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ABSTRACT: Seven hybrid organic—inorganic bisphosphonate molybdenum(VI) polyoxometalate complexes with the general
formula [(Mo;04),(OsPC(C,H,,NRRR")(0)PO;),]* (m 3; R R, and R” = H or CH;) and [(Mo;04),(O)-
(O,PC(C,,H,,NRRR")(O)PO;),]°" (m = 3 or 4; R, R, and R” = H or CH;) have been synthesized and their structures
solved using single-crystal X-ray diffraction. These compounds are made of a {Mo;,} or a {Mo,} inorganic core functionalized by
various alkylammonium bisphosphonates, with these ligands differing by the length of their alkyl chains and the number of
methyl groups grafted on the N atom. The nature of the counter-cations (Na*, K, Rb*, Cs*, and/or NH,") constituting these
materials has also been modulated. *'P NMR spectroscopic studies in aqueous media have shown that all the dodecanuclear
complexes reported here are stable in solution, whereas for the hexanuclear compounds, a dynamic equilibrium between two
isomers has been evidenced, and the corresponding standard thermodynamic parameters determined for one of them. The
electrochemical properties of six representative compounds of this family have been investigated. It has been found that the
Mo®/Mo®* reduction potential is similar for all the polyoxometalates studied. Besides, it is shown that electrochemical cycling is
an efficient method for the deposition of these compounds on a surface. The photochromic properties of all the complexes
reported herein have been studied in the solid state. Under irradiation in the near ultraviolet (UV), the {Mo,} systems shift from
white to reddish-brown, while the {Mos} compounds develop a purple coloration. The coloration kinetics has been
systematically quantified and the optical band gaps, the salient coloration kinetic parameters and the coloration kinetic half-life
times have been determined. This has evidenced that several of these materials develop very strong and rapid UV-induced color
changes, with remarkable coloration contrasts. Finally, the optical properties of these systems are discussed in light of several
salient parameters as the POM topology, the nature of the grafted bisphosphonate ligand, and the design of the hydrogen-

bonding network at the organic—inorganic interface.

1. INTRODUCTION

Although the first polyoxometalate (POM) compounds with
covalently attached organic groups was isolated at the begin-
ning of the 20th century,' it is only since 1975 that the interest
for the chemistry of hybrid organic—inorganic POMs has
exploded.” It has thus been demonstrated that the presence of
bonded organic ligands at the surface of inorganic polyanions
can allow the elaboration of unique materials or devices, as
demonstrated by the characterization of surfaces patterned
with covalently grafted POMs,® polymers with controlled
topologies,* or extended frameworks based on POM building
units.> Concomitantly to the characterization of such composite
systems, it has been shown that hybrid POMs can exhibit very
interesting properties. Especially, catalytic activities® or bio-
logical properties such as tumor cell killing’ have been evi-
denced for various organic—inorganic POMs. Focusing now on
the optical properties of hybrid POMs, until recently, only
the behavior of ionic systems associating cationic organic
molecules and inorganic polyanions have been significantly
studied.® The nonlinear optical activity of salts combinin

stilbazolium cations and POMs has thus been evidenced.

Besides, the photochromic properties of compounds made of
polyanions (mainly polyoxomolybdates) and organic cations
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(mainly organoammonium cations (OACs)) have been studied."
Such materials can develop very strong ultraviolet (UV)-induced
color changes, with remarkable coloration contrast. They may
be viewed as efficient devices with potential applications such
as smart painting, cosmetic, optical power-limiting switches, or
UV sensors. Especially, in these fields, challenging develop-
ments necessitate the elaboration of new devices that can be
miniaturized at will."! With this aim, new photochromic hybrid
organic—inorganic POM materials, obtained following a
bottom-up approach, constitute an attractive answer. In addi-
tion, such materials present several advantages for the design of
new photochromic devices, such as low density, transparency,
and processability. Interestingly, it has been shown that their
photochromic properties (photogenerated hue, coloration, and
fading speeds) are highly tunable, and are strongly dependent
on the nature of both the organic and inorganic compo-
nents.'”” Indeed, POM materials with efficient photochromic
behavior are obtained only when the OACs possess at least one
N*—H group in hydrogen bonding interaction with the POM
unit. In order to rationalize these observations, mechanisms
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associating a cation—anion intermolecular proton transfer and
an O*” - Mo®" intramolecular charge transfer have been pro-
posed.loa’b However, this involves inorganic POM units that are
not intrinsically photochromic, with the consequence that a
given molecular material which contains suitable POMs and
OACs may not develop a photochromic response, because of
the lack of direct hydrogen-bonding interactions between both
the organic and inorganic components. Another fatal con-
sequence is that such ionic hybrid POM materials can loose
their photochromic properties after, for example, their dis-
solution in polar solvent, or their incorporation in a given
matrix (metal-organic framework, zeolite, ...).

Bisphosphonate ligands are known to be efficient for the
structuration of POMs.'> Very recently, we have shown that
related hybrid POM systems possessing intrinsic photochromic
properties can be prepared."® The synthetic strategy consists of
grafting directly on the inorganic core of POM bisphosphonate
ligands that possess an alkylammonium group. It was thus
shown that the dodecanuclear complex Na,(N(C,H,),)-
[(Mo;04),(0;PC(C,H,NH,)(0)PO,),]-43H,0, which con-
tains four R—NH;"* arms in interaction with the {Mo,,} core
and does not possess any countercation able to transfer a pro-
ton to the inorganic moiety, can shift from white to reddish-
brown (t;,, = 8 min) under 365-nm UV irradiation (12 W),
and this in the solid state. However, although the chemical
and photochemical characterization of Na,(N(C,Hy),)-
[(Mo,05),(0,PC(C,HNH,)(0)PO,),]-43H,0 allowed vali-
dating the adopted approach, it appears obvious that it must be
possible to isolate related materials with better photoresponses.
This must be reachable either by playing on the nature of the
organic arm attached to the POM core or by modulating the
topology of the molybdenum cluster. Besides, and importantly,
the enlargement of this new class of material could also allow a
better understanding of the parameters (topology of the POM
cluster, number and strength of the hydrogen bonds, nature of
the O atom involved in the H---O interaction, ...) governing the
optical properties of hybrid photochromic POM compounds.

Here, we report on the characterization of seven hybrid bis-
phosphonate molybdenum(VI) POM complexes. These com-
pounds are made of various alkylammonium bisphosphonate
ligands (see Scheme 1) grafted on either a {Moy,} or a {Mog}

Scheme 1. Representation of the Bisphosphonate Ligands
(Protonated Form) Used in This Study

.
H,O4P, NH3™ H,04P, NHS*
HOM HO
PO3H, PO;H;
Ale 1C-Ale
| +
H20P. NHz"™ oqp NH\
HO HO
PO3H, PO3H,

Ale-1C Ale-2C

fragment (see Figure 1). The optical properties of all these
systems in their ground state and under UV irradiation are
reported. Their photochromic properties have been inves-
tigated using diffuse reflectance spectroscopy, and the kinetics
of coloration are discussed in light of their structural
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characteristics. The electrochemical properties of selected
compounds have been studied. Finally, nuclear magnetic reso-
nance (NMR) studies have been performed in order to deter-
mine the stability of these materials in solution, which is a very
important feature for further use of these systems (deposition
on surfaces, insertion in matrices).

