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Abstract The photochemical behaviors of polyoxometalates (POMs) have been
extensively studied and widely used in various photo-redox reactions. Incorporat-
ing photo-sensitive organic molecules onto the POM platform not only allows the
rational design and fine-controlled synthesis of novel organic—inorganic hybrids but
also gives the possibility to explore their potential applications in diverse areas such
as photochromics, optical switching, and smart self-assemblies. Herein, we sum-
marize the latest progress of photo-sensitive POM hybrids with a particular focus
on the photo-induced reversible coloration, polymerization, and supramolecular
self-assembly. The mechanisms and the crucial roles of POM clusters in such
reversible processes are also considered.
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1 Introduction

Polyoxometalates (POMs) represent a large family of versatile and discrete
polyanions, which are usually formed by condensation of early transition metal
oxides in acid solution [1-4]. Such oxygen clusters exhibit attractive properties
such as dynamic structure complexity, multi-electron redox, and Brgnsted acidity,
thus leading to a diverse range of applications ranging from catalysis, medicine, to
materials science [5—10].

Perhaps one of the most intriguing properties of POMs lies in the photo-redox
reactions of such clusters that can be easily processed in the presence of sacrifice
and reoxidation agents. The reduced POMs, or the so-called heteropoly blues, have
been intensively studied and used for colorimetric analysis and catalysis. The
photochemistry of POMs both in solution and in solid state has been well-
documented in several excellent reviews [11, 12]. To put it simply, electrons
from the low-energy oxygen 2p orbitals (HOMO) will be promoted to the high-
energy metal d orbitals (LUMO) upon irradiation due to the O — M ligand-to-metal
charge transfer (LMCT), thus leading to a photoexcited state of highly oxidized
POM clusters which can be readily reduced into heteropoly blues in the presence of
sacrifice agents. The reduced form is often possible to be reoxidized into the ground
state by using molecular oxygen or hydrogen peroxide. Another advantage of the
photoexcited O — M LMCT bands is the photoluminescence and intramolecular
energy transfer in POM solids, especially in the lanthanide-containing POMs. For
example, the photoexcitation of the O — W LMCT bands in the Weakley-type
POM, Nag[EuW(03¢]-32H,0, leads to a strong Eu®* emission which arises from
the 5DO excited state of Eu’* and terminates at the 7Fj ground state [11]. Once the
intramolecular energy transfer is interrupted, fluorescence quenching of Eu** will
be observed. Such “on/off” state of lanthanide-containing POMs has been used as
an effective tool in sensoring [13].

Apart from the extraordinary chemical and physical properties of POM anions,
one common problem faced during practical applications is the poor processibility
of the highly crystallized POM clusters. Large efforts such as the immobilization of
POMs onto supporters have been allocated to solve this problem. However, in most
of the cases weak non-covalent interactions between POM anions and the counter-
parts are used, which inevitably results in another tricky issue of leaking. Covalent
modification of POMs seems to be promising since it offers several advantages that
non-covalent interactions can hardly compete [14—16]. Moreover, the covalent
strategy gives rise to products with well-defined anchoring modes and stoichiom-
etry, thus leaving the resulting hybrids with predictable architectures and fine-tuned
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properties. In this article, we focus on the recent development of covalently
modified POM hybrids that exhibit photo-sensitive features and their applications
in self-assembly formulation and photochromics will also be discussed. In accor-
dance with previous definition, the term “hybrid” will refer to covalently modified
species [16].

2 Covalent Modification Methods

Organically functionalized POM hybrids give rise to materials that possess physical
properties fundamentally different from their parent two parts. The resulting syn-
ergistic effects between the organic and inorganic moieties often offer extraordi-
nary enhanced performances in practical applications. Moreover, the covalently
modified POMs provide building blocks that are capable to be further func-
tionalized into giant self-assembled architectures [17, 18]. However, currently the
POM hybrids are still synthetically challenging and only a few types of clusters
could be modified. The methodologies of modification of POMs (direct
functionalization and post-functionalization) have been summarized in several
outstanding reviews [14—16, 19-21], so here in this section we will give a very
brief introduction.

Lindgvist POMs The hexamolybdate anion, [M06019]2_, which is also known as
Lindqvist POM, has six reactive terminal oxygen atoms that are apt to be partially
[20] or completely [22] substituted with organoimido ligands (Fig. 1). The resulting
organoimido hybrids with strong d—pn covalent bonds dramatically modify the
electronic and redox properties of the Lindqvist cluster. Another type of organically
modified Lindqvist cluster is the { V6013((OCH2)3CR)2}2_ (R = CH;, CH,CHs3;,
CH,OH, NO,, and NH,), which can be prepared from the {H3V 0O}~ cluster in
the presence of tripodal alcohols [23, 24].

