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Photocoloration in Hybrid Amino Acid Polyoxometalates
Fateme Akhlaghi Bagherjeri,[a] Chris Ritchie,[a] Robert W. Gable,[a] and Colette Boskovic*[a]

Abstract: The study of four different salts of a hybrid glycine–
polyoxotungstate has revealed photocoloration that is depend-
ent on the intramolecular hydrogen bonding between
glycine ligand ammonium groups and the polyoxotungstate.
Four compounds comprised of the hybrid polyoxometalate
[As4{W3Y}W44Y4O159(Gly)8(H2O)12]9– (Gly = glycine) with glycin-
ium, benzylammonium, 4-methylbenzylammonium, or benzyl-
triethylammonium countercations have been synthesized and
structurally characterized. In the solid state, two of the com-

Introduction

In recent years, photochromic materials (i.e., compounds that
undergo a reversible color change upon the application of
light) have attracted great interest due to a wide range of tech-
nological applications, including ophthalmic lenses, printing,
cosmetics, switches, sensors, and optical data storage.[1–4] Com-
pounds based on polyoxometalates (POMs) of early transition
metals, such as Mo or W, can be excellent candidates, due to
their facile reduction and accompanying color changes. Deriva-
tizing inorganic POMs with organic moieties to generate hybrid
species represents an excellent route to new functional materi-
als.[5–8] The conceptually simplest approach to photochromic
POM-based compounds has been covalent grafting of organic
photochromes, such as spiropyrans, to the POM framework,[9,10]

which has not necessarily exploited the redox properties of the
POM. Historically, photochromism in POM-based compounds
has more commonly involved hydrogen-atom and/or proton
transfer from organoammonium or other cations to a readily
reducible POM under UV irradiation.[11–17] Two mechanisms
have been proposed, both of which involve UV-induced
O→Mo/W ligand-to-metal charge-transfer (LMCT) transitions
on the polyoxomolybdate or polyoxotungstate, affording a
metastable charge-transfer state that contains Mo5+ or W5+

ions. The displacement of a labile proton (Yamase's mechanism)
or hydrogen atom (Dessapt's mechanism) of the organo-
ammonium cation towards a POM oxo ligand on the photo-
reduced Mo/W site stabilizes the charge-transfer complex
(Scheme S1).[11,13] The blue color of the photoinduced species
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pounds exhibit coloration associated with photoreduction, cy-
cling from white to blue under UV irradiation, and bleaching
back to white following reoxidation in air. The ability of the
hybrid POM to undergo photoreduction correlates with the ori-
entation of the zwitterionic ammonium groups of the glycine
ligands and the intramolecular hydrogen bonding to POM oxo
ligands. The kinetics of coloration of these POMs follows a
pseudo-second-order rate law.

is typical for many reduced polyoxomolybdates and polyoxo-
tungstates, arising from intervalence charge-transfer (IVCT)
transitions. Bleaching in the presence of oxygen is caused by
electron transfer from the reduced POM to dioxygen. Relevant
to the present work are photochromic POMs with hydrogen-
bonding interactions to amino acids and dipeptides in cationic
or zwitterionic forms.[18,19] The single-crystal X-ray diffraction
structures reveal hydrogen bonds involving protonated amine
(N–H···O) and carboxylate (O–H···O) termini of the Gly or Gly-
GlyH to oxo ligands of POMs, either or both of which may fulfil
the criteria for photochromism.

Photochromic properties dependent on intermolecular
hydrogen bonding between countercations and POMs may not
persist after dissolution, due to disruption of the hydrogen
bonding. A potentially useful approach to engendering photo-
chromism in solution is to incorporate covalently bound or-
ganic ligands with functional groups that can participate in
intramolecular hydrogen bonds with POM oxo ligands. In this
regard, Dessapt and co-workers reported a series of photochro-
mic molybdobisphosphonate complexes with bisphosphonate
ligands functionalized by various pendant alkylammonium or
pyridinium groups, which exhibit efficient color change in the
solid state, comparable with photochromic POMs with organo-
ammonium cations.[20,21]

In general, the photochromic response of both POM salts
with organic cations and covalently functionalized hybrid or-
ganic POMs can be characterized by the kinetics of color
change, the excitation energy, the stability of the photoinduced
state, the fading rate, and the cyclability. These features are
affected by the reducibility of the POM and the stability of the
organic counterpart in the oxidized state, following formation
of the charge-transfer complex, versus the tendency to bleach
back to the ground state. Neither of the two mechanisms
(Scheme S1) proposed to explain photoinduced coloration have
been definitively demonstrated experimentally, although DFT
calculations support the Dessapt mechanism of hydrogen-atom
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transfer.[13] Dessapt et al. reported the kinetics of coloration of
a series of hybrid polyoxomolybdates with organoammonium
cations and showed that the photoreduction of the Mo6+ cen-
ters to Mo5+ proceeds according to a pseudo-second-order rate
law.[13] The rate of coloration was found to depend on both the
concentration of the reducible Mo6+ ions and the N+–H bonds
associated with the Mo6+ sites. This approach to modelling the
photocoloration kinetics has subsequently been employed for
other photochromic hybrid POMs and POM salts.[14,15,20]