2. RESULTS AND DISCUSSION

2.1. Synthesis and Structural Description of the
Compounds. All the crystallographic data of the seven re-
ported compounds are gathered in Table 1, and their struc-
tures are represented in Figure 1. They all contain a Mo(VI)
dodecanuclear (noted {Mo,,}) or hexanuclear (noted {Mog})
core with grafted functionalized bisphosphonate ligands
(see Scheme 1). The {Mo;,} compounds are synthesized in
moderate yield (12—30%) and the {Mog} ones in good yield
(40—56%). These systems have been obtained either at room
temperature or under hydrothermal conditions (130 °C). The
nature of the Mo precursor plays an important role on the
nuclearity of the POM cluster. Obviously, the {Mo;,} systems
can be obtained only in the presence of Na cations, thus
starting from Na,MoO,2H,0, while (NH,)¢Mo,0,,4H,0 is
used as the Mo source for the synthesis of the {Mog} species.
However, the role of the pH is also crucial. Indeed, the {Mo,,}
family is obtained at pH 3, while the {Mog} compounds are
synthesized at pH 4.7, a pH at which it has not be possible to
obtain {Mo;,} systems, even in the presence of alkaline ions.

The topology of the {Mo,} unit in Mo;,—Ale—1C and
Mo, ,—Ale—2C is similar to that found recently in the com-
pound Na,Rby[(Mo;04),(0;PC(R)(0)PO;),]-43H,0 (R =
C;H/NH,) (Mo,,—Ale).” In these materials, the {Mo,,} block
is built upon the assembly of four equivalent trimeric subunits
around a central Na atom, which acts as an assembling group
(Figure 1a), explaining the crucial role of this alkaline ion in the
synthetic process. Each trimeric unit is composed of a {Mo,0,}
dimer, formed by two faced-shared {MoOg} octahedra, corner-
shared connected with a third monomeric {MoOg} octahedron.
A bisphosphonate ligand is covalently grafted into each trimeric
subunit and links the three Mo®* cations. The {Mo,,} cores
only differ by the number of methyl substituents on the amino
group, which is 0 in Mo;,—Ale, 1 in Mo;,—Ale—1C and
2 in Mo;,—Ale—2C (Scheme 1 and Figure la). This drasti-
cally impacts the hydrogen-bonding network established
between the ammonium functions and the {Mo;,} cores.
Importantly, while Mo;,—Ale develops intramolecular and
intermolecular hydrogen bonds, Mo,,—Ale—1C develops only
intramolecular hydrogen bonds and in Mo;,—Ale—2C, only
intermolecular hydrogen bounds are found (see Table SII in
the Supporting Information). This highlights that small vari-
ations of the organic part of the hybrid POM can have drastic
influences on the hydrogen-bonding network.

Mog—Ale, Mos—Ale—1C,, Mos—Ale—1C,, Mos—Ale—2C,
and Mog—1C—Ale are all made of the {Mog} complex, which
has the general formula [(Mo;04),(0)(O,PC(R)(O)PO;),]%".
This block is built upon two corner-shared trimeric units,
similar to those found in the {Mo;,} clusters described above.
However, the {Mo6} core presents two conformations in the
solid state (hereafter labeled A and B conformations). The A
conformation (Figure 1b), which has been previously observed
by Sergienko et al,'* has the approximate C,;, symmetry. The
six Mo®* cations are localized in the same plane, and the oxygen
atom common to the two trimeric units is positioned on a
pseudo-inversion center. At the opposite, the B conformation
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Figure 1. Representation of (a) the {Mo,}-based polyanions Mo ,—Ale, Mo,,—Ale—1C, and Mo,,—Ale—2C; (b) the {Mog}-based (A conformers)
polyanions Mos—Ale, Mog—Ale—2C, and Mog—1C—Ale; (c) the {Mog}-based (B conformers) polyanions Mog—Ale—1C, and Mos—Ale—1C,. The
H atoms are omitted for clarity. The intramolecular and intermolecular hydrogen bonds between the {—NH;_,Me,}"* head of the bisphosphonate
ligands and the O atoms of the inorganic core are represented as dotted lines. Only the N atom of the POMs involved in the intermolecular
hydrogen bonds are represented. The {MoOg} octahedra involved in hydrogen-bonding interaction are depicted in orange color.

(Figure 1c) has the approximate C; symmetry, and the two
trimeric units are twisted in two perpendicular planes. The A
conformation is observed in Mogs—Ale, Mos—Ale—2C, and
Mos—1C—Ale (Figure 1b), while Mog—Ale—1C, and Mos—
Ale—1C, contain the B conformation (Figure 1c). This
configuration has also been recently evidenced by Wang
et al."® The existence of the A and B {Mog} conformers can be
justified considering that the two trimeric units constituting
these species can easily rotate around their common O atom.
Obviously, such phenomenon cannot be observed for the
{Mo,,} species. It has not been possible to clearly discriminate
the parameters favoring the crystallization of a given {Mog}
conformer. Moreover, NMR solution studies indicate that the A
and B species are close in energy (see below). Let us notice that
Mog—Ale—1C, and Mogs—Ale—1C,, are diverging only by the
nature of the counterions (rubidium and ammonium for Mog—
Ale—1C, and cesium, potassium, and ammonium for Mogs—
Ale—1Cy). In Mog—1C—Ale, the bisphosphonate ligand con-
tains an additional {CH,} group in the alkyl chain, compared to
the alendronate ligand (see Scheme 1). Finally, as in the case of

the {Mo,,} systems, the variation of the nature of the bis-
phosphonate ligand has allowed modulation of the hydrogen-
bonding network involving the alkylammonium groups and the
inorganic core (see Table SII in the Supporting Information),
and then potentially their photochromic properties (see
below).

2.2. 3P NMR Spectroscopic Characterization. The
phosphorus NMR spectrum in water of Mo;,—Ale—1C pre-
sents a doublet of doublet located at 24.71 and 19.68 ppm (] =
40.6 Hz), within the range of the molybdenum bisphospho-
nates previously reported'” and in agreement with the
asymmetric coordination mode of the alendronate ligand
adopted in the {Moy,} core.”> A similar 3'P NMR signature
is observed for Mo,—Ale—2C, thus showing that the {Mo,}
complex is stable in solution. In contrast, the *'P NMR spec-
trum of Mogs—Ale presents two singlets at 21.63 and 21.36 ppm,
with relative intensities of 1.8:0.2 at room temperature.
Considering that, in the A conformer observed in Mog—Ale,
the four P atoms are in analogous environments, the two sing-
lets observed in the NMR spectrum are consistent with the
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presence of two species in solution. Besides, the absence of
*J couplings indicates that, for both species, the P atoms within
a ligand are equivalent. We can also note that no resonance
can be attributed to free bisphosphonate ligands. A similar
behavior is observed for all four of the other reported {Moy}
compounds.

