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Density functional methods have been used to investigate the structure and the vibrational modes of [M70,4]°~
isopolyanions of molybdenum and tungsten. Relativistic effects have been considered through the zeroth-
order regular approximation (ZORA) and interactions with an aqueous environment modeled by the COSMO
approach. A structural study of the two compounds has been performed, and the geometrical parameters
obtained are in good agreement with experimental data. However, when the solvent is introduced in the
model, deviations are found, especially for some tungsten—oxygen bonds which involve pseudoterminal
oxygens. Thus, different computational strategies have been tested to reject any reliance on the COSMO
model and the optimization algorithms. The variations compared to solid-state bond lengths appear to be due
to the solvent. Infrared and Raman spectra have been also calculated in the gas phase and in water leading,
for the first time, to a detailed assignment of the vibrational frequencies. The vibrational contributions of the
aminopyridinium counterion [CsH;N,]* have been isolated, improving the assignment of experimental spectra.
Inclusion of solvent causes a shift toward lower frequencies and an increase in the intensity of the peaks.
Spectra obtained using pseudo-gas-phase calculations reproduce the experimental data most satisfactorily,

especially when the experiments are performed on the solid state.

Introduction

Primarily built by edge- and, sometimes, corner-sharing of
MOg octahedra, polyoxometalates form a class of inorganic
compounds with applications in various fields from material
science to medicine."? Most of their uses are based on properties
which depend on their size, mass, and charge, their ability to
transfer electrons and protons, the lability of “lattice oxygen”,
and their high Bronsted acidity.? Infrared and Raman spectros-
copy are undoubtedly good tools in understanding these
properties, both in the solid state and solution. Compared to
the large number of metal—oxygen cluster anions, relatively
few detailed spectroscopy experiments have been performed.
This motivates the need for reliable calculated spectra starting
from an optimized geometry of the anions. Clusters of molyb-
denum(VT) and tungsten(VI) such as heptamolybdate [M070,4]%~
and heptatungstate [W,0,4]®" represent simple models for larger
polymeric systems.'?

Previous studies on octamolybdate isomers have shown that
the coordination number of oxygen atoms is very sensitive to
the environment, with three-coordinated atoms in isolated anions
tending to become four-coordinated when they interact with their
environment such as with a counterion.®> The hepta-anion
possesses pseudo-terminal oxygen atoms which could have a
similar behavior. They are formally bonded to two metal atoms,
creating one long and one short bond. Because this short bond
is closer to the bond length of the metal—terminal oxygen bond,
they have been called pseudoterminal atoms.* Their influence
on polyanions’ reactivity and spectroscopic properties is not well
understood.

In this paper, the necessity for inclusion of solvent effects
when studying the structural and vibrational properties of
polyanions is investigated. The pseudoterminal atoms distinctive
to the hepta-anions appear to interact differently with the solvent,
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especially when comparing with the bridging and terminal
oxygens. The sensitivity of type-Il POMs to the environment
will be analyzed. This analysis will then also consider the
aminopyridinium counterion [CsH;N,]* as part of the solid-
state environment. The calculated vibrational modes will include
the contribution of both the anion and the cation, leading to an
assignment of the frequencies directly comparable with experi-
ments made on crystals. This attempt to mimic the environment
of heptatungstate and heptamolybdate, in solution or in crystals,
relies on an adapted and pragmatic computational strategy that
will be discussed as well when reporting the results.

Computational Method

Previous structural studies on hexa- and heptapolyanions have
shown that density functional methods lead to results in good
agreement with experimental data.>® Several DFT approaches
have been also tested on isopolyanions and heteropolyanions
to determine their ability to reproduce vibrational frequencies.” !
These studies marked the very first attempts to assign the
vibrational spectra of polyoxometalates based on high-level
calculations and covered type-I and type-II polyanions as well
as iso- and heteropoly systems. The heptamolybdate and
heptatungstate systems are type-II systems as they possess cis-
MO, oxo units. However, they also possess pseudoterminal oxo
groups and have distinctly lower symmetry than the ions
previously studied. As is common for polyoxometalates, these
ions have been commonly stabilized by crystallization with large
organic cations. This paper is thus motivated by the need to
assign the characteristic vibrations for this class of polyanion
and to assess the suitability of the computational methodology
in treating low-symmetry polyanions in the presence of other
species.

For consistency with these previous studies, functionals based
on the Vosko—Wilk—Nusair (VWN) form of the local density
approximation were employed.!! Slater-type orbital (STO) basis
sets of triple-C quality with frozen cores were chosen (in ADF:
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Figure 1. Structure and atom labeling for the polyanion [M;04,4]1°".

O 1s, Mo 3d, and W 4f). Some calculations, reported as
Supporting Information, were also performed with the general-
ized gradient approximation using Becke’s 1988 exchange'? and
Perdew’s 1986 correlation'® corrections (BP86). All calculations
were performed with the ADF program, version 2008.'4716 Tt
is worth noting that the geometry optimization algorithm was
improved!” in this version of the code and is now used as default.