{Mog}

Fig.1 Schematic view of the organoimido functionalized Lindqvist cluster [22]. { Mog} stands for
{MogO10}*~
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{X"Mog} {P2W,sV3) R

Fig. 2 Schematic illustration of the tripodal alcohol modified Anderson cluster and Dawson
cluster. {X™Mog} is short for {X"I(OH)6M06018}37, where X stands for transition metals such
as Mn, Fe, Cr, Al etc.; {P,W;5V3} represents { P,W, 5V3062}97 Dawson cluster

Anderson POMs The functionalization of Anderson polyanions is first reported by
Hasenknopf et al. [25] and then fully developed by Song et al. [26-30] This well-
established method is mainly based on the {MnHIM06018((OCH2)3CNH2)2}3_
cluster, which can be easily generated from the {(x—M08026}47 cluster. Latest
researches by authors’ group and other groups reveal a more facile route for the
synthesis of such tripodal alcohol modified hybrids by using the B-type Anderson
cluster as parent POM [31-33]. A detailed survey of the functionalization methods
of Anderson cluster and the applications of the resulting hybrids have been
reviewed recently [21].

Dawson and Keggin POMs Except the V-substituted Dawson cluster [34-36]
which can be modified by tripodal alcohols (Fig. 2), the rest of the Dawson and
Keggin hybrids are prepared by grafting addenda organometallic compounds onto
the lacunary POM clusters. Organosilyl, organostannyl, and organophosphoryl are
the most common organometallic reagents used. Readers can refer to those brilliant
reviews and the references thereafter for more detailed discussions [14—16].

3 Photo-Sensitive Polyoxometalate Hybrids

Based on the covalent modification methods, various organic photo-sensitive and
photochromic molecules have been attached onto POM clusters to investigate the
fascinating intramolecular electron transfer and charge separation between the two
counterparts under irradiation. Such POM hybrids are considered to be potentially
suitable as optical switches, photosensors, and even smart windows. In this section,
we will review the latest progresses made in this field.
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3.1 Spiropyran-Containing Polyoxometalate Hybrids

Spiropyrans (SPs) are dynamic molecules that can switch reversibly between the
two isomers of the closed SP form and the opened merocyanine (MC) form in
response to stimuli such as light, temperature, and mechanical stress [37]. SPs have
been widely investigated and employed for the construction of light-responsive
systems due to their high performance in optical coloration. Oms et al. [38] first
studied the photo-/electrochromic properties of SP-containing POM hybrids by
tethering SP-Tris derivatives on to Anderson-type cluster (Fig. 3). It was demon-
strated that the strong covalent bonds developed a remarkable photochromic effect
and a fast coloration speed when compared to the electrostatically associated ones
[39]. Moreover, the free amino group in the asymmetrically modified SP-Anderson
cluster 1 allows the further functionalization, thus offering the opportunity to
elaborate more sophisticated assemblies.

Bearing in this in mind, Chu et al. [40] developed a new type of amphiphiles by
combining the SP fragment and a long alkyl chain onto a hydrophilic Anderson
cluster (Fig. 4). Due to the amphiphilic nature, the hybrids self-assembled into
nanosized vesicles and reverse vesicles in polar solvents and nonpolar solvents,
respectively. More importantly, the self-assembly process of the vesicles could be
triggered by UV irradiation because of the structural isomerization of SP moieties.
The obtained reverse vesicles, on the other hand, remained unaffected when
irradiated either with UV or visible light.

Besides the photo-sensitive SP molecules, the same catalogue spironaph-
thoxazines (SNs) which exhibit more fatigue resistance have also been incorporated
into POM hybrids. For example, symmetrically modified SN-Anderson-SN and
asymmetrically modified SN-Anderson-SP hybrids have been successfully fabri-
cated (Fig. 5). It was evidenced that the SN-Anderson-SP hybrids were highly
effective solid-state photochromic materials. Controlled experiments of the

