphyrin
plane, results in some mixing of the atomic orbitals of the donor and acceptor and
endows the charge-transfer character to the ground state in Zn- or Mg-metallated

Fig. 22.1 HOMO (left) and LUMO (right) orbitals of dyad 1c (B3LYP, 6-31G(d,p))



22 Light-Induced Processes in Porphyrin-Fullerene Systems 439

Packman-type porphyrin-fullerene dyads Zn-2 and Mg-2 (Fig. 22.2). However, no
such interaction was reported for the corresponding free-base dyad 2 (Fig. 22.2).
The authors explain this observation by the increased separation between the chro-
mophores in the case of free-base dyad [23].

This is in line with the studies of Lemmetyinen et al. who demonstrated the
dependence of the degree of charge transfer on the interchromophore distance.
Interchromophore interaction in the ground state was reported for Packman-type
porphyrin-fullerene covalent dyad 3a, where chromophores were connected by a
rigid benzanilide-based linker. The interchromophore distance and the charge trans-
fers were found to be 6.3–7.9 Å and 0.09–0.15e respectively depending on the func-
tional used [24]. Shorter interchromophore distance of 5.8 Å (SVWN functional),
achieved in a specific conformer of a cyclophane-type dyad 4, increases the charge-
transfer character of the ground state to ca. 0.23e (SVWN functional) [25]. The
conformer with larger separation of the chromophores (6.1 Å, SVWN functional)
demonstrated lesser degree of charge transfer (0.12e, SVWN functional) [25]. In
accord with the observed increase of charge transfer upon decrease of the inter-
chromophore distance is the increased delocalization of HOMO and LUMO over
both porphyrin and fullerene systems [25]. In-plane positioning of the porphyrin
fragment with respect to the fullerene core (dyad 5) tends to decrease the degree of
charge transfer in the ground state (0.08e, 6.89 Å interchromophore distance, B3LYP
functional) [26].

In this connection, a crucial effect of van der Waals corrections on the predicted
molecular geometry and, hence, electronic structure, reported in the recent work
of Hukka et al. [27] should be mentioned. According to the authors, application of
either Grimme [28] or Elstner [29] dispersion correction schemes affects strongly
the optimal geometry of porphyrin-fullerene dyad 3b resulting in delocalization of
the HOMO orbital localized on porphyrin moiety for non-corrected structure over
the adjacent linker [27].

Experimentally, the interchromophore interaction in the ground state was demon-
strated by observing red shift and broadening of the Soret band as compared to the
fullerene-free porphyrin [30–34]. In these systems, a new broad absorption feature
called charge-transfer (CT) band appears in the near IR, which was initially assigned
to the direct population of the charge-separated state from the ground state [35] but
was shown later to include formation of exciplex state which has a variable degree
of charge transfer [31]. The definition of range for this absorption feature varies
from 700–750 nm [30] to 650–750 nm [36] for free-base dyad, from 650–800 nm
[31, 35] to 600–1000 nm [32] for Zn-porphyrin-fullerene dyad and from 650–900 to
750–1000 nm forMg-porphyrin-fullerene dyad [33]. The charge transfer character of
the exciplex is evidenced from the red shift of theCTband in the series non-metallated
(4b), Zn-metallated (Zn-4b) and Mg-metallated (Mg-4b) dyad, which repeats the
order of oxidation potential decrease [36]. In line with this is the observed red shift
of the CT band of Zn-metallated dyad Zn-4a upon ligation with Cl− or Br− ions due
to the stabilization of the polarized exciplex state [37].

Formation of the exciplex state is also confirmed by observation of new emission
bands at 730 nm for non-metallated dyad 4b and at 810 nm [31] (730 nm [38]) for



440 A. S. Konev

Fig. 22.2 Structural formulae of dyads 1–8
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metallateddyadZn-4b. The assignment of this band is in linewith the observed strong
decrease of the emission intensity, shift of the emission maximum to the red and
broadening of the spectral band upon increase of the solvent polarity, characteristic
of exciplex-type emission [30, 31].

In accord with the computational results, electronic interaction of the chro-
mophores decreases upon increase in the separation of fullerene and porphyrin
moieties. For example, porphyrin-fullerene dyads 6 with parachute topology and
large interchromophore distance, show no appreciable electronic interaction of the
chromophores in the ground state [39]. The disappearance of the interchromophore
interaction was traced in the series of porphyrin-fullerene dyads where porphyrin
was attached either directly to fulleropyrrolidine core (7, 8.9 Å center-to-center dis-
tance) or via ortho- (8a, 9.7 Å), meta- (8b, 10.9 Å) or para-substituted (8c, 12.6 Å)
phenyl ring. The red-shift of the Soret band was observed only for dyads with close
arrangement of the chromophores (dyads 7 and 8a) [38].