Relativistic effects were incorporated through the zeroth-order
regular approximation.'®2° Each calculation was performed
including either only scalar effects or spin—orbit coupling as
well.

Interactions with solvent were processed using the COSMO
approach available in ADF.2'?2 To construct the solvent-
excluding surface, the default Allinger van der Waals radii were
preferred (ro = 1.52 Aand ry =1.99 A), but some calculations
were also run with a smaller radius for the metal atoms (ry, =
0.74 A, rw = 0.99 A). The Klamt surface was also tested for
the solvent-accessible surface.?! For most calculations, the
dielectric constant was set to 78, which corresponds to an
aqueous environment at a temperature of 20 °C. Calculations
were also performed using a range of dielectric constants to
investigate the influence of the environment on the pseudoter-
minal oxygen atoms.

The Infrared and Raman spectra were calculated with the
scalar ZORA, and both numerical and analytical frequencies
were obtained. Spin—orbit coupling was considered only through
a numerical approach. The two types of frequencies were
compared when it was possible, except for the COSMO
calculations, where only the numerical frequencies were avail-
able. Gradient convergence criteria and integration accuracies
were both set to 1075

Results and Discussion

Structure of the [Mo0,0,4]° and [W;0,4]°" Anions. Ge-
ometry in the Gas Phase. A structural scheme showing atom
labels is presented in Figure 1. Hepta-anions show three different
types of metal centers, labeled here as M;, M,, and M,, and
four groups of oxygen sites, terminal oxygen (Oy O;), two-
coordinate (O O,, O3, Oy), three-coordinate (Os.: Os), and
four-coordinate (Og4: Og) atoms. Calculated M—O bond dis-
tances for the two anions [Mo070,4]®~ and [W;0,4]° in the gas
phase and including the solvent are given in Table 1. Experi-
mental bond lengths, taken from Tytko et al. for the heptamo-
lybdate* and from Ikenoue et al. for the heptatungstate,? are
included in parentheses. They were also used as references in
a study by Bridgeman and Cavigliasso, where all of the
calculations were performed choosing only the scalar ZORA
approach.® Both polyanions are predicted to have C,, symmetry,
as observed in the crystalline phase. It should be first noted
that atom O, is a two-coordinate site but the M;—0O, bond length
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TABLE 1: Optimized M—O Distances in the Gas Phase and
Including the Aqueous Solvent (in A)*

[M07024]%~

[W7024]°"

parameter  gas phase solvent gas phase solvent
M-0, M-0, 176 174 (172) 176 174 (1.74)
M—-0, M,—0, 177 177 (174 177 177 (1.77)
M,—0, 247 244  (252) 247 237 (2.48)
M,—0; 191 192 (1.92) 191 191  (1.90)
M,—0;5 2.00 1.97  (1.98) 1.99 1.96  (1.98)
M,—0,  1.93 193 (1.93) 193 193 (1.95)
M—-0; M,—Os  1.89 1.89  (1.90)  1.88 1.89  (1.89)
M;—0s 229 224 (227) 228 223 (2.28)
M—04 M;—0¢ 2.31 223 (2.26) 2.29 2.19  (2.26)
M,—0s  2.18 215 (2.16) 218 219 (2.20)
M,—0g 2.16 2.15  (2.16) 2.16 2,15 (2.17)

@ Experimental results are given in parentheses for comparison.*?

Figure 2. Structure for the aminopyridinium cation.

is predicted to be 1.77 A, which is closer to a M—O, distance
than to a M—O,, distance. As defined in the Introduction, this
oxygen atom is described as a pseudoterminal atom Oy.

Carrying out computations on molecules containing heavy
nuclei leads to the necessity of considering relativistic effects
on calculations. The zeroth-order regular approximation (ZORA)
is by far the most frequently used methodology.'¥"2 Neverthe-
less, for the two hepta-anions, the largest difference between
the bond lengths obtained using scalar and spin—orbit coupling
ZORA bond lengths is 0.01 A. This small difference is found
for Mo,—0s, Mo;—0g, and Mo,—Og in heptamolybdate but only
for W,—0, in heptatungstate. Therefore, even for the hepta-
tungstate, which contains atoms with an atomic number of 74,
the influence of the spin—orbit coupling on the geometry is very
small. Variations from the experimental data are more linked
to the level of theory used for the calculations (as shown in
Figure 7, Supporting Information) than the consideration of the
spin—orbit coupling. Spin—orbit coupling has only a small
influence on the structure of these molecules and could be
neglected for geometry optimization.

Figure 2 shows the structure of the aminopyridinium coun-
terion [CsH;N,]*. Table 2 lists the results of a geometry
optimization performed at the same level of theory as that used
for the polyanions. The results are compared with the solid-
state data from Romdn and co-workers. Good agreement is
obtained, even though theoretical calculations correspond to an
isolated gas-phase cation. The largest deviation occurs for the
bonds N;—C,; and C;—Cs.