Previously, we have reported several members of a family of
hybrid amino acid mixed-metal POMs with interesting redox
properties.[22–24] Herein, we present an exploration of the pho-
tocoloration properties observed for some salts of the hybrid
POMs of formula [As4{YW3}W44Y4O159(Gly)8(H2O)14]9– with dif-
ferent countercations (Figure 1), including primary ammonium
moieties, glycinium (GlyH), benzylammonium (BAH), and 4-
methylbenzylammonium (MBAH), and the quaternary ammon-
ium benzyltriethylammonium (BTEA). Only two of these four
compounds display coloration under UV irradiation in the solid
state. In principle, the photocoloration might involve interac-
tions with either or both organic countercations and Gly li-
gands, and the aim of this work is to elucidate the role of the
organic components and better understand the photocolora-
tion process. In addition, the kinetics of coloration are investi-
gated using diffuse reflectance spectroscopy.

Figure 1. Glycine and the organic countercations employed in this work.

Results and Discussion

Synthesis

Yttrium nitrate was added to a solution of the POM precursor
K14[As2W19O67(H2O)] in Gly buffer (1 M) at pH 2.2, using the
same stoichiometry as employed for previously reported mixed
Mo/W analogues.[23] Cooling the solution affords, in moderate
yield, crystals that can be formulated as K2(GlyH)7[As4-
(YW3)W44Y4O159(Gly)8(H2O)14]·(Gly)7·40H2O (1) upon air-drying.
Addition of 4-methylbenzylamine or benzylamine after the ini-
tial reaction instead generates, in good yield, (MBAH)6K2-
(GlyH)[As4( Y W3)W4 4Y4O1 5 9(Gly)8 (H 2O)1 4] ·47H 2O (2 ) , or
(BAH)2K2(GlyH)5[As4(YW3)W44Y4O159(Gly)8(H2O)14]·(Gly)5·40H2O
(3), respectively. Alternatively, the addition of benzyltriethylam-
monium chloride affords, after workup, a small quantity of crys-
tals of (BTEA)3K2(GlyH)4[As4(YW3)W44Y4O159(Gly)9(H2O)13]·64H2O
(4w), intimately mixed with amorphous material; it was not pos-
sible to obtain enough pure sample of this compound for full
characterization.
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The structure of this family of hybrid POMs contains an oxo-
bridged tetrametallic core which, for each of the present com-
pounds, is a mixed-metal {W3Y} core, as determined by single-
crystal structural analyses and metal analyses of the bulk mate-
rial (Figure 2). Neither the addition of extra tungstate to the
solution, nor reducing the amount of yttrium nitrate, affords
compounds with a homometallic {W4} core. Although the crys-
tallization solutions were kept in the dark as a precaution, no
color change is evident under ambient light. This is in direct
contrast to the blue coloration due to photoreduction observed
for analogous solutions that also contain molybdate.[22,23] How-
ever, once crystals form, those of 1 and 2 attain a pale-blue
color after exposure to ambient light for one day. Infrared spec-
tra of 1–3 (Figures S1 and S2) are typical of this family of hybrid
POMs, while the spectrum of 4 suggests contamination with
the [As2W19O67(H2O)]14– precursor and possibly other unknown
POMs.[22,23] All compounds are insoluble in both aqueous solu-
tions and organic solvents and all subsequent characterization
has been performed in the solid state. The degree of hydration
of air-dried 1–3 was determined by thermogravimetric (Fig-
ure S3) and elemental analysis.

Figure 2. Structural representation of the hybrid POMs
[As4(W3Y)W44Y4O159(Gly)8(H2O)14]9– in 1w and 2w (top) and 3w and 4w (bot-
tom). The ninth glycine ligand coordinated to one tungsten atom in the cen-
tral core was omitted in 4w. Color code: {WO6} octahedra, yellow; Y, violet;
W, yellow; As, pale pink; C, black; N, dark blue; O, red; aqua ligands, cyan.
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Single Crystal X-ray Diffraction Studies

It was possible to obtain good quality single-crystal X-ray
diffraction data (Table S1) for the fully hydrated (“wet”) com-
pounds: K2(GlyH)7[As4(YW3)W44Y4O159(Gly)8(H2O)14]·(Gly)7·
84H2O (1w), (MBAH)6K2(GlyH)[As4(YW3)W44Y4O159(Gly)8(H2O)14]·
79H2O (2w), (BAH)2K2(GlyH)5[As4(YW3)W44Y4O159(Gly)8(H2O)14]·
(Gly)5·79H2O (3w), and (BTEA)3K2(GlyH)4[As4(YW3)W44Y4O159-
(Gly)9(H2O)13]·64H2O (4w). Although all compounds contain
glycine and closely related hybrid polyanions, the different
combinations of countercations afford different crystal mor-
phologies, packing, and crystallographic space groups. Com-
pounds 1w–4w crystallize in the monoclinic P21/n, tetragonal
P4/n, orthorhombic Pbam, and orthorhombic Pbca space
groups, respectively.