The presence of two species each characterized by a singlet
with very close chemical shifts could be explained, considering
that after dissolution of a {Mos} compound with a given con-
formation in the solid state, an equilibrium between the two A
and B conformers (see Figures 1b and 1c) occurs in solution.
Such equilibrium is made possible due to the easy rotation
around the central O atom (see above). Unfortunately, at
this stage, it is not possible to unambiguously attribute the
NMR peaks, because no clear correlation between the solid-
state structures of the {Mo} core containing materials and the
relative intensity and chemical shifts of the two peaks can be
established. However, in order to investigate the equilibrium
involving the A and B isomers, the *'P NMR spectrum in D,0
of Mog—Ale—1C, were recorded at different temperatures
in the 275—-350 K range. Selected spectra are represented
in Figure 2. The two resonances are relatively sharp at low

275K

300 K

310K

e

f

345K

22 21 20

8/ ppm

23

Figure 2. Variable-temperature 300 MHz *'P NMR spectra of complex
Mog—Ale—1C,.

temperature and broaden when the temperature increases,
indicating that, as expected, dynamic exchange between the
A and B conformers become faster under heating. It appears
also that when the temperature increases, the intensity of the
main peak decreases. From the integrated signal of the two con-
formers, the following standard thermodynamic parameters are
derived: IARH?l = 22.9 k] mol™ and IAxS’l = 60.8 ] K™! mol™*
(see Figure SI1 in the Supporting Information). Finally, the
spectrum of a sample heated at 350 K and cooled to room
temperature was recorded at 295 K. This one is strictly identical
to the spectrum recorded at the same temperature on a freshly
dissolved compound, indicating that (i) the equilibrium is
reached just after the dissolution of Mog—Ale—1C,, even at
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room temperature, and (ii) the {Mos} complex is stable over
the entire temperature range considered in this study.

2.3. Electrochemical Studies. This section summarizes
the electrochemical behavior of six representative compounds,
namely Mos—Ale, Mo,,—Ale, Mos—Ale—1C, Mo,,—Ale—1C,
Mog—Ale—2C, and Mo;,—Ale—2C. A direct comparison will
be done between complexes containing the same organic group
(Ale, Ale—1C, or Ale—2C) but different POM blocks ({Moy}
or {Moy,} cores). This will then be used to highlight the
potential influence of the POM topology and the nature of the
{-R—NH;_,Me,}* group on the electrochemical behavior.

The first comparison is between Mog—Ale and Mo, ,—Ale.
Figure 3 presents sets of 10 successive CVs of Mog—Ale and

204 A

2.0+

1/ pA

4.0+

04
E/Vvs. SCE

1.0

0.0

11 pA

4.04

04
EfV vs. SCE

Figure 3. Cyclic voltammograms of Mog—Ale (A) and Mo,,—Ale (B)
in 0.5 M Li,SO, + H,SO,, pH 3. Working electrode, glassy carbon;
reference electrode, SCE; scan rate, 50 mV s'; polyoxometalate
concentration, 0.2 mM. Voltage cycling (10 successive scans) is done
between +0.2 V and —0.95 V.

Mo ,—Ale recorded under the same conditions (see the cap-
tion for Figure 3). After a short period of equilibration (first CV
to third CV), the reduction current (I,) grows rapidly and
linearly over successive scans for Mog—Ale, while for Mo;,—
Ale, I,. remains almost constant (see Figure SI2A in the
Supporting Information). If we continue the voltage cycling by
performing successive sets of 10 CVs (see Figure SI3 in the
Supporting Information), we observe that I, stops increasing
after the fourth set for Mog—Ale, but for Mo;,—Ale, the
increase continues until the 10th set. Although, over successive
scans, the evolution of the CV pattern looks quite different,
the overall behavior is quite similar for both compounds. For
Mo ,—Ale, the reduction potential value remains constant
(EpC ~ —0.65 V vs SCE, see Table 2) during the 10 X 10 cycles

dx.doi.org/10.1021/ic202299d | Inorg. Chem. 2012, 51, 2291-2302
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Table 2. Reduction Potentials of Compounds Mog—Ale, Mo,,—Ale, Mos—Ale-1C, Mo,,—Ale-1C, Mos—Ale-2C, and

Mo,,—Ale-2C
compound Mog—Ale Mo ,—Ale Mog—Ale—1C Mo,,—Ale—1C Mog—Ale—2C Mo,,—Ale—2C
E,. (V vs SCE) —0.65 —0.65 —0.61 —-0.57, —0.81 —0.65 —0.65

while I,. grows continuously (see Figure SI2B in the
Supporting Information). These observations suggest that
there is a slow and gradual formation of a deposit on the
working electrode surface. In contrast, for Mog—Ale, while I,
grows rapidly and reaches saturation very quickly, a slight
decrease of the reduction potential value is observed (from
—0.65 V to —0.75 V vs SCE). This phenomenon is commonly
observed when the film that forms on the working electrode
surface becomes thicker and thicker. Under these conditions,
the least-negative value observed for E,,. will be the one closest
to its real value. Therefore, cycling seems to be an easy and
efficient method for the deposition of these compounds on the
working electrode surface, without decomposition of the start-
ing materials. A scanning electron microscopy (SEM) image of
the Mos—Ale functionalized electrode (see Figure SI4 in the
Supporting Information) together with energy-dispersive X-ray
(EDX) analysis, which confirm the presence of elemental Mo
and P, reveal the homogeneity of the deposited film. Besides,
cycling also has the advantage of increasing the electrochemical
signal (the reduction current in this case), making comparisons
easier.

Mog—Ale—1C shows a behavior (see Figure SIS in the
Supporting Information) identical to that of Mog—Ale, ie.,
rapid growth of I, and slight shift of E,,. in the direction of negative
potentials (see Figure SI3A in the Supporting Information). In
contrast, Mo;,—Ale—1C shows a singular behavior. In the CV
of this compound (see Figure 4), two reduction waves appear

2.04

0.04
<
R
N

2.0

4.0 -0.81V —— Mo, -Ale-1c

T T L}
0.8 04 0.0 04

E/Vvs.SCE

Figure 4. Cyclic voltammograms of Mo,,—Ale—1C in 0.5 M Li,SO, +
H,SO,, pH 3. Working electrode, glassy carbon; reference electrode,
SCE; scan rate, 50 mV s ; polyoxometalate concentration, 0.2 mM.
Voltage cycling (10 successive scans) is done between +0.2 V and
—0.95 V.

distinctly at —0.57 V and —0.81 V vs SCE. In addition,
contrary to what we observed with all other compounds, the
reduction current (IPC) remains perfectly constant during
successive scans. We conclude that the film formed on the
working electrode surface quickly stabilizes and does not
grow indefinitely. Focusing now on the Mos—Ale—2C
and Mo;,—Ale—2C, the electrochemical behavior of both
these compounds seems identical in all respects. Reduction
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potentials determined as defined above have exactly the
same value for both compounds (E,. = —0.65 V vs SCE) and
the reduction current I, grows similarly (see Figure SI6 in
the Supporting Information).

In summary, the electrochemical behavior of these com-
pounds depends on the grafted bisphosphonate ligand (Ale,
Ale—1C, or Ale—2C), and can be very different for the {Mog}
or {Mo,,} species as observed for Mog—Ale—1C and Mo,,—
Ale—1C, or identical as seen with Mos,—Ale—2C and Mo,,—
Ale—2C. In all cases, the reduction potential values are very
similar (—0.65 V), only Mo;,—Ale—1C stands out with a
somewhat less-negative reduction potential (—0.57 V).