22.3 Electronically Excited States of Porphyrin-Fullerene
Dyads

The TDDFT studies on electronically excited states and the transitions between them
for porphyrin-fullerene dyads were reported in a number of works for various dyads.

Qualitative analysis of the computational results shows that the electronically
excited states can be classified to (i) states corresponding to local excitation of either
porphyrin or fullerene chromophore,which are populatedwhen the electron is excited
from an orbital localized on the corresponding chromophore to the orbital localized
on the same chromophore, and to (ii) charge transfer states, which are populatedwhen
the electron transition occurs between orbitals localized on different chromophores
(Fig. 22.3). For example, excitation of an electron from HOMO to LUMO+4 orbital
in dyad 1c can be considered as local excitation of the porphyrin fragment (Fig. 22.4).
Similar to the description of the electronic structure, this classification is an ideal
case and pure separation between the above types of electronically excited states is
not always observed.

For example, Theodorakopoulos et al. report HOMO–LUMO excitation (pure
case of charge transfer) to contribute only 68% to the lowest charge-separated state
(1.67 eV, B3LYP) in dyad 9 (Fig. 22.5) [40]. An example of the pure case of charge
separated state can be found in the work of Krasnov et al. who found the lowest
electronically excited state (1.87 eV, oscillator strength 0.02) in dyad 5 to originate
solely from HOMO to LUMO excitation [26]. These results agree well with the con-
clusion of Cramariuc et al. [24] that the contribution of HOMO–LUMO one-electron
transition to the charge-separated state depends on the interchromophore distance:
the shorter the distance, the larger is the interaction of the chromophores and, hence,
the larger is “contamination” of the charge-separated state by local one-electron tran-
sitions. An example of well separated local excitations and charge separated states
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Fig. 22.3 Classification of electronically excited states in dyads 1a–d. Data taken from [22]

Fig. 22.4 Illustration on local excitation and charge-transfer excitation. Data taken from [22]



22 Light-Induced Processes in Porphyrin-Fullerene Systems 443

Fig. 22.5 Structural formulae of dyad 9 and pyrrolofullerene 10

can be found in a porphyrin-fullerene dyads 1a–d with large interchromophore dis-
tance [22]. The substituents in the porphyrin ring show no effect on the energy of
fullerene-locally excited states (which is expected) and only a little effect on the
energy of porphyrin-locally excited states, but affect dramatically the energy of the
charge separated state (Fig. 22.3) [22]. Triplet excited states for both porphyrin and
fullerene local excitations have lower energies than the corresponding singlet states,
while for charge-separated states no difference was observed for singlet and triplet
states [22].

Quantitative prediction of the energy of the charge-separated state for porphyrin-
fullerene dyads is a rather complicated task due to the large size of the explored
systems. An assessment of the performance of TDDFT and wavefunction based
methods is given in the works of Cramariuc et al. for dyads 3 [24] and 4a [25]. The
best match with the experimental value was observed for B3LYP and PBE0 (1.6 eV
vs. 1.7–1.8 eV) functionals, other DFT functionals (SVWN, PBE) underestimating
the ground state to charge separated state transition energy by ca. 0.7 eV [24, 25] and
wavefunction based methods (CCS, CIS(D), CC2) overestimating it by 0.9–1.3 eV
[25].