The hybrid POMs in compounds 1w–4w involve an outer
framework of four trilacunary α-Keggin {AsW9} units, attached
through oxo-bridges to eight additional tungsten atoms and
four yttrium atoms, with a central oxo-bridged {M4} core (Fig-
ures 2 and S4). There are eight zwitterionic glycine ligands, four
of which bridge tungsten atoms and four yttrium atoms,
through the carboxylate groups. The central core is comprised
of three W atoms and one Y atom. The three W atoms are
distributed over four sites, all of which are coplanar, while the
Y atom is distributed over four positions for 1w–3w, and two
adjacent positions for 4w, each of which lies between 1.1 and
1.5 Å out of the plane of the four W atoms (Tables S2 and S3).
The central core is thus formulated as a mixed-metal tetranu-
clear {W3Y} core. For 1w–4w, each tungsten atom in the core is
six-coordinate, with one terminal oxo ligand trans to one aqua
ligand, while the yttrium is seven- or eight-coordinate with
three or four terminal aqua ligands for 1w and 2w, respectively.
It was not possible to observe water ligands coordinated to
yttrium in compound 3w, due to disorder. The central core unit
can be formulated as {W3YO7(H2O)6} for 1w–3w, with the pres-
ence of the Y atom in the core, supported by elemental analysis
data of the bulk samples (five yttrium atoms per hybrid POM),
while in compound 4w, one of two W atoms, with 100 % occu-
pancy, coordinates to a ninth glycine ligand through one oxy-
gen of the carboxylate, and the central core can be formulated
as {W3YO7(Gly)(H2O)5}. Bond-valence-sum (BVS) calculations in-
dicate all W atoms are hexavalent, consistent with the absence
of blue coloration. The structural connectivity of the hybrid
POMs in 1–4 is the same as that reported previously for W-only
or mixed Mo/W analogues.[22,23]

A key structural difference evident for the hybrid POMs in 1–
4 is the orientation of the ammonium group of the four zwitter-
ionic glycine ligands that bridge tungsten centers (Figure S5).
For 1w and 2w, a propeller-like arrangement with approxi-
mately C4 point symmetry is evident, while 3w and 4w exhibit
an approximately C2v arrangement. For all compounds, a C4 ar-
rangement is observed for the other four glycine ligands that
bridge the yttrium centers, with the same sense of rotation for
both sets of glycine ligands in 1w and 2w.

Different crystal packing is evident for 1w–4w. The com-
pound 1w packs with repeating offset double layers (Figure S6).
Compound 2w packs such that offset single layers stack in the
third dimension (Figures S7 and S8). There are intermolecular
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hydrogen bonds between the glycine ligands and terminal/
bridging oxo ligands of adjacent POMs for both 1w and 2w.
The closest intermolecular separations between tungsten atoms
for 1w and 2w are 5.3 and 5.6 Å, respectively. The water mol-
ecules, countercations, and free glycine molecules of crystalliza-
tion are crystallographically disordered for 1w and the calcu-
lated total void volume is consistent with the formula obtained
from elemental analysis and thermogravimetry. However, it was
possible to observe one GlyH+, six MBAH, and one K+ counter-
cations per POM for 2w. There is hydrogen bonding between
the ammonium group of these countercations and POM oxo
ligands. The POMs in 3w are attached to each other through
intermolecular W–O···K interactions (Figure S9) and they pack
as stacks of offset double layers, with a closest intermolecular
separation between tungsten atoms of 3.3 Å. There is inter-
molecular hydrogen bonding between the glycine ligands and
terminal/bridging oxo ligands of adjacent POMs. Located be-
tween alternate layers are BAH countercations that are
hydrogen bonded to the POMs (Figures S10 and S11). The
GlyH+ countercations in 4w hydrogen bond to the POMs
through the ammonium groups. The hybrid POMs are attached
to each other through the yttrium of the {W3Y} core and an
oxo ligand of an adjacent POM [Y–O: 2.35(2) Å] forming 1-D
chains (Figures S12 and S13). There is intermolecular hydrogen
bonding between the glycine ligands and terminal/bridging
oxo ligands of adjacent POMs. The closest intermolecular sepa-
ration between tungsten atoms is 5.2 Å.

Intra- and Intermolecular Hydrogen Bonding of the
Ligands and Countercations with the POM

As discussed above, photochromism due to photoreduction of
POMs is typically associated with hydrogen-atom and/or proton
transfer from organic moieties that are hydrogen bonded to
POM oxo ligands. In principle, these can be either intramolec-
ular hydrogen bonds to coordinated ligands or intermolecular
hydrogen bonds with countercations or other molecules in the
crystal lattice. Both of these types of interactions are present
amidst multiple hydrogen bonds in 1w–4w.