2.4. Optical Properties. All the powdered materials show a
white coloration in their ground state. The optical band gap
is ~375 nm (3.31 eV) for the {Moy,} containing materials and
is shifted at higher energy at ~360 nm (3.45 eV) for com-
pounds which contain the {Mog} unit (see Table 3). Under 12
W UV excitation at 365 nm (3.4 eV), the materials show strong
photochromic responses with high coloration contrasts, and, as
expected,'® the photoinduced color varies with the nature of
the POM. The color of Mo,,—Ale, Mo,,—Ale—1C, and Mo,—
Ale—2C gradually shifts from white to reddish-brown with
irradiation time, and, as illustrated in Figure Sa, the color
change in Mo;,—Ale—1C is associated with the growth of a
broad absorption band peaking at A,,,, = 464 nm (2.67 V), and
a second very less-intense absorption band rises up at ~750 nm
(1.65 eV). Let us notice that the optical band gap of Mo,,—Ale,
Mo, ,—Ale—1C, and Mo,—Ale—2C, as well as their photo-
induced color, perfectly match with those recently reported for
the dodecanuclear Nagx(N(C,H;),H,),[(Mo;05),(O5PC-
(C3HgNH;)(0)PO;),]-25H,0 and Na,(N(C,Hy),)-
[(Mo;04),(0;PC(C;HNH,)(0)PO;),]-43H,0 POMs."?
Under similar 365 nm UV excitation, Mog—Ale, Mos—Ale—
1C,, Mogz—Ale—1C,, Mos—Ale—2C, and Mos—1C—Ale
develop a purple coloration, which becomes darker and darker
up when the irradiation time is increased (Figure Sb). By com-
parison with the results described above, the purple color of
the {Mog}-containing materials is due to a red shift of the
photogenerated absorption band, which is located at A, =
508 nm (2.44 eV). Let us notice that the optical band gap,
as well as the photoinduced purple color, is similar for the
materials that contain the {Mos} block with A or B
conformation.

According to the photochromism mechanism of such hybrid
materials, the UV excitation transfers an electron from an O
atom of the POM block to the adjacent Mo®* site."’ This
electron/hole pair segregation is coupled with the transfer of a
labile hydrogen atom of the ammonium group onto an adjacent
{MoOg} octahedron. The H atom moves along the hydrogen
bond and acts as a bolt, which traps the electron on the Mo
center by creating a {Mo**(OH)Os} site. The coloration is
then due to the photoreduction of Mo®" (4d°) to Mo*" (4d")
cations and occurs via d—d transitions if the electron injected in
the conduction band is trapped onto a specific Mo center, or
Mo®"/Mo®" intervalence transfers if it can be delocalized onto
several adjacent {MoOg} octahedra. At this stage, the direct
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Table 3. Optical Characteristics and Coloration Kinetic Parameters of the Compounds Reported Therein

Mo,;,—Ale Mo,;,—Ale-1C Mo,;,—Ale-2C Mog—Ale

E, (eV)* 331 3.32 331 3.45
Ae (nm)? 464 464 464 508
Ri(0)° 0.888 0.843 0.831 0.892
a? 0.842 0.766 0.613 0.799

b 0.122 0.184 0.019 0.348

R*¢ 0.999 0.996 0.999 0.997
t1, (min) 8.20 544 51.81 2.87

Mog—Ale—1C, Mog—Ale—1C, Mog—Ale—2C Mos—1C—Ale
3.44 3.46 343 345
508 508 508 508
0916 0.954 0.908 0.931
0.704 0.837 0.774 0.787
0.032 0.209 0.078 0.175
0.999 0.993 0.999 0.995
31.25 4.78 12.82 5.71

“Optical band gap (eV). bPhotoinduced absorption band wavelength. “Reflectivity value before UV excitation (t = 0) at irradiation i = 464 nm for
the {Mo,,} compounds and i = 508 nm for the {Mo4} compounds. 9Salient coloration kinetic parameters. “Regression coefficient for the R(t) vs ¢

plots. JColoration kinetic halflife time (min).
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Figure S. Kubelka—Munk transformed reflectivity of (a) Mo,,—Ale—
1C and (b) Mog—Ale measured in the 300—900 nm after 0, 1, 2, 4, 6,
8, 10, 12.5, 20, 30, 40, 60, 90, and 130 min of 365 nm UV irradiation.
Color of Mo,;,—Ale—1C and Mogz—Ale after 0, 2, 5, 10, 20, 40, and
60 min UV irradiation at 365 nm.

correlation between the topology of the {Mos} and {Mo;,}
units and the position in energy of their photogenerated
absorption bands involve precisely identifying the localization
of the Mo®" centers, which, unfortunately, is a hard task to
achieve, because d—d transitions and intervalence transfers can
not be easily discriminated. However, in an empirical way, we
have observed that, in photochromic hybrid POM systems, the
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absorption bands in the excited state are generally red-shifted as
the corner-shared connection between the {MoQOg} octahedra
increases, which should favor the electronic delocalization via
intervalence transfers. This often arises when increasing the size
as well as the dimensionality of the POM.'®* Both the {Mo,,}
and {Moy} complexes are built upon the same {Mo,} subunit,
but in the {Mo,,} core, the four {Mo;} blocks are connected
together via P—-O—Mo bonds and not via direct Mo—O—Mo
bonds. So, at first sight, the electrons could be only localized
inside the {Mo,} entities and the absorption band is located
at 464 nm. On the other hand, the two {Mo;} subunits of
the {Mog} core are directly connected via corner sharing, that
extends the connection between the {MoO} octahedra, and
the {Mog} complexes develop a red-shifted absorption band
peaking at 508 nm.

Concomitant to the reduction of the POM unit, the hole is
transferred on the N atom of the organic component, which
creates a spatial segregation of the electron on the mineral
part and the hole on the organic one. This banishes the fast
electron/hole recombination in the POM and allows one to
maintain the coloration when the UV irradiation is switched off.
The excited state—and, therefore, the coloration—is stable
under ambient conditions for a certain time, depending on
the UV irradiation duration, and then the back oxidation of the
photoreduced Mo®" cations by O, induces the bleaching of the
materials (typically, for an irradiation duration of 25 min, which
corresponds to ~90% of the photoreduced Mo’ cations (see
the Supporting Information), the purple color of Mog—Ale
totally disappears after 10 h). The bleaching process of all the
studied materials is strongly accelerated by keeping the samples
under moderate heating at 40 °C (in this condition, the purple
coloration of Mogs—Ale disappears after a few minutes). To
date, ~20 coloration/fading cycles under ambient conditions,
as well as at 40 °C, can be performed without detecting any
fatigue resistance with the naked eye.

The coloration kinetics, under ambient conditions, of the
seven compounds reported here, together with that of Mo,,—
Ale, has been systematically quantified by analyzing the evolu-
tion of the diffuse reflectivity spectra as a function of the UV
irradiation time. As we recently demonstrated,'®>>'* in photo-
chromic hybrid POM materials, the decrease of R(t) (i.e., the
reflectivity at the maximum wavelength of the absorption) with
the irradiation time is correlated to the decrease of the concen-
tration of reducible Mo®" cations, which occurs according to a
pseudo-second-order kinetic law (see the Supporting Informa-
tion for the detailed coloration kinetic model). The R(t) vs ¢t
curve, relative to the seven materials, can be perfectly fitted as
R=(t) = a/(bt + 1) + R(c0) (see Figure SI7 in the
Supporting Information). R(co) is the reflectivity value at the
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end of the photochromic process, that is, at ¢ = co. The a

parameter is defined as
a = R'mx(0) — R*mx(c0)

i.e,, the difference between the reflectivity values just before UV
illumination (¢ = 0) and at t = co. The b parameter is defined as

b = kC X C6+,r(0)

where k. is the coloration rate constant, and Cg, ,(0) is the
initial concentration of photoreducible Mo®" centers per unit
volume. In a series of materials built upon the same POM unit
(then which develop the same photogenerated absorption
bands), the relative coloration rate constants k;/k; of two
materials i and j can be extracted from the ratio of the slopes
of the linear [R™(t) — R(00)]™! vs t plots, to compare their
coloration speeds (see Table SI3 in the Supporting Information).
Table 3 summarizes the kinetic parameters related to the color
change of the reported materials.