Quantitative performance of TDDFTmethods for excited singlet porphyrin states
is somewhat better: for dyads 3 [24] and 4a [25] the calculated excitation energy for
the first porphyrin excited singlet state ranged from 1.8 to 2.0 eV (SVWN and PBE
functionals) versus the experimental value of 1.89 [24]–1.91 eV [25]. However,
for another set of dyads, 1, TD DFT method showed larger discrepancy with the
experimental value: 2.15 eV (B3LYP functional) versus 1.92 eV (experiment) [22].
An interesting observation is a low dependence of the predicted porphyrin excitation
energy on the interchromophore distance [24, 25].
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Direct assessment of the quantitative performance of TD DFT methods for
excited singlet fullerene states is complicated by superimposing of the spectral
bands corresponding to the lowest fullerene-based transitions with the spectral bands
of much larger intensity corresponding to the porphyrin-based transitions. How-
ever, such assessment can be obtained by comparing the computational results
obtained for porphyrin-fullerene dyads, where the fullerene core is attached to
the molecule as pyrrolofullerene structural fragment, with the results obtained for
pyrrolofullerenes not containing porphyrin part. The lowest singlet excited state for
N-methylpyrrolofullerene (10, Fig. 22.5) was calculated to be 1.89 eV (B3LYP)
[40], which is 0.11 eV higher than the experimental value of 1.78 eV [41]. The
energy of the lowest fullerene singlet excited state in dyads 1 was found to comprise
1.93 eV (B3LYP) [22], just 0.04 eV higher than the energy of the corresponding
state in N-methylpyrrolofullerene. It is possible to conclude that the attachment of
the porphyrin fragment and the linker in dyads 1 has negligible effect on the fullerene
localized transitions, which justifies comparison of the energy of the locally excited
singlet fullerene state with the experimental values for N-methylpyrrolofullerene.
So, overestimation of 0.15 eV can be used as the assessment of the performance of
TD DFT method (B3LYP) for computing the energy of the excited singlet fullerene
state.

22.4 Experimental Observation of Electronically Excited
States in Porphyrin-Fullerene Dyads

Population of the electronically excited states in porphyrin-fullerene dyads and the
dynamics of their relaxation have been studied in numerous works summarized in the
reviews cited in the introduction to the chapter. In this section, the spectral features
characteristic for identifying various states are of central interest.

In the studies on photodynamics of the excited states in porphyrin-fullerene dyads,
the dyad is excited either in Q band (532, 565 or 590 nm excitation wavelengths were
reported) or Soret band (387 [34, 42], 400–403, 425 or 430 nmexcitationwavelengths
were reported) range (typical Zn-porphyrin spectrum is given on Fig. 22.6). Longer
excitation wavelengths excite porphyrin chromophore more selectively. At 387 nm,
fullerene chromophore has significant light absorption (ε ca. 7500 dm3 mol−1 cm−1

for pyrrolofullerene 10) [43]. Both porphyrin and fullerene chromophores absorb
at 400–403 nm in molar ratio estimated as 4:1 [44]. Pumping at 590 nm allows to
achieve the ratio of excitation of porphyrin and fullerene chromophores of 15:1, as
it was reported for dyad 3a [44].

The excitation with 400–430 nm lasers populates porphyrin-excited singlet state
corresponding to the Soret band, while excitation by 532 or 590 nm lasers populates
lower-lying porphyrin excited singlet state corresponding to Q-bands. The porphyrin
excited state corresponding to the Soret band (B-state) is known to undergo fast
internal conversion to the vibrationally excited level of the Q state in porphyrins
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Fig. 22.6 UV-Vis absorption spectrum of porphyrin Zn-11a (Fig. 22.7)

Fig. 22.7 Structural formulae of porphyrins 11a–h and Zn-11a

(Fig. 22.6). For example, the intrinsic lifetime of the Soret band in benzene solu-
tions comprises 68 fs formeso-tetraphenylporphyrin (11a, Fig. 22.7) [45] and 1.4 ps
for Zn meso-tetraphenylporphyrinate (Zn-11a) [46]. For porphyrin 11a, the inter-
nal conversion of B-state to Q-state was shown to proceed via a two-channel path:
either as a direct conversion of B-state to Qx-state or via intermediate population
of Qy state [47]. Taking into account rather weak interchromophore interactions
in porphyrin-fullerene dyads, similar ultrafast processes are expected to occur in
porphyrin-fullerene dyads upon excitation at the Soret band (425/430 nm), making
Q state the common intermediate for excitation with both 532 and 425/430 nm lasers.