}
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Fig. 3 Schematic representation of asymmetrically modified SP-Anderson cluster (1) and sym-
metrically modified SP-Anderson cluster (2). (a) Color changes of 1 at different UV 365 nm
irradiation times; (b) Kubelka—Munk transformed reflectivity spectra of 1 under 365 nm irradia-
tion; and (c) the absorption/time plots of 1, 2, and SP-Tris [38]
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Fig. 4 Top: Schematic view of the asymmetrical SP-Anderson amphiphile; bottom: (a) the self-
assembled model of the asymmetrical SP-Anderson hybrid in polar solvents, and (b) TEM image
of the asymmetrical SP-Anderson hybrid in 2.5 v/v% water/acetonitrile solution [40]

-§ 53

SN-Anderson-SN SN-Anderson-SP

Coloration Fading

Fig. 5 Top: Representation of the SN-Anderson-SN and SN-Anderson-SP hybrids; bottom: color
changes of: (a) SN-Anderson-SP powders and (b) SN-Anderson-SN powders upon UV 365 nm
irradiation (coloration) and without irradiation ( fading). Note: the pink color of SN-Anderson-SP
is attributed to the initially photo-activated SP group [41]

SN-Tris derivatives showed that such pure organic molecules in solid states were
hardly photochromic, which demonstrated the crucial role of POM clusters on the
optical properties of such materials. In addition, the SN-Anderson-SN hybrids
showed a relatively faster thermal fading process and a better anti-fatigue perfor-
mance when compared to the SP groups modified ones [41]. Aside from the
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aforementioned SP modified Anderson hybrids, the Keggin-type hybrids bearing
one or two SP fragments and highly fluorescent boron-dipyrromethene (BODIPY)
functionalized Anderson hybrids were also reported [42, 43].

3.2 Coumarin-Containing Polyoxometalate Hybrids

Due to the strong UV absorption and high radiative quantum yield, coumarins have
been widely used as laser dyes, fluorescent probes, and photo-sensitizers. Another
fascinating property of coumarins lies in the photo-triggered cycloaddition reac-
tions that will lead to photodimerization processes. Recently, authors’ group syn-
thesized a series of coumarin-containing POM hybrids and the photochemistry of
such materials had been systematically investigated. The first example would be the
coumarin-Anderson cluster, which undergoes a remarkable optical behavior when
irradiated at UV 365 nm (Fig. 6). [2 + 2] cycloadditions between the coumarin
moieties were clearly observed in the UV absorption spectra and had been unam-
biguously demonstrated in "H NMR and 2D COSY NMR. Dynamic light scanning
analysis before and after UV 365 nm irradiation showed dramatic increase in
particle size. Obvious color changes upon irradiation could be also observed from
light orange to deep brown. To strengthen the potential applications of such photo-
switchable process, the coumarin-Anderson hybrids were embedded into polymer
matrix giving rise to a solid-state film sample. Similar to the performance in
solution, the film sample exhibited reversible coloration and fading process over
five consecutive cycles of UV 365 and 254 nm irradiation [44].

To broaden our understanding of the coumarin-containing POM hybrids during
such photo-triggered coloration phenomenon, we chose to modify the V-substituted
Dawson cluster with coumarin-Tris derivative (Fig. 7). The obtained hybrids were
somehow different from the coumarin-Anderson ones since only one coumarin
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Fig. 6 Left: schematic illustration of the reversible photopolymerization process of coumarin-
Anderson hybrids; right: size distributions of coumarin-Anderson hybrids before and after irradiation.
Inset: photographs of the coloration process of coumarin-Anderson upon 365 nm irradiation [44]
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254 nm || 365 nm

Fig. 7 Schematic view of the photodimerization process of coumarin-Dawson hybrid under UV
irradiation

moiety was attached onto the POM platform and photodimerization was
implemented instead. The photo-controlled reversible dimerization had been
proved by UV-Vis, 2D COSY NMR, and ESI-MS analysis. Moreover, a second
photo-assistant process was observed in the Dawson cluster as the reduction of VV
to VIV was clearly confirmed by X-ray photoelectron spectroscopy and electron
paramagnetic resonance. On the contrary, no clear evidence was obtained in the
unmodified Dawson cluster, which verified the importance of the covalent modifi-
cation and the corresponding synergistic effects between the organic moieties and
the inorganic clusters [45].