Details of the intramolecular NH···O hydrogen bonding be-
tween the ammonium groups of the glycine ligands and the
POM framework for 1w–4w are depicted in Figure 3 and the
hydrogen-bond lengths are listed in Table 1. As no hydrogen
atoms could be located, it is not possible to determine N–H and
H···O distances, nor N–H···O angles, for the observed hydrogen
bonds, and so, only NH···O distances are reported. The approxi-
mately C4 arrangement of the tungsten-bridging glycine li-
gands in 1w and 2w facilitates the formation of up to three
intramolecular hydrogen bonds (NH···O distances in the range
of 3.0–3.5 Å) between two terminal (Ot1 and Ot2) and one bridg-
ing (Ob) oxygen atoms from the two tungsten atoms from the
“belt” (Figure S4) of the lacunary Keggin {AsW9} unit and the
ammonium groups of the W-coordinated glycine ligands. For
the glycine ligands that bridge the Y atoms, up to three types
of intramolecular N–H···O hydrogen bonds to bridging oxo li-
gands are evident in all compounds (Figures S14 and S15), with
NH···O distances in the range of 2.9–3.2 Å.
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Table 1. Intra- and intermolecular hydrogen-bonding distances [Å] in compounds 1w–4w.

Compounds Intramolecular[a] Intermolecular

NH···Ot1 NH···Ot2 NH···Ob NH···O[b] NH···O[c]

1w 3.00(1)–3.12(1) 3.09(1)–3.17(1) 3.35(1)–3.39(1) – –
2w 3.04(1) 3.140(9) 3.53(9) 2.849(1)–2.910(1) 2.998(1)
3w 2.78(4)–2.85(2) – – 2.861(2)–3.051(2) –
4w 2.77(5)–3.07(3) – – – 2.777(3)

[a] Between W-bridging Gly ligands and terminal oxo ligands Ot1 and Ot2 and bridging oxo ligand Ob, as per Figure 3. [b] Benzylammonium-based BAH or
MBAH countercations. [c] Glycinium countercation.

Figure 3. Structural representations illustrating the different intramolecular
hydrogen bonding for the tungsten-bridging glycine ligands in compounds
1 and 2 (top) and compounds 3 and 4 (bottom).

The most widely reported type of photochromism in POMs
is associated with intermolecular hydrogen bonding between
organic countercations and POM oxo ligands.[11–17] Therefore,
it is reasonable to consider that the intermolecular hydrogen
bonding between the primary ammonium or glycinium coun-
tercations and the POM may contribute to the photochromism
observed for the present compounds. As mentioned above, al-
though not all of the organic countercations were observed
crystallographically, the following were: six MBAH and one
GlyH+ for 2w, one and a half (disordered) BAH for 3w, and one
GlyH+ and three BTEA for 4w, noting that BTEA has a quaternary
ammonium group that cannot participate in hydrogen bond-
ing. The intermolecular hydrogen-bonding distances between
the countercations and the POMs are summarized in Table 1.

Photocoloration Studies

Qualitative Observations

Upon exposure of the crystalline solids 1–3 and the impure
powder sample of 4 to UV irradiation (254 nm wavelength), a
color change from off-white to blue is observed for 1 and 2
within minutes, but not for 3 and 4, even after overnight expo-
sure (Figure 4). Although the bulk sample of 4 is known to be
impure, the IR spectrum is consistent with a substantial pres-
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ence of the hybrid POM characterized crystallographically. The
photoinduced blue samples of 1 and 2 then revert to the origi-
nal color if they are stored in the dark at room temperature in
air for a day. However, in an atmosphere of dry dinitrogen, there
is no decoloration, even after many days, indicating that oxygen
plays an important role in the bleaching process.[11,12] The
bleaching rate of colored samples of 1 and 2 can be accelerated
by heating to 50 °C. The cycles of irradiation and bleaching can
be repeated at least four times for both 1 and 2, but the appar-
ent color intensity decreases after each cycle, which is likely
due to decomposition of the amino acid ligands during the
photochemical process.[12,25,26]

Figure 4. Color of 1 (first row), 2 (second row), and 3 (third row) after different
irradiation times at λ = 254 nm.

Correlation of Photocoloration with Hydrogen Bonding

The observation of photocoloration following irradiation with
UV light for compounds 1 and 2, but not for 3 and 4, together
with the different orientation of the tungsten-bridging glycine
ligands in 1 and 2 versus 3 and 4, immediately suggests a corre-
lation between these features. This observation points to an
important role for the intramolecular hydrogen bonding be-
tween the ammonium groups of the zwitterionic glycine li-
gands to the oxo ligands of the POM. Both Yamase's model of
proton transfer and Dessapt's model of hydrogen-atom transfer
accompanying photoreduction require hydrogen bonds to oxo
ligands of the POM (Scheme S1). The glycine-ligand orientation
in compounds 1 and 2 affords intramolecular N–H···O hydrogen
bonds to three (two terminal and one bridging) oxo ligands of
two tungsten centers of the POM. In 3 and 4, there is only a
single interaction per glycine unit with a terminal POM oxo li-
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gand. It has been previously observed that the coloration speed
of related systems depends on the number and position of the
hydrogen bonds,[20] consistent with the present observations.

The absence of photocoloration of 3 and 4 indicates that the
hydrogen bonds between the four Y-bridging glycine ligands
and the POM oxo ligands (Figures S14 and S15) do not play a
role, as these are similar for the four compounds. This can be
attributed to the fact that two of the three tungsten centers
coordinated to the hydrogen-bonded oxo ligands are oxo-
bridged to yttrium centers, which cannot contribute to the IVCT
transitions responsible for the blue color of the photoreduced
POM.