The Q state in porphyrins undergoes either non-radiative or radiative relaxation to
the ground state. The radiative relaxation is seen as fluorescence around 655–690 nm
(average wavelength of fluorescence protons, e.g.: 685 nm for porphyrin 11a) for
free-base porphyrins and around 595–635 nm (average wavelength of fluorescence
protons, e.g.: 635 nm for porphyrin Zn-11a) for Zn porphyrinates [48]. The emis-
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sion signal represents two well-resolved peaks, 650 nm/720 nm for porphyrin 11a
(benzene) and 600 nm/650 nm for Zn-11a (benzene) being representative example
[48]. The Q-state fluorescence lifetime, τ F, in porphyrins is typically several ns. For
example, τ F comprises 6–16 ns for meso-tetraarylporphyrins 11a–h without heavy
atoms [49] and ca. 2 ns for Zn-11a [46]. The quantum yield of the fluorescence
from Q state of porphyrins is not so high, comprising ca. 0.03–0.15 for porphyrins
11a–h [49] and 0.02–0.03 for Zn-11a [46]. Intersystem crossing to the triplet state of
porphyrins constitutes the main deactivation path of the Q-state, the quantum yield
of triplet state formation being 0.82 for 11a and 0.88 for Zn-11a [50]. Low temper-
ature (77 K) phosphorescence of 11a was reported as weak emission (φP 4 · 10−5)
centered around 865 nm, while more intensive emission (φP 0.012) with maxima
at 780 nm 875 nm for Zn-11a, the lifetimes of the triplet state being 6 and 26 ms
respectively [50]. Population of the triplet states in porphyrins can be monitored in
transient absorption experiment by observing the intensive (ε 104 dm3 mol−1 cm−1

order of magnitude) triplet-triplet absorption with maximum at ca. 430 and 780 nm
for free-base 11a [51] and ca. 470, 745 and 845 nm for Zn-11a [49, 51, 52].

The first excited singlet state of pyrrolofullerenes has a characteristic transient
absorption maximum around 900 nm [43] (886 nm for compound 10) [53] and
has the lifetime of ca. 1 ns (1.3 ns for compound 10) [53]. This state can undergo
intersystem crossing populating triplet state with characteristic transient absorption
maximum at ca. 700 nm [43] (705 nm [53] for compound 10).

In porphyrin-fullerene dyads the fluorescence from Q band is significantly
quenched, evidenced as the decrease of the quantum yield of the short-living (1–2 ns)
1P*-C60 state, analog of the Q-state in porphyrins. In addition to intersystem crossing
to long-living (several µs)3P*-C60 state, observed as transient absorption at 470 [44]
or 850 nm [32] for Zn-metallated dyads and 450 [22] or 800 nm [32] for free-base
dyads (Fig. 22.8), the fluorescence quenching observed is caused by creation of addi-
tional relaxation paths upon attaching of the fullerene moiety to the porphyrin. These
paths may include either energy transfer, when the energy surplus of 1P*-C60 state
promotes population of the P-1C60* state, or charge transfer, when 1P*-C60 state is
relaxed to highly polarized charge-separated state. The ratio of these paths depends
on the molecular structure of the dyad and on the solvent used in the experiment.
In general, polar solvents such as benzonitrile promote formation of the charge-
separated state [3, 17, 42, 44], while non-polar solvents like toluene tend to direct
the relaxation towards energy transfer path [42].

The energy transfer is usuallymonitored by observing the emission at 700–750 nm
[17, 32, 42, 44], typical of pyrrolofullerenes [54, 55] and benzofullerenes [56] (λem

max
715 nm), which results from the radiative relaxation of P-1C60* state to the ground
state in pyrrolofullerene- or benzofullerene-based porphyrin-fullerene dyads. The use
of emission data for reference pyrrolofullerenes or benzofullerenes for the assign-
ment of the emission at 700–750 nm accords well with the computational studies
reporting rather low mutual influence of porphyrin and fullerene electronic systems
in dyads. Taking into account non-zero absorption of the fullerene chromophore
on the excitation wavelength, the energy transfer should be confirmed by analyzing
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Fig. 22.8 Transient absorption at 450 nm in dyad 1c due to the formation of 3P*-C60 state. The
spectrum recorded in deoxygenated (CH2Cl)2, λex 532 nm, time delay 100 ns. The inset: 450 and
415 �A kinetic profiles. Data taken from [22]

excitation spectra for 700 nm emission which should follow the porphyrin rather
than pyrrolofullerene absorption pattern [42].

Similar to the case of 1P*-C60 state, population of the P-1C60* state after energy
transfer often leads to formation of P-3C60* state via intersystem crossing, which
can be monitored by observing fullerene triplet-triplet absorption with maximum at
ca. 700 nm in transient absorption experiments on a ns timescale [42].