The coloration kinetics studies of the {Mo,,} and the {Mog}
series are discussed separately below. In a first part, the
coloration kinetics of Mo;,—Ale has been compared to that of
Nag(N(C,H;),H,),[(Mo305)4(05PC(C3HGNH;) (O)-
PO,),]-25H,0," which contains the same {Mo,,} core with
very similar hydrogen-bonding interactions between the
{NH,'} groups of the alendronate ligands and the {MoOg4}
octahedra. The linear [R**(t) — R**(c0)]™" vs t plots are dis-
played in Figure 6a (details of the kinetics parameters related to
Nag(N(C,H;s),H,),[(Mo305)4(05PC(C3H¢NH;) (O)-
PO;),]-25H,0 are given in the Supporting Information).
As expected, both materials show a quite similar coloration
speed, with a relative coloration rate constant of 1.01, and a ¢/,
value of ~8.2 min. This clearly confirms our assumption that,
for materials that contain the same [(Mo;04),(O5PC(R)(O)-
PO,),]® anion with a quasi-similar hydrogen bonding network,
the intrinsic photochromic process is not influenced by the
packing with the other countercations. In a second part, the
coloration kinetics of Mo,,—Ale—1C and Mo,—Ale—2C
have been compared to that of Mo;,—Ale (Figure 6b). The
relative coloration rate constants are 1.68 and 0.21 for Mo,—
Ale—1C and Mo ,—Ale—2C, respectively. Hence, the coloration
speed varies with the nature of the {Mo,,} block, and it increases
in the order Mo,,—Ale—2C <« Mo,;,—Ale < Mo,,—Ale—1C,
with ¢, values of 51.81, 8.20, and 5.44 min, respectively.

Figure 6c displays a comparison between the [R*(t) —
R®(c0)]™" vs t plots for compounds Mog—Ale, Mos—Ale—
1C,, Mog—Ale—1C;, Mog—Ale—2C, and Mosz—1C—Ale. In
this series, the coloration speed increases in the order Mog—
Ale—1C, < Mog—Ale—2C <« Moys—1C—Ale ~ Mog—Ale—
1C, < Mog—Ale with t,, of 31.25, 12.82, 5.71, 4.78, and 2.87
min, respectively. These kinetics studies highlight the fact that
the photochromic properties of polyanions functionalized by
bisphosphonate ligands are highly tunable, and a wide range of
coloration speed is accessible notably by modifying the design
of the grafted alendronate ligands. Among seven materials,
Mog—Ale has the fastest coloration speed, and, to date, this
material is one of the most-efficient reported photochromic
hybrid POMs. Three major parameters which should influence
the coloration speeds of the studied materials are listed below:

(1) The redox properties of the POM. According to the
photochromism mechanism described above, the UV
excitation induces O*~ — Mo®" intramolecular charge
transfer and the photoreduction of Mo®" cations into
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Figure 6. (a) Linear [R***(£) — R**(c0)]™ vs ¢ plots for (O) Mo,,—
Ale and (M) Nag(N(C,Hs),H,),[(Mo;05),(O3PC(C5HNH;)(O)-
PO,),]-25H,0. (b) Linear [R**(t) — R**(c0)]™" vs ¢t plots for (OJ)
Mo,,—Ale, (O) Mo,,—Ale—1C, and (A) Mo,,—Ale—2C. (c) Linear
[R%8(t) — R%%(c0)]™" vs ¢ plots for ((0) Mog—Ale, (O) Mog—Ale—
1C,, () Mog—Ale—1C,, (A) Mog—Ale—2C, and (V) Mo
—1C—Ale.

Mo®* ones. Therefore, the coloration speed should be
dependent on the redox properties of the {Mo;,} and
{Mog} units, considering that the easier the reduction of
the POM, the faster the coloration speed.

The nature of the functionalized alendronate ligands. As the
photochromism mechanism induces the displacement
of a H atom from the OAC onto the POM unit, the
coloration kinetics is strongly correlated to the strength
of the N*—H bonds, considering that, at first sight,
the lower the energy of the N'—H bond, the faster
the coloration speed.'® In the reported compounds,
the variations on the bisphosphonate ligands grafted on
the {Mo,} or {Mo,} cores (alkyl side-chain length,
methylation degree of the amino group) should affect the
strength of the N*—H bonds.

The number and the positioning of the hydrogen bonds
directly established between both the organic and inorganic
components. The design of the hydrogen-bonding net-
work at the organic—inorganic interface—i.e., the surface

©)
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where the alkylammonium head of the bisphosphonate
organic ligand and the inorganic core interact—is un-
ambiguously another major parameter to take into ac-
count to compare the coloration kinetics of the consid-
ered compounds.

The identification of the influence of a given parameter,
independent of the others, on the coloration speed of the seven
materials is a hard task to achieve. However, several pertinent
trends can be extracted from the coloration kinetics studies of
the {Mo;,} and {Mog} series.