Similar to coumarins, chalcone molecules also possess photo-sensitive
o,B-unsaturated carbonyl groups, which are capable to carry out fast [2 + 2] cyclo-
addition reaction under UV initiation. Thus, chalcone-containing POM hybrid was
also prepared and fully investigated in our group (Fig. 8). For example, when
irradiated at UV 365 nm the hybrid underwent a [2 + 2] cycloaddition reaction,
leading to an absorbance decrease at 332 nm and a new absorbance peak at 245 nm
attributed to the generated cyclobutane structure. This process gave a total
photopolymerization conversion of 37.45% and was found able to restore when
exposed to UV light of 254 nm. After five cycles of alternative irradiation at 365 and
254 nm, the amount of the hybrid monomer still maintained at 85%. "H NMR spectrum
of the hybrid also exhibited significant changes when irradiated at 365 nm. Signals of
the unsaturated carbonyl group of the chalcone moieties at 6 = 7.83 and 7.73 ppm
shifted to high field after irradiation and gave corresponding cyclobutane signal at
6 = 4.80 ppm. These results were in good agreement with the UV-Vis analysis. The
weight-average molecular weight of the hybrid polymer was examined to be
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Fig. 8 Left: representation of photo-controlled polymerization of chalcone-Anderson hybrids;
right: (a) UV-Vis spectra of chalcone-Anderson under UV 365 nm irradiation, (b) the
photopolymerization conversion ratio of chalcone-Anderson hybrid, (¢) UV-Vis spectra of the
photo-disassociation under UV 254 nm irradiation, and (d) cycle experiment of alternative
irradiation at 365 and 254 nm [46]

9.78 x 10° g/mol as demonstrated by the gel permeation chromatography
analysis [46].

3.3 Azobenzene-Containing Polyoxometalate Hybrids

Azobenzene derivatives constitute a large family of photo-sensitive molecules and
have been intensively investigated as promising candidates in various applications
such as photo-switches, optical memory materials, and protein probes. Azobenzene
derivatives can undergo reversible trans/cis isomerizations when irradiated with
appropriate light sources and exhibit remarkable photo-stability [47].

We recently prepared a category of azobenzene-Anderson hybrids and carefully
examined their polymolecular aggregation processes with ion-mobility mass spec-
trometry (IMS-MS) [48]. IMS-MS emerged as an efficient tool in monitoring the
structure and conformational dynamics of proteins and coordination compounds.
By using this powerful technique, we were able to investigate the conformational
changes of the photo-sensitive azobenzene-Anderson hybrids in solution (Fig. 9).
After 5 min consecutive irradiation under UV 365 nm light, the azobenzene-
Anderson hybrids were then quickly transferred into the IMS-MS device for
measurements. To our surprise, only quaternary structures of the hybrids with
four or more TBA counter cations were observed, which strongly indicated the
existence of high m—x interactions between azobenzene moieties. The conforma-
tional changes resulted in a significant difference in the drift time spectra where the
equilibria for the formation of quaternary structures clearly shifted. The much
higher intensity for the peak of dimeric assembly centered on a drift time of
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Fig. 9 Left: switching of the photo-sensitive azobenzene-containing Anderson cluster; right: 2D
IMS/MS spectrum of azobenzene-containing Anderson cluster and the comparison of drift time
before and after UV irradiation [48]

14.22 ms after 365 nm irradiation clearly indicated a higher stability of the
azobenzene-Anderson hybrids in the cis conformation when compared to that in
the trans conformation. As demonstrated above, n—r stacking of the azobenzene
molecules plays a crucial role during the self-assembly or aggregation process of
azobenzene-containing POM hybrids. More convincing evidences could be
obtained by investigating the assembly behaviors of such amphiphilic hybrids in
mixed polar solvents. To this end, photo-responsive azobenzene moieties had been
grafted onto the lacunary Keggin cluster [49]. The hydrophilic/hydrophobic
interactions of the azobenzene-containing Keggin POMs drove the hybrid assem-
bled into OD nanospheres in acetonitrile-dominating acetonitrile/water mixture.
Gradually increasing the water contents in mixed solvents would induce the
hydrophobic packing of azobenzene moieties and thus enhance the n—r interac-
tions among them. Such variations allowed the switching of assembled structures
from 0D nanospheres into 1D nanorods.

Liquid crystals (LCs) represent a diverse class of soft matter materials that
exhibit anisotropic and switching properties. The inherent rigidity of azobenzene
groups renders them as mesogens in the construction of LCs. As such, we adopted a
straightforward procedure to prepare liquid crystalline azobenzene-containing
POM hybrids by anchoring dendritic gallic acid derivatives on to lacunary Keggin
clusters [50]. As demonstrated by the differential scanning calorimetry (DSC),
optical polarized microscopy (OPM), and small-angle X-ray scattering (SAXS)
analyses, all the POM hybrids exhibited a lamellar smectic A phase with interlayer
distances independent of temperature and a neighboring POM cluster distance of
12.4 A. It should be underlined that the pure organic azobenzene-embedded gallic
acid derivatives were found to display no liquid crystalline properties at all, which
manifested the importance of POM clusters in the construction of LCs.