Effect of the Solvent. Another important aspect in the
computational strategy for POMs is to consider interactions with
their environment. Lopez and co-workers have underlined the
“strict necessity” to incorporate solvent effects when the ratio
g/m = 0.8, where ¢ is the charge of the polyoxoanion and m is
the number of metal centers in the polyanion.”> With a ratio
equal to 0.86, [M;0,4]°" anions are good candidates.
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TABLE 2: Optimized Distances (in 10&) for the
Aminopyridinium [CsH;N,]" Cation Obtained with a
Spin—Orbit Coupling ZORA Calculation in the Gas Phase’

parameter bond length
C—C, 1.40 (1.40)
C,—Cs 1.37 (1.37)
C3—Cy 1.40 (1.40)
C,—Cs 1.36 (1.34)
Cs—N; 1.35 (1.36)
N,—C,; 1.35 (1.37)
N,—C; 1.33 (1.33)

@ Experimental distances are given in parentheses.”*

For [W;02]°", Lépez and co-workers reported a general
shortening of interatomic distances caused by the solvent. In
comparison to hexaniobate [NbsO;9]®", they added that hexa-
tungstate [W4O9]>~, for example, was “almost unchanged” by
the effects of the aqueous solvent, in agreement with the
conclusion obtained by Bridgeman for the [TeMogO,4]®~ and
[IMo0g04]®~ Anderson polyanions.!® Bagno and co-workers
found bond lengths shorten upon hydration for W—0, reducing
by 0.003 A for W—0, and by 0.009 A for W—0,.2¢ Table 1
confirms this decrease of M—O bonds distances due to the
solvent, with an improvement in W—O, bonds from 1.76 to 1.74
A, almost equal to the experimental value. However, three
tungsten—oxygen bonds are much more sensitive to the solvent,
W,—0,, W;—0s, and W;—0g. These bonds involve two-, three-,
and four-coordinate oxygen atoms, respectively. Interestingly,
these bonds are also the most sensitive to the level of theory
used, in particular, to the GGA approach (the comparison is
plotted on Figure 7, Supporting Information).

To investigate further the effect of the solvent model, several
geometry optimizations were performed with different dielectric
constants to mimic different solvent polarities, ¢ = 2 for
cyclohexane, ¢ = 6.19 for acetic acid, ¢ = 20 for acetone, ¢ =
37.5 for acetonitrile, and ¢ = 182.4 C> J~! m™! for methylfor-
mamide. The decrease of W,—0,, W;—0s, and W;—0¢ bond
lengths with the increase of ¢ was confirmed. Inclusion of even
a nonpolar solvent such as cyclohexane leads to a large change
in the bond length. The effect of polar solvents is only slightly
worse and becomes constant around the dielectric constant of
acetonitrile.

Finally, to check the influence of the accessible COSMO
surface on the geometry, the Klamt surface was also tested, and
smaller radii for metal atoms were picked. The two surfaces
differ by the value of the solvent radius, which is set to 1.93 A
for the solvent-excluding surface and 3.64 A for the Klamt
surface. The choice of a smaller metal radius was motivated by
the study of Ferndndez and co-workers,?” where they fixed it to
0.74 A. Results show that only metal—terminal oxygen bonds
are affected by the change of metal radii, with a variation of
0.02 A. Since interaction distances between the solvent and the
anion are in that case shorter, it is not surprising that it is the
bonds to the terminal oxygen atoms (the most exposed to water
molecules) that are the most sensitive. Lopez and co-workers
have shown, based on molecular dynamics simulations, that for
the o-[PW,04]*" Keggin anion, the region with greatest
accumulation of water molecules is located at 6—9 A from the
center of the cluster, resulting in the highest solvation for
terminal oxygen atoms in comparison with bridging atoms.?®
They used the SPC/E model® to simulate the solvent. This
discrete arrangement of water molecules was investigated
recently by P. Jaramillo and co-workers.*® They emphasized
the limits of a continuum approach such as PCM on the
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prediction of chemical quantities based on the frontier orbitals.
A discrete approach might improve the consideration of the
solvent, but it will either greatly increase the computational cost
if DFT is used or rely on an efficient force field dedicated to
the polyanions.

Mulliken charges of terminal oxygen atoms in hepta-anions
do not vary from the gas phase to aqueous media, with
a constant value of —0.81 for [Mo;04]® and —0.86 for
[W5044]°".7 Significant changes are observed for pseudoterminal,
two- and three-coordinate oxygens, with an increase in the
negative charge. Schemes (a) and (b) in Figure 3 represent the
Coulomb potential plotted on an isodensity molecular surface
(0.001 e~ bohr3) for both gas-phase and aqueous environments.
The potential is consistent with the variation of the Mulliken
charges. Indeed, the solvent enhances the nucleophily of these
three types of oxygen atoms, and the Coulomb potential in the
vicinity of terminal oxygens is almost unchanged by the
inclusion of water.