First, we can mention that this study confirms that the
number and the nature of the hydrogen bonds characterizing
each material strongly impact the coloration speeds. Mog—Ale
and Mo,,—Ale—1C—the best-performing materials of the
{Mog} and {Mo,} series—possess a great number of hydrogen
bonds in the range of 2.8—3.2 A (1.75 and 2 per {Mo,} subunit,
respectively), and the N—H--O interactions involve several
{MoOg} octahedra (3 for Mog—Ale and 8 for Mo,,—Ale—1C)
(see Figure 1 and Table SI1 in the Supporting Information). By
comparison, the number of hydrogen bonds per {Mos} subunit
is 1 and 0.5 for Mo,,—Ale—2C and Mog—Ale—2C, respectively
(ie, the least-performing photochromic materials of the two
series), and their number of potential reducible Mo® sites is
low. For materials with the same number of N—H:--O
interactions, their positioning toward the POM plays also a
key role, because it is well-illustrated by comparing the photo-
chromic properties of the closely related compounds Mog—
Ale—1C, and Mog—Ale—1C,,. Both materials are made of the
same [(Mo;05),0(03PC(C;H¢NH,(CH;))(0)PO;),]°" poly-
anion, but their structures differ by the nature of the associated
counter-cations and the number of crystallized water molecules.
The different packings induce drastic changes in the hydrogen-
bonding networks (Figure 1c). Mog—Ale—1C, presents two
short intramolecular hydrogen bonds involving the monomeric
{MoOg} octahedra (dy..o = 2.790 A), while Mos—Ale—1C,
exhibits one short intramolecular hydrogen bond with the
{MoOg¢} monomer (dy.o = 2.802 A) and one longer inter-
molecular N—H---O interaction with the {Mo,0,} dimer (dy..q =
2.894 A) (see Figure 1c). This drastically impacts their photo-
chromic performances. Indeed, Mog—Ale—1C,, has a much
higher coloration speed, compared to Mos—Ale—1C,, with a
relative coloration rate constant ky,ate—1c,/kMocate—1ca Of
~ 5.5, even if Mog—Ale—1Cy, contains longer N—H---O inter-
actions. In first approximation, this should be explained consid-
ering that, in the {Mo;} subunit, the photochromism
mechanism is more effective when it involves the {Mo,O,}
dimer rather than the {MoO4} monomer (i.e., the {Mo,Oy}
dimer should be more easily reducible than the monomeric
{MoOg} octahedra). In the same way, Mos—1C—Ale and
Mog—Ale—1Cy, have similar photochromic responses (kygo1c—ate/
kytorate—1co = 0.98, Supporting Information Table SI3), be-
cause, similarly as Mog-Ale-1Cy,, Mog-1C-Ale possesses one
intermolecular hydrogen bond involving the same O atom of
the {Mo,0,} dimer with a comparable N---O distance (dy..q =
2.924 A). Finally, similar reasoning allows an explanation
of why Mo;,—Ale—2C has the slowest coloration speed of
the {Mo,,} series, because it possesses one hydrogen bond
per {Mo;} subunit involving only the monomeric {MoOg}
octahedron (dy.o = 2.848 A) (Figure la). However, the
electrochemistry studies presented here indicate that the sole
consideration of Mo®"/Mo®* redox potential is not sufficient for
discriminating the reducibility of both the {MoO4} monomer
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and the {Mo,0,} dimer, and for explaining the relative kinetics
of these two compounds. Second, concerning the nature of the
inorganic core, it is observed that, for materials that contain the
same grafted bisphosphonate ligand, the coloration speed is
faster for {Mog} species than for {Mo,} ones, except for Mog—
Ale—1C,. However, the electrochemical studies reported here
show that the {Mo;,} and {Mog} series have quasi-similar
redox properties, confirming that a direct correlation between
the coloration kinetics and the redox potential of a material is
unlikely. Third, among the seven reported materials, Mo ,—Ale
and Mo;,—Ale—1C have the same {Mo;,} core and a
comparable number of N—H:--O interactions (see Figure la
and Table SI1 in the Supporting Information). This can allow
correlating the coloration speed with the nature of the grafted
bisphosphonate ligand. In both materials, the N atoms of the
ammonium heads preferentially develop quasi-similar intra-
molecular hydrogen bonds with the {Mo,0,} dimer (only an
additional intermolecular hydrogen bond involving one {Mo,}
subunit is observed in Mo;,—Ale). Consequently, as Mo,—
Ale—1C shows a coloration speed faster than Mo,,—Ale (the
relative coloration rate constant Ky, _ate—10/Kno ,-ate i ~1.7
(see Table SI3 in the Supporting Information), it should be
reasonably assumed that the {—NH,Me}" groups in Mo,,—
Ale—1C have a beneficial effect on the coloration speed of the
material. Unfortunately, Mo,,—Ale—2C cannot be compared to
the other members of the {Mo,} series, because the hydrogen-
bonding network strongly differs in this material, with the
{—NHMe,}"* groups developing only intermolecular hydrogen
bonds with the monomeric {MoQOg} octahedra (see Table SI1
in the Supporting Information). Similarly, such a direct corre-
lation cannot be established in the {Mog} series. Finally, we can
also notice that the great number of crystallized water mole-
cules competing with the O atoms of the POM units for the
formation of hydrogen bonds probably accounts for the
difficulty to establish unambiguous optical properties/structure
correlations.

To summarize, simple spider charts are useful to easily
display, at a qualitative level, the performances of the photo-
chromic responses of the seven reported materials and Mo,,—
Ale, as a function of the pertinent parameters discussed above
(see Table SI1 and Figure SI8 in the Supporting Information).
Because the influence of the degree of methylation of the
ammonium group of the functionalized alendronate ligands on
the coloration speeds has not been clearly evidenced, this
parameter has not been considered as a variable in the
diagrams. Nevertheless, we can highlight that Mos—Ale, which
combines a {Mog} core and a great number of hydrogen bonds
involving mainly the alendronate ligand and the {Mo,0,}
dimer, represents a highly efficient photochromic material con-
sidering the previously reported photochromic POM systems.

3. CONCLUSION

We have then shown here that it is possible to develop
an entire family of intrinsic photochromic polyoxomolybdate
materials. The optical properties of such systems can be
strongly modulated by playing either on the organic part or the
inorganic core constituting these species. While the number of
parameters influencing the optical performances of these
materials (the number and nature of the intermolecular or
intramolecular hydrogen bonds, electrochemical characteristics)
makes it difficult to clearly correlate the observed photochromic
response of a given material with its topology, this work
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highlights that very efficient systems can be obtained using the
synthetic strategy developed here, as evidenced in particular by
the optical properties of the Mog—Ale compound. Besides,
electrochemical studies have shown that it is possible to easily
deposit these compounds on a surface. The characterization
and the optical study of films deposited on indium tin oxide
(ITO) electrodes will be performed. The covalent connection
of photoactive organic molecules via the N atom of the bis-
phosphonate ligand to such hybrid POMs is also under study.

B EXPERIMENTAL SECTION

The complex Na,Rby[(Mo;05),(0;PC(C,H,NH,)(0)PO;),]-43H,0
(Moy,—Ale),” the alendronic acid [H,0,PC(C3H¢NH,)(OH)PO,H, ]
(Ale),'™ the ligand [H,05PC(C,HNH(CH;))(OH)PO;H,] (Ale—
1C),"" the ligand [H,0;PC(C;H,N(CHj),)(OH)PO;H, ] (Ale—2C),"”
and the ligand [H,0;PC(C,HgNH,)(OH)PO,H,] (1C—Ale),'” have
been synthesized as previously reported.

Synthesis of Na,Rbg[(Mo0;04),(0;PC(C;H¢NH,CH;)(0)-
POs),41:23H,0 (Mo,,—Ale—1C). To a solution of Na,MoO,2H,0
(0.500 g, 2.0 mmol) in S mL of water was added Ale—1C (0.181 g,
0.69 mmol). 6 M Hydrochloric acid was added dropwise until pH 3.0
was reached. The solution was then stirred for 30 min before the
addition of solid RbCl (0.300 g, 2.48 mmol). The solution was allowed
to stir for another 1 h, during which time a fine white powder slowly
precipitated. This solid was filtered off and the filtrate left to slowly
evaporate at room temperature. Colorless crystals were collected
the following day. Yield: 0.092 g (15% based on Mo). *'P NMR
(200 MHz, D,0, 25 °C): § 24.71 and 19.68 (AB spin system, %] =
40.6 Hz). '"H NMR (200 MHz, D,0O, 25 °C): § 3.44—2.95 (m, 2H,
CH,), 265 (s, 3H, CH,), 2.71-221 (m, 2H, CH,), 1.97—1.69
(m, 2H, CH,). Anal. Calc. for C,;HyoMo;,N,Na,O4;PsRb, (found):
C 6.54 (643), H 2.47 (2.02), N 1.52 (1.45), P 6.75 (6.87), Mo
31.35 (31.07), Na 1.25 (1.58), Rb 13.96 (14.35). IR (KBr pellets):
v (em™) = 1645 (m), 1466 (mw), 1458 (mw), 1425 (w), 1356 (vw),
1169 (s), 1125 (sh), 1051 (s), 1025 (s), 927 (sh), 888 (s), 802 (s),
697 (s), 653 (sh), 555 (w).