The charge transfer process in dyadswith relatively strong interaction of porphyrin
and fullerene is monitored by observing the NIR absorption at ca. 700–800 nm and
emission at ca. 750–850 nm [31, 35, 36]. However, in such systems formation of the
charge-separated state is accompanied by exciplex formation, which complicates the
analysis. In dyads with little or zero interaction of the chromophores in the ground
state, monitoring of the charge separated state is performed by observing transient
absorption at ca. 900–1050 nm range (transient absorption signals at 900 [31, 34],
920 [44], 1000 [3, 32, 38], 1020 [3, 42] and 1040 nm [39] wavelengths were reported
as diagnostic features by different authors) attributed to the local excitation of the
fullerene fragment in the charge-separated state and transient absorption at ca. 600–
650 nm (transient absorption signals at 600 [32], 620 [32], 630 [34], 640 [3, 38]
or 650 nm [31, 39, 44] were reported as diagnostic features by different authors),
attributed to the local excitation of the porphyrin fragment in the charge-separated
state. The latter marker is usually well observed in Zn-metallated systems but is hard
to observe in free-base dyads.
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The assignment of the transient absorption at 900–1050 nm to the local excita-
tion of the fullerene fragment in the charge-separated state, conventionally called
the absorption of the C60-radical-anion fragment, is based on observation of a
similar spectral feature in reduced species of pyrrolofullerenes (1010 nm) [43],
methanofullerenes (1040 nm) [43] and pristine fullerene C60 (917, 995, 1064 nm)
[57]. The 1064 nm absorption in C60 radical-anion appears as a sharp signal of large
intensity (ε ca. 1.2 · 105 dm3 mol−1 cm−1) and was attributed to symmetry-allowed
(0–0) t1u–t1g transition [57].

The assignment of the transient absorption at 600–650 nm to the local excitation
of the porphyrin fragment in the charge-separated state, conventionally called the
absorption of the Zn-porphyrin radical-cation fragment, is based on observation of
a similar spectral feature upon oxidation of Zn-porphyrinates (600–700 nm, Zn-11a
[58], 700 nm, Zn-12 [59], 650 nm, Zn-13 [60]).

Intersystem crossing from the initially formed 1P*-C60 state to 3P*-C60 state can
be also followed by electron transfer generating long-living triplet charge-separated
state, which is of special interest for solar energy conversion systems [3].

The lifetimes of the charge-separated states vary from ps toµs timescale, depend-
ing on the multiplicity, the structure of the dyad and the solvent used. Close face-to-
face alignment of the chromophores results in short-living charge-separated states (ps
to 3.5 ns [61, 62]), while large interchromophore distance and face-to-edge alignment
tend to favor formation of long-lived charge-separated states [22].

22.5 Conclusion

Computational studies of porphyrin-fullerene covalent dyads predict for them elec-
tronic structure which favors charge separation process. In many dyads, a good
separation of the chromophores is observed in the ground state, with two sets of
orbitals localized each one on a specific chromophore. In particular, HOMO is local-
ized on the porphyrin and LUMO—on the fullerene fragment, which creates the
prerequisite for the existence of a highly polarized electronically excited state with
HOMO1LUMO1 configuration. Time-dependent DFT methods predict that local-
ization of the electronic systems of the chromophores in porphyrin-fullerene dyads
results in formation of such electronically excited state called charge separated state
along with the locally excited states.

The qualitative picture of the electronic states obtained by DFT calculations is
supported fairlywell with the experimental data: formation of each one of five classes
of the electronically excited states was observed by means of either steady-state
or transient spectroscopy. The spectral features characteristic of the ground state,
charge-separated state, 1P*-C60, 3P*-C60, P-1C60* and P-3C60* states are collected
together on Fig. 22.9. Horizontal bars represent spectral ranges where spectroscopic
features, either absorption or emission bands, attributed to the ground or a specific
electronically excited state have been reported in the literature. The lowest locally
excited singlet states, either 1P*-C60 or P-1C60* have typically the lifetimes of 1–2 ns,
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Fig. 22.9 Schematic representation of characteristic spectral features for different types of elec-
tronically excited states in porphyrin-fullerene dyads. Arrow up stands for absorption, arrow down
stands for emission. Blue bars show spectral ranges characteristic for free-base dyads, in red—for
Zn-metallated dyads or common for free base and metallated dyads. Magenta bars show spectral
features of exciplex

while locally excited triplet states have the lifetimes up to several µs. The lifetime
of the charge-separated state depends strongly on the structure of the compound, the
multiplicity of the state and the solvent used in the experiment, varying from ps to
µs timescale.
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