Alongside the interaction with solvent, these hepta-anions
interact with their counterions. Out of computation necessity,
vibrational calculations, detailed below, were performed by
considering only one isolated aminopyridinium cation. As shown
in Figure 3 (scheme e), however, the crystal structure of
(CsH7N,)6(M0;0,4) * 3H,0 obtained by X-ray diffraction®* shows
that at least four aminopyridinium cations and two water
molecules interact with the heptamolybdate anion. Three types
of hydrogen bonds can be isolated in this arrangement,
N—H-:-0O (2.71-3.20 A), N=H-:-0,, (2.70-3.18 A), and
Oy—Hy*++0 (2.72—2.93 A)3! The oxygen atoms of the
polyanion which are involved in the interactions with aminopy-
ridinium are mostly the two-coordinate atoms O;, O3, and O,.
The terminal oxygen atoms interact predominately with water
molecules. Four-coordinate oxygens like Og do not increase their
Mulliken charges in aqueous media, but because of the
proximity of the two-coordinate atoms, a nucleophilic nest
appears close to them, as can be seen in Figure 3, scheme c,
with the (—0.760 e~ bohr™!) isopotential surface. Nevertheless,
these atoms do not appear to interact with counterions or water
molecules due to the steric hindrance of the cluster, which
outweighs any favorable electrostatic effects created by the
solvent. The two-coordinate atoms and the terminal oxygen
atoms, which are also possible sites of interactions, as shown
on the (—0.706 e~ bohr™!) isopotential surface (Figure 3, scheme
d), are more accessible and therefore interact preferentially with
water molecules and aminopyridinium cations, resulting in the
crystal structure shown in Figure 3, scheme e.

To summarize, it seems that the discrepancy found for some
W—0 bonds is not a consequence of any calculation artifact
but is purely linked to the solvent effect, with a slight sensitivity
to the theoretical model for W,—0, bond. The role of the
pseudoterminal atoms such as O, and the reason why M—0O,
bonds are more sensitive to the solvent, especially for hepta-
tungstate, are still unclear. A parallel with previous studies on
octamolybdate isomers®*? may be illuminating. In these com-
pounds, pseudo-four-coordinate atoms stand in for pseudoter-
minal oxygens. When interactions with the environment and
counterions are considered, these atoms are four-coordinated,
but when isolated, they tend toward three-coordinate. In
heptapolyanions, the influence of the solvent leads to the
pseudoterminal oxygen atoms becoming more strongly bonded
to the metal atoms and hence becoming more genuinely bridging
atoms.
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Figure 3. Isodensity molecular surface (0.001 e~ bohr™3) colored in accordance to the Coulomb potential. Calculation of the potential in the gas
phase (column a) and in water (column b) with two different views. Isopotential surfaces are also represented: —0.760 e~ bohr™! (c) and —0.706
e~ bohr™! (d). Also represented in (e) is (CsH;N,)s(Mo070,4)*3H,0, adapted from the crystal structure obtained by Romadn et al.?*

Vibrational Spectrum of the [Mo0,0,4]®~ Anion. General
Remarks. Containing 31 atoms, this polyanion has 87 normal
modes, which, for the C,, symmetry, span the irreducible
representations in eq 1, where Raman (R) and infrared (IR)
activities are shown in parentheses.

I, = 26A,(R,IR) + 18A,(R) + 20B,(R,IR) +
23B,(R,IR) (1)

The main calculated IR frequencies are listed in Table 3, where
experimental frequencies proposed by Roman et al.>* and Isaac
et al.*® are also included. Computational results are compared
to these two experiments using the root-mean-square (rms) error.
The lowest rms is for the gas-phase calculations, with respect
to Isaac’s experiments; therefore, for the sake of clarity, only
frequencies obtained in this environment are included in Table
3 (see the Supporting Information for the full list of calculated
frequencies). The rms values are in the same range as those
values obtained in a previous study on the [MogO19]>~ anion,’
though the assignment of the experimental [Mo70,4]°~ vibra-

tional frequencies is more complicated due to the lower
symmetry allowing more modes to be infrared- and Raman-
active. It is also interesting to note that for simple systems, ADF
software gives, with the same level of theory, calculated IR
frequencies around 4% lower than experimental results,* a
difference which is very similar to the one obtained for the two
anions.

Comparing the scalar with the spin—orbit ZORA approaches
to assess the impact of these relativistic effects on vibrational
frequencies leads to essentially identical frequencies. Indepen-
dent of the level of theory, the only differences that appear in
the calculated frequencies are more linked to the selected process
for the differentiation of the first derivatives of the energy, that
is, a numerical versus an analytical calculation. Even in that
case, the largest difference, found in the spectrum for [W;044]°~
at around 200 cm™! (v39), is only 6 cm™!, which is small
compared to the width of the bands in the experimental spectra.