Synthesis of Na,K;[(M0303),(03PC(C3HsNH(CH;),)(0)-
PO;),]-:38H,0 (Mo,,—Ale—2C). To a solution of Na,MoO,2H,0
(0.500 g, 2.0 mmol) in S mL of water was added Ale—2C (0.191 g,
0.69 mmol). 6 M hydrochloric acid was added dropwise to pH 3.0.
The solution was then stirred for 30 min before the addition of solid
KCI (0.200 g, 2.68 mmol). The solution was allowed to stir for another
1 h. The white powder was filtered off and the filtrate left to evaporate
at room temperature. Colorless crystals were collected the following
day. Yield: 0.100 g (16% based on Mo). *'P NMR (200 MHz, D,0,
25 °C): § 24.77 and 19.75 (AB spin system, *J = 40.1 Hz). '"H NMR
(200 MHz, D,0, 25 °C): § 3.80—2.54 (m, 2H, CH,), 2.83 (s, 3H,
CH,), 2.79 (s, 3H, CH;), 2.71-2.15 (m, 2H, CH,), 2.03—1.78 (m,
2H, CH,). Anal. Calc. for C,,H,,sK,Mo,,N,Na,OysP5 (found): C 7.81
(7.77), H 3.50 (3.05), N 1.52 (1.48), P 6.71 (6.42), Mo 3121 (31.16),
Na 2.49 (2.67), K 4.24 (4.50). IR (KBr pellets): v (cm™") = 1635 (m),
1458 (mw), 1175 (sh), 1122 (sh), 1054 (s), 1028 (sh), 925 (s),
890 (s), 794 (s), 692 (s), 658 (sh), 557 (m), 409 (vw).

Synthesis of Rbg,s(NH,)s;5[(M0304),0(0;PC(CsHgNH;)(0)-
PO;),]-10H,0 (Mog—Ale). Six hundred sixty milligrams (660 mg)
of (NH,)¢Mo,0,;4H,0 (0.53 mmol) are dissolved in 10 mL of
water before 328 mg (1.25 mmol, 0.33 eq/Mo) of Ale are added. The
solution is subjetced to stirring at ambient temperature until all the
alendronic acid is dissolved (ca. S min). 2 M HCI is then added
dropwise until reaching pH = 2.5. The solution is further let stirring
for ca. one hour before 200 mg of solid RbCl are added. A white
powder precipitates. The resulting suspension is stirred for approxi-
mately one-half hour at 0 °C before the solid is filtrated and dried with
ethanol and diethyl ether (yield: 707 mg). The totality of this powder
is dissolved in 50 mL of 2 M NH,OAc/AcOH buffer. The few
insoluble impurities are removed by centrifugation, and the solution is
left to evaporate slowly at room temperature, affording big needle-
shaped crystals, stable to air, after S days. Yield: 447 mg (40% based
on Mo). *'P NMR (200 MHz, D,0, 25 °C): § 21.63 (s, 1.8 P), 21.36
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(s,02 P). '"H NMR (200 MHz, D,0, 25 °C): 5 3.00 (t, 2H, CH, ] =
6.7 Hz), 2.16—1.84 (m, 4H, CH,). Anal. Calc. for MogP,CsHg; »s-
N, .50, Rby,; (found): C 5.85 (6.15), H 3.76 (3.78), N 6.61 (6.81),
P 7.54 (7.53), Mo 35.03 (34.43), Rb 1.33 (1.75). IR (KBr pellets):
v (em™) = 1505 (m), 1416 (s), 1149 (s), 1125 (sh), 1075 (s), 1034
(m,sh), 1022 (m), 981 (w), 910 (vs), 884 (s), 867 (s), 823 (w), 734
(m), 693 (m), 638 (m).

Synthesis of Rbg,5(NH,)s;5[(Mo304),0(05PC(C3HgNH,(CH5))-
(0O)PO3),]-12H,0 (Mog—Ale—1C,). To a solution of
(NH,)¢Mo0,0,,4H,0 (0.660 g, 0.53 mmol) in 10 mL of water was
added Ale—1C (0.329 g, 1.25 mmol). The solution is allowed to stir
for 10 min. A 2 M hydrochloric acid was added dropwise to pH 2.5.
The solution was then stirred for 1 h before the addition of solid RbCl
(0.600 g, 4.96 mmol). The solution was subjected to stirring for
another 2 h. The white powder is filtrated and dried with ethanol and
diethyl ether (yield: 0.940 g). The totality of this solid is dissolved
in 70 mL of 1 M CH;COONH,/CH;COOH buffer. The insoluble
impurities are removed by centrifugation and the solution is left to
evaporate at room temperature. Needle-shaped crystals were collected
after five days. Yield: 0.510 g (48% based on Mo). P NMR
(200 MHz, D,0, 25 °C): § 21.55 (s, 1.8 P), 21.39 (s, 0.2 P). '"H NMR
(200 MHz, D,0, 25 °C): § 2.99 (t, 2H, CH, ] = 7.8 Hz), 2.78 (s,
2.7H, CHj,), 2.69 (s, 0.3H, CH,), 2.13—1.84 (m, 4H, CH,CH,). Anal.
Calc. for C;gHgMogN,,50,3P,Rb,,s (found): C 7.03 (7.28), H 4.07
(3.65), N 636 (623), P 726 (6.94), Mo 33.72 (32.47), Rb 1.25
(1.37). IR (KBr pellets): v (cm™) = 1624 (m), 1403 (sh), 1158 (s),
1135 (s), 1076 (s), 1035 (w), 1008 (w), 911 (s), 879 (s), 809 (vw),
683 (sh), 632 (sh), 555 (w), 525 (w), 484 (vw).

Synthesis of Cs; ,5K;.55(NH,),.5[(M0304),0(0;PC-
(C3HgNH,(CH3))(0)PO5),]-9H,0 (Mog—Ale—1C). To a solution of
(NH,)¢Mo,0,,4H,0 (0.660 g, 0.53 mmol) in 10 mL of water was
added Ale—1C (0.329 g, 1.25 mmol). The solution is subjected to
stirring for 10 min. 2 M hydrochloric acid was added dropwise to pH
2.5. The solution was then stirred for 1 h before the addition of solid
KClI (0.500 g, 6.71 mmol) and solid CsCl (0.300 g, 2.26 mmol). The
solution was allowed to stir for another 1 h. The white powder is
filtrated and dried with ethanol and diethyl ether (yield: 0.725 g). The
totality of this solid is dissolved in 50 mL of 1 M CH;COONH,/
CH;COOH buffer. The insoluble impurities are removed by centrif-
ugation and the solution is left to evaporate at room temperature.
Colorless crystals were collected after five days. Yield: 0.400 g (42%
based on Mo). P NMR (200 MHz, D,0, 25 °C): § 21.53 (s).
'H NMR (200 MHz, D,0, 25 °C): § 2.99 (t, 2H, CH,, %] = 6.7 Hz),
2.78 (s, 2.4H, CH,;) and 2.69 (s, 0.6H, CH,), 2.22—1.74 (m, 4H,
CH,). Anal. Calc. for C;gHgMogNg5O40P,4Cs; 55Ky, (found): C 6.73
(6.70), H 3.27 (3.32), N 5.10 (5.26), P 6.94 (6.86), Mo 32.25 (32.12),
Cs 9.31 (9.57), K 0.55 (0.16). IR (FTR): v (cm™') = 1624 (w), 1403
(s), 1160 (s), 1134 (s), 1076 (s), 1035 (m), 1008 (m), 911 (vs), 979
(vs), 809 (w), 683 (sh), 632 (sh), 555 (m), 548 (m), 612 (sh), 484 (w).