Besides the advantages of azobenzene fragments in the preparation of liquid
crystalline soft materials, the trans/cis isomerization of such functional groups also
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Fig. 10 Top: schematic presentation of the azobenzene-containing Keggin cluster; bottom: (a) the
reflectance spectrum of POM-doped blue phase liquid crystals under UV irradiation, and
(b) the reflective color of POM-doped blue phase liquid crystals in polarized microscopy under
UV irradiation [50]

leaves the possibility to finely control the transformation of mesogenic phases and
optical switching of LCs. To this end, a similar type of dendritic azobenzene-
containing POM hybrid was fabricated, and its applications in stabilizing the blue
phase (BP) LCs as well as in optically switching the Bragg reflection band of BPs
were also investigated (Fig. 10). BPs are 3D ordered phases which can be observed
in cholesteric LCs with strong chirality strength. In despite of their promising
efficient LC display and emerging photonic applications, the fact that BP LCs are
limited to only one or two degrees temperature range due to their high free energies
of the disclination lines drastically restricts the application of BP LCs. When POM
hybrids were physically doped into the BP samples, the stabilization temperature
range of BP was expanded to 7.5 °C. Moreover, when the POM hybrids doped BP
samples were exposed to UV 365 nm light, a clear red shift from 539 to 617 nm of
the Bragg reflection bands was observed because of the frans to cis isomerization of
azobenzene moieties. Various BP platelet colors from green to red were also
observed with UV irradiation under polarized microcopy. Such stabilization and
optical switching of BP LCs could be explained as follows: firstly, the azobenzene-
containing POM hybrids induced the increase of bending K33 elastic constant,
which was beneficial in stabilizing BP samples; secondly, the transformation
from trans to cis isomer of the azobenzene groups in POM hybrids resulted in the
extension of the double twisted cylinder structure of BPs, thus leading to an
increase in the lattice constant [51].

Self-assemblies that can be modulated by external stimuli and gave dynamic
morphological transitions are of great interests in smart functional materials. In
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Fig. 11 Left: the structural isomerization of azobenzene-Anderson hybrid under UV and visible
light; right: SEM images of surfactant encapsulated azobenzene-Anderson hybrids in CHCls/
CH;0H solution after: (a) 0, (b) 1, (¢) 5, (d) 15, (e) 30, and (f) 120 min of UV 365 nm irradiation [52]

2010, Yan et al. [52] reported an example of azobenzene-functionalized Anderson
cluster, which exhibited reversible aggregation changes as a result of photo-
controlled structure alternation. As shown in Fig. 11, surfactant dimethyl-
dioctadecylammonium encapsulated azobenzene-Anderson hybrids gave a fiber-
like morphology in the trans state, while upon UV irradiation such fiber-like
structures gradually transferred into spheres. Leaving the self-assembled spherical
structure either in visible light or in the dark, it could switch back to fibers. Such
reversible photo-controlled morphological changes were revealed to be manipu-
lated by the destruction and rebuilding of the hydrogen bonds between azobenzene
moieties and the Anderson cluster through photo-irradiation. By using the same
azobenzene-containing Anderson hybrid and a pyridine-modified cyclodextrin cat-
ion, the same group constructed a self-crosslinking complex system which showed
a photo-controllable chiral assembly process [53].

3.4 Other n-Conjugated Polyoxometalate Hybrids

Thanks to the versatile covalent modification methods, a large amount of
n-conjugated organic molecules have been tethered onto the skeletons of POM
clusters up to date. These functional molecules include pyrene [54], porphyrin [55—
58], perylene [59], fullerene [60, 61], and polypyridinyl complexes [62—65]. Since
the photochemistry and photophysics of these POM hybrids have been well-
documented in several remarkable reviews [66—68], we will not give further
statements here.
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4 Conclusion

In summary, we have discussed the synthetic methodologies and the recent devel-
opments of photo-sensitive POM-based hybrid materials in photochromics, optical
switching, and smart self-assembly. Interestingly, the choice of methodology and
the type of POM clusters have a profound influence on the functional performance
of such POM hybrids. In addition, the close interactions between POM clusters and
the covalently attached organic fragments favor the electron transfer process
between the two subunits, which might be of great potential in photocatalysis,
water oxidation, photovoltaics, and even solar cells.
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