The role of intermolecular hydrogen bonding with the or-
ganoammonium countercations must also be considered,
which is difficult, as many of the countercations are disordered.
Nevertheless, intermolecular hydrogen bonds between the
non-disordered primary or quaternary ammonium and glycin-
ium cations and POM oxo ligands are crystallographically ob-
served for compounds 2w, 3w, and 4w (Table 1), but these do
not correlate with the observed photochromism, especially
given that 3 and 4 are not photochromic. The intermolecular
hydrogen-bonding network evident crystallographically in the
fully hydrated samples is likely disrupted upon sample drying.

On the basis of the available evidence, it can be concluded
that the intramolecular hydrogen-bonding interactions be-
tween the ammonium groups of the four tungsten-bridging
glycine ligands and the oxo ligands of the POM framework facil-
itate the hydrogen-atom/proton transfer that is required for
photoreduction of tungsten and the color change under UV
irradiation. With lifetimes of many hours to days, the photoin-
duced states of compounds 1 and 2 are relatively long-lived.
We suggest that this may arise from electron transfer through
the POM from the peripheral tungsten atoms that are the site
of initial reduction, to the tungsten atoms in the central core,
via the corner-sharing W–O–W linkages. Previously, DFT calcula-
tions on analogs from this family of hybrid POMs have shown
that the tetrametallic core is always the preferred site of locali-
zation of reducing electrons.[22,23] This electron shuttling would
give rise to a larger than usual electron–hole separation in the
photoinduced LMCT state and correspondingly long lifetimes
of the photoreduced POM.

Quantitative Analysis of Photocoloration for Compounds 1
and 2

Although photochromic hybrid POMs with amino acid ligands
have been reported previously,[18,19] the kinetics of photoin-
duced coloration of these compounds has not been explored.
To quantify the coloration kinetics of our system, we used the
method developed by Dessapt and co-workers.[13–15,20] The dif-
fuse reflectance spectra of powder samples of 1 and 2 were
measured during irradiation with UV light (254 nm), from time
0 to 18 minutes (plotted after Kubelka–Munk transformation in
Figure 5); no further color change was evident after 18 min.
Before light irradiation, both compounds exhibit O→W LMCT
bands in the UV region (around 350 nm or 3.5 eV), consistent
with the pale-pink color of the samples. Upon irradiation, only
the surface of the sample turns blue, due to the low penetra-
tion depth of the incident light into the sample, in agreement
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with the growth of a broad absorption band in the visible range
(500–800 nm). The broad band in this region is comparable
with those of previously reported reduced mixed metal Mo/W
analogs,[23] implying that the POM has been reduced following
UV irradiation, affording W5+ addenda ions. The absorption
bands in the visible range can be attributed to W5+ d–d and
W5+→W6+ IVCT transitions.

Figure 5. Evolution of the Kubelka–Munk transformed reflectance of 1 (left)
and 2 (right) for different irradiation durations at 254 nm [times: 0, 2, 4, 6, 8,
10, 12, 14, 16, and 18 min (1) and 0, 2, 4, 6, 8, 10, 14, and 18 (2)].

The wavelength dependencies of the reflectance R(t), deter-
mined at various irradiation times (t) for 1 and 2, are shown in
Figure S16. As a clear peak maximum is not evident in the spec-
tra, 716 nm was selected as λmax for the analysis. The R(t) versus
t plots for 1 and 2 are shown in Figure 6. Previous studies of
various photochromic hybrid POMs have demonstrated that the
decrease of Rλmax(t) (i.e., the reflectivity at the wavelength of
maximum photogenerated absorption) with the UV irradiation
time is correlated to the decrease of the concentration of reduc-
ible Mo6+/W6+ ions in the POM, according to pseudo-second-
order kinetics.[13,15,20,21,26] Consistent with previous photochro-
mic POM systems, R716(t) versus t for for 1 and 2 were fitted to
the pseudo-second-order rate equation, R716(t) = a/[bt + 1] + c
with a = α × C6+,r(0), b = C6+,r(0) × kc and c = R716(∞) [C6+,r =
concentration of reducible W6+; α = proportionality constant
and kc = rate constant of coloration (Figure 6)].

Figure 6. Plots of reflectance R(t) versus t, measured at 716 nm for 1 (●) and
2 (■); the solid lines are fits to the pseudo-second-order rate law as described
in the text.
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To obtain the rate constant, kc, the above equation can be
rewritten as [R716(t) – R716(∞)]–1 = Bt + A with A = [αC6+,r(0)]–1

and B = (kc/α) (Figure S17). It is reasonable to consider identical
α values for the materials constructed from the same POM
framework, which exhibit similar photogenerated absorption
bands located at the same energy, as observed for 1 and 2.[13,15]

Therefore, the relative coloration rate constants kci/kcj of two
materials, i and j, can be extracted from the ratio Bi/Bj. From
this ratio, the rate of photocoloration in 2 is enhanced over that
of 1 by a factor of ca. 4.5, which is in agreement with the
smaller half-life (t1/2); namely, the time required for R(t) to reach
the [R(0) + R(∞)]/2 value. However, the difference in t1/2 for 1
and 2 (t1/2 = 5.4 and 1.2 min, respectively), is not significant,
consistent with the similar POM structures and glycine ligand
orientations. Details of the kinetic parameters for coloration are
given in Table 2. The photocoloration behavior of compounds
1 and 2 is comparable with that reported previously for a range
of photochromic hybrid POMs, for which t1/2 values have been
reported to vary between 0.4 and 52 minutes,[21] although com-
parison is difficult because of the lack of a standardized experi-
mental approach.