The C,, symmetry of [Mo0;044]%" leads to all 87 vibrations
being potentially Raman-active. For the assignment, experi-
mental data are taken from Aveston and co-workers and Griffith
and co-workers, who performed Raman spectroscopy on a
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TABLE 3: Calculated Spin—Orbit ZORA and Experimental IR Vibrational Frequencies (in cm™!) for [Mo0,0,4]°" in the Gas

Phase*
calculated observed
mode gas phase from ref 24 from ref 33 assignment
Ay 2 899 (160) 945 v{(Mo(Oy),); v{(Mo—Op)*
B, Ves 884 (273) 935 930 Vos(M0(0)2); Vas(Mo—0Op)*
B, Vas 877 (162) Vas(Mo(Oy))
Ay V) 871 (440) 915 920 v{(Mo—0,,Mo—0,)
B, Vg 853 (893) 890 895 Vas(M0—05,M0—03,M0—0,)
B, Ves 832 (833) 875 880 Vos(M0o—0Op,M0o—0,)
Ay Vs 816 (285) 860 865 V{(Mo—0p,M0o—03.,Mo—0)); v{(Mo—04.)*
B, V6o 804 (380) 845 835 Vos(M0—0p,M0—03,,M0—0); V3s(M0o—0,)*
Ay Ve 715 (319) 685 760° Vs(M0—0,,M0—03,); ¥(M0o—0y)
B, Va7 686 (1084) 670 640° Vas(M0—03¢,M0—04,); V,s(M0o—05,)
B, Y71 655 (1244) 650 600° Vos(M0—0p,M0—05,M0—04c); Vo(M0o—03.)*
B, Vag 602 (91) 6407, 6357 Vas(M0—03,M0—04,); 0,(M0o—0,,)
Ay Vg 556 (62) 5607 550° 0s(M0o—0,:,M0—03,,M0—0y4)
B, V72 528 (95) 515° 02s(M0—05:,M0—04;,M0—0))
Ay V1o 461 (48) 470 0s(M0—0,:,M0—03,,M0—0y4)
B, Vsy 449 (80) 395 410! 02s(M0—05:,M0—04;,M0—0))
B, V73 434 (73) 360 0a(M0—0,,M0—03,,M0—0s4)
B, V74 399 (120) 325 02s(M0—05,,M0—03,,M0—04;,M0—0))
B, V77 332 (186) 295 02s(M0—05:,M0—03,,M0—0y4c)
B, V79 246 (58) 265 contribution of all atoms

@ The calculated IR intensities are also given in parentheses (in km mol™!). An asterisk indicates a small contribution. ® Assigned in reference
33 to MoOg. ¢ Assigned in reference 33 to pyridine. ¢ Assigned in reference 24 to the breathing mode of the anion.

TABLE 4: Calculated Spin—Orbit ZORA and Experimental Raman Frequencies (in cm™') for [M07;0,4]°" in the Gas Phase’

calculated observed
mode gas phase from ref 35 from ref 38 assignment
A 2 899 (199) 934 938 Vs(Mo(Oy),); vs(Mo—0,)*
B, Ves 884" (65) 908 911 Vas(M0(Oy)2); Vos(Mo—Op)*
B] Vas 877b (20) 890 893 VAS(MO(Ot)z)
A vy 871% (28) vs(Mo—0,,Mo—0))
B, Ves 865 (30) 880 Vas(Mo—0,,M0o—0y)
A 3 862 (66) vs(Mo—0,,Mo—0,)
B, Vo7 852 (49) 860 863 Vos(Mo—0,.,M0—0y)
A Vy 849 (92) Vs(Mo—0,,Mo—0y); v{(Mo—0,.)*
A, Vog 832 (4) 840 833 Vs (M0—0,.,M0—0,); ¥4(M0o—0y.)*
B, Ves 832° (46) Vas(Mo—0,,M0o—0,)
A Vs 816° (19) Vs(Mo—0,,Mo—0y); V(M0o—03;,M0—04)*
Ay V29 729 (4) Vs(M0—02:,M0—0,); v{(Mo—03.)*
Ay Ve 715 (6) Vs(M0—02:,M0—03); v{(Mo—04.)*
B] Vag 628 (7) 630 633 (Sag(MO*OzC,MO*OgC); V;‘S(MO*OM)
A Vo 519 (4) 550 543 0(M0—0,,,M0—03,,M0—0y,)
A Vi 415 (9) 450 0s(Mo—0p,M0—03;,M0—0s4)
B2 V74 399b (8) 415 375 6ag(M0*OZC,M0*03C,M0*O4C)
B, Vs3 353 (5) 363 363 04s(M0—0,.,M0—0;3.,M0—0))
A Vig 347 (6) 0s(Mo—0,,M0o—0,,,M0—0,)
Az V34 333 (8) 340 6S(M0*Om,M0703C,M0701)
A] Vis 312 (7)
A Vi7 268 (11) 308 308
A] Vis 235 (]3) 245
A Vig 207 (13) 220 223
Az V3g 203 (5)
A] V20 197 (7)
Az V39 192 (6)
B] Vs9 190 (8)
A V23 112 (4) 115

“The calculated Raman intensities are also given in parentheses (in A* amu™"). An asterisk indicates a small contribution. ? Coincident with

IR bands.