Synthesis of (NH,);K;[(M0;04),0(0;PC(C;HgNH(CH;),)(0)-
PO3),]:7H,0 (Mog—Ale-2C). (NH,)sMo,0,,4H,0 (0.330 g,
0.265 mmol), Ale—2C (0.172 g, 0.625 mmol) and potassium chloride
(0.300 g, 4.02 mmol) in 8 mL of 0.5 M CH,COONH,/CH,;COOH.
This mixture was sealed in a 23-mL Teflon-lined stainless steel reactor
before heating to 130 °C over a period of 4 h, kept at this temperature
for 20 h, and cooled to room temperature over a period of 36 h. The
resulting mixture was filtered and the filtrate left to evaporate at room
temperature. Needle-shaped crystals were collected after four days.
Yield: 0.290 g (56% based on Mo). 3P NMR (200 MHz, D,0,
25°C): §21.33 (s, 0.5 P), 21.19 (s, 1.5 P). "H NMR (200 MHz, D,0,
25 °C): 6 3.19-3.08 (m, 2H, CH,), 2.96 (s, 2H, CH,), 2.85 (s, 4H,
CH,), 2.18—1.82 (m, 4H, CH,). Anal. Calc. for C;,Hs(K,MogNO54P,
(found): C 8.63 (8.75), H 3.38 (3.41), N 5.03 (5.21), P 7.42 (7.10),
Mo 34.46 (34.95), K 4.68 (5.08). IR (KBr pellets): v (cm™) =
1617 (m), 1462 (m), 1436 (m), 1161 (s), 1137 (s), 1073 (s), 1034
(m), 1013 (m), 916 (vs), 885 (s), 866 (s), 831 (vw), 743 (s), 687 (s),
647 (s).

Synthesis of (NH,)¢[(Mo3;04),0(0;PC(C4HgNH;)(0)-
PO;),]-10H,0 (Mog—1C—Ale). (NH,);Mo,0,,4H,0 (0.330 g
0.265 mmol) and 1C—Ale (0.164 g, 0.625 mmol) in 8 mL of 0.5 M
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CH;COONH,/CH;COOH was sealed in a 23 mL Teflon-lined
stainless steel reactor before heating to 130 °C over a period of 4 h,
kept at this temperature for 20 h, and cooled to room temperature
over a period of 36 h. The resulting mixture was filtered and the filtrate
left to evaporate at room temperature. Needle-shaped crystals were
collected after five days. Yield 0.230 g (45% based on Mo). *'P NMR
(200 MHz, D,0, 25 °C): 6 22.23 (s, 0.2 P), 21.19 (s, 1.8 P). 'H NMR
(200 MHz, D,0, 25 °C): & 3.22 and 3.02 (2 br, 2H, CH,), 1.98—1.69
(m, 6H, CH,). Anal. Calc. for C;,HgMogNgO,,P, (found): C 7.26
(7.29), H 4.02 (4.02), N 6.77 (6.85), P 7.49 (7.25), Mo 34.80 (35.01).
IR (KBr pellets): v (cm™) = 1650 (m), 1623 (m), 1502 (m), 1401
(sh), 1148 (s), 1120 (s), 1079 (s), 1043 (s), 988 (m), 923 (vs), 885
(s), 830 (vw), 739 (m), 718 (m), 649 (w), 527 (w).

X-ray Crystallography. Data collections were carried out at room
temperature for all the structures, using a Siemens SMART three-circle
diffractometer equipped with a CCD bidimensional detector with the
monochromatized wavelength /(Mo Ka) = 0.71073 A, except for
compound Mog-Ale-1C,, for which data collection was carried out on a
Briiker Nonius X8 APEX 2 diffractometer. Absorption corrections
were based on multiple and symmetry-equivalent reflections in the
dataset using the SADABS program,'® based on the method of
Blessing." Structures were solved by direct methods, and refined by
full-matrix least-squares using the SHELX-TL package.”® In all the
structures, there is a discrepancy between the formulas determined by
elemental analysis and that deduced from the crystallographic atom
list, because of the difficulty in locating all the disordered water
molecules and alkali counterions. Disordered water molecules and
alkali counterions were thus refined with partial occupancy factors. In
the structure of Mog—Ale, Mos—Ale—1C,, Mos—Ale—1C,, Mos—
Ale-2C and Mog—1C—Ale, NH,*, and H,O could not be dis-
tinguished based on the observed electron densities; therefore, all
positions were labeled as O and assigned the oxygen atomic diffusion
factor. The H atoms were theoretically located on the basis of the
conformation of the supporting atoms. Crystallographic data are given
in Table 1.

CCDC -864375 (Mo;,—Ale—1C), —864376 (Mo,,—Ale—2C),
—864377 (Mog—Ale), —864378 (Mog—Ale—1C,), —864379 (Mog—
Ale—1Cy,), —864380 (Mos—Ale—2C), and —864381 (Mos—1C—Ale)
contain the supplementary crystallographic data, which can be obtained
free of charge from the Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

NMR Measurements. *'P NMR spectra were recorded with 'H
decoupling on a Briiker AC-200 spectrometer operating at 81 MHz for
room temperature experiments and on a Briiker AC-300 spectrometer
operating at 121.5 MHz for the 275—350 K experiments performed on
compound Mog—Ale—1C,, using 5-mm tubes. *'P chemical shifts were
referenced to the external standard of 85% H;PO,. For all compounds,
~20 mg of sample were dissolved in 700 uL of D,O. The concen-
trations thus varied between 2 mM and 8 mM. 'H NMR spectra were
recorded on a Britker AC-200 spectrometer operating at 200 MHz,
using 5 mm tubes.

Infrared Spectra. Infrared (IR) spectra were recorded on an IRFT
Magna 550 Nicolet spectrophotometer, using KBr pellets.

Scanning Electron Microscopy. Scanning electron microscopy
(SEM) observations were performed with a JEOL Model JSM-5800
LV apparatus.

Electrochemical Studies. Pure water was used throughout. It was
obtained by passing water through a RiOs 8 unit, followed by a
Millipore-Q Academic purification set. All reagents were of high-purity
grade and were used as purchased without further purification. The
electrolyte was a 0.5 M Li,SO, aqueous solution with the pH adjusted
to 3.0 via the addition of H,SO,. The solutions were deaerated
thoroughly for at least 30 min, with pure argon, and kept under a
positive pressure of argon during the experiments. The source,
mounting and polishing of the glassy carbon (GC, Carbone Lorraine,
France) electrodes have been described.”' The glassy carbon samples
had a diameter of 3 mm. The auxiliary electrode was a platinum plate
placed within a fritted-glass isolation chamber. Potentials are quoted
against a saturated calomel electrode (SCE). The electrochemical
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setup was an EG&G 273 A driven by a PC with the M270 software. All
experiments were performed at room temperature.

Diffuse Reflectance Spectroscopy. Diffuse reflectivity spectra
were collected at room temperature on a finely ground sample with a
Cary SG spectrometer (Varian) equipped with a 60 mm diameter
integrating sphere and computer control using the “Scan” software.
Diffuse reflectivity was measured from 250 to 1550 nm (i.e., from S to
0.8 eV) with a 2 nm step using Halon powder (from Varian) as
reference (100% reflectance). The samples were irradiated with a
Fisher Bioblock labosi UV lamp (4, = 365 nm or 254 nm, P = 12W).
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