Table 2. Optical and coloration kinetic parameters for 1 and 2.

Parameter 1 2

λmax [nm][a] 716 716
R716(0)[b] 0.600 0.608
a 0.468 0.277
b 0.184 0.856
R716(∞)[c] 0.133 0.331
A[d] 2.230 1.547
B[d] 0.914 5.889
R2[e] 0.998 0.985
t1/2 [min][f ] 5.4 1.2
kci/kc10 1 4.5

[a] Wavelength of photoinduced absorption band employed for kinetic stud-
ies. [b] Reflectance value before UV excitation (t = 0) at 716 nm. [c] Reflec-
tance value at t = ∞ at 716 nm. [d] Parameters for the relation [R716(t) –
R716(∞)]–1 = Bt + A. [e] Regression coefficient for the [R716(t) – R716(∞)]–1 versus
t plots. [f ] Coloration half-life.

Conclusion
Four new members of a hybrid glycine mixed-metal POM family
have been synthesized with different organic countercations
and characterized. Two of the four compounds undergo photo-
reduction to a long-lived blue species upon irradiation with UV
light. Single crystal X-ray diffraction reveals that the photoredu-
cible and non-photoreducible analogs exhibit different orienta-
tions of four of the eight zwitterionic glycine ligands, resulting
in different intramolecular hydrogen bonding between the
glycine ammonium group and oxo ligands of the POM. More
intramolecular hydrogen bonds are evident for the photoredu-
cible analogues and fewer for the non-photoreducible com-
pounds. Although the organoammonium countercations also
participate in intermolecular hydrogen bonding to the POMs,
these hydrogen bonds do not contribute to the observed pho-
tocoloration. We suggest that the relatively long-lived photore-
duced forms may arise from a large electron–hole separation in
the charge-transfer state, as a consequence of electron transfer
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from the peripheral tungsten atoms that are initially reduced,
to the central POM core, which is the favored site of electron
localization. The kinetics of coloration of the two photoreduci-
ble compounds have been found to follow the pseudo-second-
order kinetics reported previously for photochromic POM sys-
tems. The photoreduction and bleaching can be repeated for
at least four cycles although the intensity of the color change
decreases after each cycle, probably due to decomposition of
glycine ligand. The present results may inform the development
of a new strategy for the synthesis of photochromic materials
by highlighting the ability of organic ligands, rather than, or
in combination with, organic countercations for providing the
hydrogen bonding necessary to support photochromism in
POMs.

Experimental Section
Synthesis: All manipulations were performed under aerobic condi-
tions, using materials as received. Precursor K14[As2W19O67(H2O)]
was prepared as described previously.[27]

Synthesis of K2(GlyH)7[As4(YW3)W44Y4O159(Gly)8(H2O)14]·(Gly)7·
40H2O (1): Solid K14[As2W19O67(H2O)] (0.5263 g, 0.1000 mmol) was
dissolved in glycine solution (1 M, 40 mL, 8.0 mmol) at pH 2.2 and
this pH was maintained during the dissolution by addition of con-
centrated HCl (37 %). Y(NO3)3·6H2O (0.0626 g, 0.163 mmol) was
added to this solution, while maintaining the pH at 2.2 using HCl
(3 M). After allowing the reaction mixture to stir for one hour at
80 °C, the solution was cooled to room temperature and stored in
the dark. Colorless block-shaped crystals formed after 3–4 d in 20 %
yield (120 mg, 0.008 mmol), based on W. Structural analysis by X-
ray diffraction crystallography afforded the formula
K2(GlyH)7[As4(YW3)W44Y4O159(Gly)8(H2O)14]·(Gly)7·84H2O (1w) for
the wet crystals, which partially dehydrated upon drying, yielding
K2(GlyH)7[As4(YW3)W44Y4O159(Gly)8(H2O)14]·(Gly)7·40H2O (1). Anal.
for air-dried 1, C48H228As4K2N24O261W47Y5 (14781.70): calcd. C 3.90,
H 1.55, As 2.03, K 0.53, N 2.27, Y 3.01; found C 3.8, H 1.4, As 1.8, K
0.4, N 2.2, Y 3.5. Selected IR (KBr): ν̃ = 1734 (w), 1618 (s), 1479 (m),
1456 (m), 1413 (m), 1384 (sh), 1338 (w), 1250 (w), 1109 (w), 972 (sh),
956 (m), 910 (sh), 864 (s), 792 (m), 730 (m), 695 (m), 615 (s), 484 (w),
453 (w) cm–1.