(NH6)4M07024’4H20 and on a (NH4)4M07024'4H20 Crystal,
respectively.?>3

Tables 3 and 4 include an approximate description of IR and
Raman modes in terms of the stretching (v) and bending (d) of
the bonds.

Analysis of the IR and Raman Spectral Traces. The IR and
Raman spectral traces of the [M0,0,4]®” anion between 0 and

1100 cm™! are shown in Figures 4 and 5, respectively. The
calculated Raman spectral trace represents the sum of the anion
and the aminopyridinium cation spectra; the experimental
spectrum has been redrawn from that reported by Isaac et al.*
For the assignment, they are conveniently divided into four
blocks based on the different types of vibrations. These blocks
are represented by dashed lines on the spectral traces. As shown
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Figure 4. IR spectra for [M0;0,4]%". Calculated spectral traces in the gas phase (—) and in water (- - -). The experimental®® and water spectral
traces are shifted with respect to the y axis. Frequencies are given in cm™!. The four blocks of frequencies are separated by dashed lines.
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Figure 5. Raman spectra for [M070,4]°~ and (CsH7N,)sMo070,4*3H,0. Calculated spectral trace in the gas phase (—) and the experimental spectrum
(- - -) redrawn from Isaac and co-workers.** Frequencies are given in cm™!. The four blocks of frequencies are separated by dashed lines.

in Figure 5, for Raman frequencies above 1000 cm™!, the main
contribution comes from the aminopyridinium cation, with peaks
calculated at 1151, 1043, and 986 cm™'. The first two bands
are assigned by Isaac and co-workers to the bending of pyridine
ring hydrogen atoms. The last peak obtained experimentally in
this region, at around 990 cm™!, is due to “breathing” of the
pyridine ring.

The first IR block encompasses the high frequencies (>870
cm™!). Four peaks at 899, 884, 877, and 871 cm™! can be
assigned to A; (v), Ba (¥s), By (v45), and A; (v,) modes,
respectively. They involve symmetric (A;) and asymmetric (B,)
stretching of metal—terminal oxygen bonds. Stretching motions
involving the pseudoterminal atoms also contribute to these
vibrational modes, contrary to the assignment by Lyhamn, who
suggested that the stretching motions of the terminal oxygen
atoms do not mix with other vibrational modes.>” For
[MogO10]>~, theses modes vibrate at higher frequencies,’” which
is consistent with the smaller charge of the anion.?

Experimentally, bands are also observed in this region of the
IR spectrum (Figure 4). Isaac et al. found only two peaks at

930 and 920 cm™!, and these can be assigned to B, (v4s5) and
A (v) modes. Romén and co-workers, who did not provide a
spectral trace, observed three peaks at higher frequencies.
Lyhamn, who measured IR and Raman spectra on a
NagMo070,4° 14H,0 single crystal, detected two bands at 952
and 939 cm™! %7 in this region, whereas Griffith et al. reported
only one weak band at 917 cm™!. The first Raman block, with
four intense bands, matches exactly the IR spectra and can be
readily assigned to stretching of M—O, bonds with a small
contribution from pseudoterminal oxygen atoms. Aveston and
Griffith’s results are very similar, with frequencies higher than
the calculated one.

IR absorptions between 804 and 853 cm™! are due to stretches
of M0,0O, and Mo;O3 units, Mo—0,., Mo—03., and Mo—0Oy
bonds (B (v4) asymmetric mode) and Mo—O, and Mo—0,
(B, (7gg)). For modes A; (vs) and B, (vgy), there is a contribution
from Mo—QO;, bonds. For Roman et al., this range has the same
amplitude but higher frequencies ([845;890] cm™!). Isaac et al.
reported four peaks in this block, at 895, 880, 865, and 835
cm™!. They noted a peak at 760 cm™'!, which they assigned to
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Figure 6. Comparison of the calculated IR spectrum for the aminopyridinium ion in the gas phase (—) and in water (- - -) with (CsH;N,)sM070,4°3H,0

(shifted —) redrawn from ref 33. Frequencies are given in cm™'.

an asymmetric stretching mode of MoQOg octahedra. This band
could match the calculated frequency at 715 cm™! due to the
symmetric stretching mode A, (v4) or the asymmetric stretching
modes B, at 804 cm™'. However, the spectral trace of the
aminopyridinium ion, shown in Figure 6, has a peak at exactly
760 cm™!. Therefore, the experimental band seems more likely
to be due to the cation [CsH;N,]" than the polyanion.

In the second Raman block, all of the calculated peaks
between 715 and 865 cm™! are included, and some peaks which
are very close in frequency contribute to the same band. Aveston
and co-workers reported three bands, at 880, 860, and 840 cm™!,
which correspond to the band on the experimental spectral trace
(Figure 4) at approximately 850 cm™!. Griffith et al. had only
two peaks at 863 and 833 cm™!. The experimental assignment
for [Mo0,044]°" is made difficult by a peak due to the aminopy-
ridinium cation at 855 cm™!, which occurs nearly at the same
Raman frequency as the B, (v¢7) asymmetric mode.