Synthesis of (MBAH)6K2(GlyH)[As4(YW3)W44Y4O159(Gly)8-
(H2O)14]·47H2O (2): Solid K14[As2W19O67(H2O)] (0.5263 g,
0.1000 mmol) was dissolved in glycine solution (1 M, 40 mL,
8.0 mmol) at pH 2.2 and this pH was maintained during the dissolu-
tion by addition of concentrated HCl (37 %). Y(NO3)3·6H2O
(0.0626 g, 0.163 mmol) was added to this solution, while maintain-
ing the pH at 2.2 using HCl (3 M). After allowing the reaction mixture
to stir for one hour at 80 °C, 4-methylbenzylamine (150 μL,
1.17 mmol) was added and the resulting suspension was stirred for
10 min. Then the reaction flask was cooled and filtered. The solution
was stored in the dark and filtered several times to remove traces
of 1 that formed, until small rectangular plate-shaped crystals ap-
peared after 7–10 d in 22 % yield (130 mg, 0.009 mmol), based on
W. Structural analysis by X-ray diffraction crystallography afforded
the formula (MBAH)6K2(GlyH)[As4(YW3)W44Y4O159(Gly)8(H2O)14]·
79H2O (2w) for the wet crystals, which partially dehydrated upon
drying, yielding (MBAH)6K2(GlyH)[As4(YW3)W44Y4O159(Gly)8-
(H2O)14]·47H2O (2). Anal. for air-dried 2, C66H240As4K2N15O238W47Y5

(14515.46): calcd. C 5.46, H 1.67, As 2.06, N 1.45, Y 3.06; found C
5.1, H 1.5, As 1.9, N 1.5, Y 3.1. Selected IR (KBr): ν̃ = 1728 (w), 1625
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(s), 1483 (m), 1463 (m), 1413 (m), 1386 (w), 1338 (w), 1108 (w), 954
(m), 902 (sh), 864 (s), 792 (m), 720 (m), 680 (m), 617 (s), 547 (w), 484
(w), 455 (w) cm–1.

Synthesis of (BAH)2K2(GlyH)5[As4(YW3)W44Y4O159(Gly)8(H2O)14]·
(Gly)5·40H2O (3): Solid K14[As2W19O67(H2O)] (0.5263 g,
0.1000 mmol) was dissolved in glycine solution (1 M, 40 mL,
8.0 mmol) at pH 2.2 and this pH was maintained during the dissolu-
tion by addition of concentrated HCl (37 %). Y(NO3)3·6H2O
(0.0626 g, 0.163 mmol) was added to this solution, while maintain-
ing the pH at 2.2 using HCl (3 M). After allowing the reaction mixture
to stir for one hour at 80 °C, benzylamine (1.50 mL, 13.73 mmol)
was added, and the resulting suspension was stirred for 10 min.
Then the reaction solution was cooled and filtered. The reaction
solution was stored in the dark and filtered several times to remove
traces of 1, until colorless needle crystals appeared after 10–12 d
in 19 % yield (110 mg, 0.008 mmol), based on W. Structural analysis
by X-ray diffraction crystallography afforded the formula
(BAH)2K2(GlyH)5[As4(YW3)W44Y4O159(Gly)8(H2O)14]·(Gly)5·79H2O (3w)
for the wet crystals, which partially dehydrated upon drying, yield-
ing (BAH)2K2(GlyH)5[As4(YW3)W44Y4O159(Gly)8(H2O)14]·(Gly)5·40H2O
(3). Anal. for air-dried 3, C50H218As4K2N20O249W47Y5 (14547.14):
calcd. C 4.13, H 1.51, As 2.06, K 0.54, N 1.93, Y 3.06; found C 4.1, H
1.4, As 2.0, K 0.4, N 1.8, Y 3.4. Selected IR (KBr): ν̃ = 1730 (w), 1620
(s), 1490 (m), 1460 (m), 1411 (m), 1388 (w), 1336 (w), 1116 (w), 972
(sh), 952 (m), 866 (s), 796 (m), 733 (s), 694 (s), 613 (s), 491 (m), 455
(w) cm–1.

Synthesis of (BTEA)3K2(GlyH)4[As4(YW3)W44Y4O159(Gly)9(H2O)13]
(4): Solid K14[As2W19O67(H2O)] (0.5263 g, 0.1000 mmol) was dis-
solved in glycine solution (1 M, 40 mL, 8.0 mmol) at pH 2.2 and this
pH maintained during the dissolution by addition of concentrated
HCl (37 %). Y(NO3)3·6H2O (0.0626 g, 0.163 mmol) was added to this
solution, while maintaining the pH at 2.2 using HCl (3 M). After
allowing the reaction mixture to stir for one hour at 80 °C, benzyltri-
ethylammonium chloride (1 M, 1 mL, 1 mmol) was added to precipi-
tate the product, which was filtered and air-dried. The crude prod-
uct was redissolved in an aqueous solution of glycine (0.5 M) and
LiCl (0.25 M) at 80 °C. The solubility was very low and it did not
dissolve completely. The suspension was filtered and the colorless
filtrate was stored in the dark. A few colorless needle-shaped crys-
tals formed after two weeks, alongside an amorphous product. Al-
though a crystal of 4w could be manually separated and character-
ized by single-crystal X-ray diffraction as (BTEA)3K2(GlyH)4[As4(YW3)-
W44Y4O159(Gly)9(H2O)13]·64H2O (4w), it was not possible to obtain a
bulk sample for full characterization and the IR spectrum of the
crude precipitate suggested that it was a mixture of the desired
compound and the POM precursor.