The next two strong IR bands calculated at 686 and 655 cm™!
match well the two peaks found by Roman et al. at 670 and
650 cm™!. Isaac et al. also reported two “very strong bands” in
this region, at 640 and 600 cm™!. They assigned them to the
in-plane ring deformation of the aminopyridinium cation. It is
clear in Figure 6 that there are no peaks around these frequencies
due to the cation. One peak appears at 680 cm™!, but it matches
better the peak reported at 705 cm ™! and assigned to C—H out-
of-plane deformation of the cation, in accordance with the work
reported here.

The third block begins with the B (v49) mode at 602 cm™!
for the IR spectrum and the B, (v45) mode at 628 cm™! for the
Raman spectrum. For these two modes, stretching and bending
both contribute to the vibrational modes. The Raman spectrum
of the cation exhibits two peaks in this block. The first one at
626 cm™! was identified by Isaac et al. at around 625 cm™..
One calculated band due to the B; [Mo070,]°" (ve;) mode
appears at a similar frequency of 628 cm™!. A second Raman
peak due to the cation at 546 cm™! is very close to the band
assigned to the anion by Aveston et al. at 550 cm™! and that at
543 ¢cm™! by Griffith et al. Romén and co-workers noted two
IR peaks at 640 and 635 cm™! and assigned them to the
breathing modes of the polyanion. However, they do not match
well with any calculated peaks. At 627 cm™!, a small IR peak

appears for the aminopyridinium cation in water, and this could
give rise to one of the experimentally observed bands, although
Romén reported that the bands are strong. At this point, their
assignment cannot readily be explained using the separate
cation—anion model used here.

At 556 cm™!, the theoretical IR spectrum exhibits a medium
band due to the symmetric bending A; (vg) mode involving
Mo—0,, Mo—0;,, and Mo—OQ,. bonds. This assignment
corresponds with that of Isaac and co-workers at 550 cm™'. They
also assigned the observed band at 515 cm™! to a symmetric
bending mode. It could match the B, (v;;) mode calculated at
528 cm™!. However, the aminopyridinium spectrum indicates
that the peak at 515 cm™' is actually due to the cation,
corresponding to the peak calculated at 496 cm™!. The same
arguments could be made with the peak at 410 cm™, assigned
by Isaac and co-workers to an asymmetric bending mode. It
could match the peak observed by Romén et al. at 395 cm™!
and calculated at 449 cm™!. Again, the contribution of the
aminopyridinium cation in that range of frequencies makes
the assignment more complicated because another of its bands
appears at 406 cm ™. The band observed at 410 cm™! is probably
due to [CsH;N,]™ and not to the heptamolybdate anion as
suggested by Isaac et al. In the third block, only one Raman
peak coincides with an IR band at 399 cm™! and is assigned to
a bending asymmetric B, (v74) mode. The aminopyridinium
Raman spectral trace shows a very weak peak at 388 cm™! which
matches the band assigned to the cation by Isaac et al. at around
375 cm™.

For frequencies with v < 300 cm™', more Raman spectral
data than IR modes have been reported. They are mostly due
to symmetric motions and, according to Isaac and co-workers,
arise from translations and rotations of MoOg groups. They
involve movements of all of the atoms. Thus, assignments to
individual functional groups become less clear.

Influence of the Solvent on the IR and Raman Spectra.
Figure 4 shows the spectral trace of [M0,044]°” obtained with
the inclusion of solvent in the computational modeling. Calcula-
tions were performed on the COSMO-optimized geometry of
the anion. The rms over the whole range of meaningful
frequencies [0;1100] cm™! is higher than that when solvent is
not included. This is especially noticeable when the data of

1
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TABLE 5: Characteristic Group Frequencies (in cm™!) for Type-I and Type-II POMs Based on Experimental Results

a- and -[XMo,040]*~ [MogO9]*~ [XMogOa4]*~ [Mo07024]1%~
1(X-0) IR 940-1060 R 680-685
IR 800-960 IR 540-635
v(Mo-0Oy) R 960-999 R 980-999 R 900-960 R 890-940
IR 920-980 IR 957-970 IR 900-960 IR 915-945
R 920-980 R 951-968
¥(Mo-O,y) R 830-880
IR 600-900
(Mo-0,,—-Mo) R 600-630 R 690-720 R 830-880
IR 700-810 IR 796-810 IR 690-720 IR 600-900
V(MO—OZCH—MO) IR 770-900
»(Mo-0,) R 245-247 R 278-290
Romadn are used. Solvent leads to a shift of the spectral trace Conclusion

toward lower frequencies and an increase in the calculated IR
intensity, especially for the strongest bands v,; and v;;. These
results confirm the observations made for [TeMogOx]®~ and
[IMo0gO,4]°~ anions.'” In the previous study, an analysis of the
bond order revealed a decrease in the covalent character of
metal—oxygen bonds upon solvation. Associated with an
increase in the bond dipole moment, this explained these two
effects of solvation. As shown in Figure 6, solvation also leads
to the aminopyridinium IR spectrum being shifted toward lower
frequencies with a very large shift of the low-energy peak from
265 cm™! in the gas phase to 55 cm™! in an aqueous
environment.