Measurements

X-ray Diffraction Data Collection and Structure Solution: Diffrac-
tion measurements were performed with a Rigaku Oxford Diffrac-
tion SuperNova Dual Wavelength single-crystal X-ray diffractometer
using Cu-Kα (1w, 3w, and 4w) or Mo-Kα (2w) radiation at 130(2) K.
The structures were solved by direct methods (SHELXT) and refined
through full-matrix least-squares techniques on F2 using the SHELXL
and OLEX2 crystallographic software packages.[28–30] All tungsten,
yttrium, and arsenic atoms were refined with anisotropic displace-
ment parameters. It was also possible to refine all nonsolvent
carbon, nitrogen, oxygen, and potassium atoms; for some of these
atoms, however, refinement was only possible with the displace-
ment parameters restrained to near-isotropic values. Refinement us-
ing anisotropic displacement parameters was also possible for some
the atoms of the cations, non-coordinating ligands, and solvent wa-
ter; all other atoms could only be refined isotopically. No reliable
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positions for any hydrogen atoms could be found, and so none
were included in the refinements. For each of the structures, the
four “core” atoms, originally assigned as fully occupied W atoms,
showed anomalously large displacement parameters, suggesting
partial occupancy of these atoms, or possible disorder. When the
occupancy factors were refined, each became significantly smaller
than one, and the sum of the four occupancy factors was close to
three, while the anisotropic displacement parameters became simi-
lar to those of other W atoms. At this point, four strong electron
density peaks appeared at positions approximately 1.1–1.5 Å above
each of the four W centers, except for 4w, in which there were
electron density peaks above only two adjacent W atoms of the
{W4} core. Each of these peaks were assigned as partially occupied
Y atoms and, on refinement, the sum of the occupancy factors be-
came close to one. This indicates that the core site is a 1:3 mixture
of Y and W, in which the three W atoms are distributed over the
four sites of the “core”, while the Y atom is distributed over four
positions situated above the W core plane (except for 4w, in which
the Y atoms are distributed above only two of the four “core” W
atoms). Refinement was carried out with the sum of the occupan-
cies for the W and Y atoms being restrained to three and one,
respectively (Table S3). None of the W atoms in the rest of POM
showed significant partial occupancy, and accordingly, all were as-
signed full occupancy during the rest of the refinement. For all
structures, it was possible to find positions for some of the cations,
non-coordinated ligands, and solvent water; many were only able
to be assigned with partial occupancy factors. The composition of
solvent voids was performed using the Platon software package,[31]

on the basis of the chemical analyses of all compounds. The final
refinements for 1w, 3w, and 4w were carried out using the OLEX2
solvent mask routine to account for the contribution of the unas-
signed disordered solvent/cations/free ligand.

CCDC 1843359 (for 1w), 1843360 (for 2w), 1843361 (for 3w), and
1843362 (for 4w) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

UV/Visible Diffuse Reflectance Spectroscopy: Room-temperature
UV/Vis diffuse reflectance spectra were collected for a finely ground
sample with a Thermo Scientific-Evolution 220 UV/Visible spectrom-
eter. This instrument was equipped with a 60 mm diameter inte-
grating sphere and computer controlled using Scan software. Dif-
fuse reflectivity was then measured from 300 to 900 nm (4.1–1.4 eV)
with 5 nm steps and a scan speed of 1000 nm/min (45 s), using
Halon powder (from Varian) as the reference (100 % reflectance).

Photoreduction Measurements: Samples were irradiated ex situ
under a Fisher Bioblock labosi UV lamp [λexc = 254 nm (4.9 eV);
Power = 12 W] for different durations, until the reflectivity started
to increase, indicating decomposition. The absorption (α/S) data
were calculated from the reflectivity using the Kubelka–Munk func-
tion: α/S = (1 – R)2/2R, where R is the reflectivity at a given wave-
length, α is the absorption coefficient, and S is the scattering coeffi-
cient. Practically, optical gaps were determined from a Kubelka–
Munk transformed reflectivity spectrum as the intersection point
between the energy axis and the line extrapolated from the linear
portion of the absorption threshold.

Other Measurements: Elemental analyses were performed by the
Microanalytical Unit, Research School of Chemistry, Australian Na-
tional University, Australia. Thermogravimetric analyses were per-
formed with a Mettler Toledo thermal analyzer. Infrared spectra (KBr
disk) were recorded with a Bruker Tensor 27 FTIR spectrometer

https://www.ccdc.cam.ac.uk/structures/search?id=doi:10.1002/ejic.201800598
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/
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