The calculated frequencies of the bending modes in the gas
phase were higher than Roman’s results, giving a rms value of
51 cm™!. The shift of these frequencies in water is such that
the rms decreases to 40 cm™!. Finally, it may be noted that
contrary to [MogOy]*~, inclusion of the solvent does not increase
the vibrational frequencies due to stretching of Mo—O, bonds.!°

Vibrational Sspectrum of the [W,0,4]°" Anion. The calcu-
lated IR and Raman spectral traces of the [W70,4]®" anion are
represented in Figure 9 (Supporting Information). Frequencies
obtained in the gas phase and with solvent were determined
using the same level of theory as for [Mo0;0,4]%". C,, symmetry
was confirmed by the structural analysis and lack of imaginary
frequencies. A similar spectrum to the heptamolybdate anion’s
is expected, but as pointed out by Thouvenot et al., the
molybdate framework has a reduced rigidity compared to that
of tungsten.* Hence, force constants associated with metal—
oxygen bonds are expected to be higher, leading to a shift toward
higher vibrational frequencies. This shift is confirmed on the
spectral trace, with a first band at 928 cm™!, for the symmetric
stretching mode A; (v,), assigned to stretching of W—O bonds.
A peak was observed by Himeno et al. at 944 cm™! and could
match this first calculated band. A band which occurs at 912
cm™! contributes to the band at 915 cm™. It is assigned to the
asymmetric stretching mode B, (ves).

The four blocks assigned for the [M070,4]°" anion are also
identifiable on the spectral trace of heptatungstate based on the
nature of the vibrations. The few experimental data available
do not allow a thorough comparison with experiment. Although
some calculated Raman frequencies match the bands reported
by Himeno et al., the influence of the acetonitrile used as the
solvent and the counterion induces a shift which makes the
assignment uncertain. However, the analysis of [Mo70,4]®~
vibrational modes suggests the assignments reported in the
Supporting Information. The main IR bands obtained in the gas
phase are summarized and compared to the experimental values
reported by Himeno and co-workers.*” The spectrum of these
workers was recorded for a CssW70,4*5H,0 solution, and only
a few bands were reported in the range of [400;1300] cm™".

The structures of [Mo70,4]°" and [W;0,4]®" isopolyanions
have been refined, achieving a better computational —experimental
agreement than that achieved previously. This improvement is
made possible by the combined use of a new geometry
optimization algorithm available in ADF2008 and an improve-
ment in the level of theory based on DFT. It has been shown
that, even for heptatungstate, spin—orbit coupling has little effect
on the calculated structural and vibrational properties compared
to a scalar treatment. This conclusion suggests that an efficient
computational strategy for closed-shell polyanions can safely
neglect spin—orbit effects.

Moreover, the need for incorporation of environmental effects
using solvent models has been confirmed when (¢/m = 0.8),
especially for structural studies. Nevertheless, as Bagno and co-
workers underlined, “the influence of the solvent cannot be
overemphasized”.? Indeed, even though metal —terminal oxygen
bond lengths are improved slightly, some tungsten—oxygen
bonds which involve pseudoterminal oxygen atoms are found
to be very sensitive to the interactions with the solvent and can
shorten considerably in water. This result may have important
consequences for other polyanions containing pseudoterminal
atoms and weakly bonded oxygens but also for other systems
with long weak bonds.

The vibrational study of [M070,4]®~ and [W7054]°~ confirms
the sensitivity of the vibrational trace to the solvent. The
observed shifts toward lower frequencies for the polyanions are
in accord with previous work. For isolated polyoxoanions, the
pseudoterminal oxygens contribute to M—O vibrations between
890 and 940 cm™!, and their main IR and Raman modes appear
between 600 and 880 cm™!. Table 5 summarizes the charac-
teristic group frequencies for type-I and type-II polyoxometa-
lates, including those with pseudoterminal atoms. Results
obtained for the heptamolybdate are compiled with previous
vibrational frequencies found for a- and [-[XMo1,04]%,
[MO6019]2_, and [XM06024]Z_.10

The spectra obtained for the isolated anions are in good
agreement with previous experimental studies, especially be-
cause experiments are often performed on the solid state.
Moreover, large organic counterions are often used experimen-
tally to stabilize polyoxometalate phases; therefore, to model
better the crystal environment, assignment of vibrational
frequencies of polyanions must include the counterion. The
contribution of the aminopyridinium ion led to ambiguity in
the experimental assignments, many of which have been
resolved by combining calculations of the polyanion and
counterion. However, the interaction between the cation and
anion no doubt further complicates the spectra, and although
computationally demanding, a complete assignment will require
both ions and their interactions.
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Evaluation of the binding energies between the cation and
the anion could provide information that would fully characterize
the types of interactions that occur between the polyanions and
their counterions but also with their environment such as water
molecules. It could also clarify the influence of the pseudoter-
minal oxygens regarding the reactivity of hepta-anions.
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