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Abstract

The counterions of polyoxometalates (POMs) impact properties and applications of this growing
class of inorganic clusters. Here, we used density functional theory (DFT) to elucidate the impact
of fully hydrated alkali metal cations on the geometry, electronic structure, and chemical properties
of the polyoxotungstate anion [PW,040]*. The calculations show that the HOMO of the free anion
[PW1,040]* is a linear combination of the 2p AOs of the bridging oxygens, and the first few
LUMOs are the 5d orbitals of the tungsten atoms. The Sy — S, electron excitation, near 3 eV, is
associated with the O(2p) — W(5d) transition. Anion/cation complexation leads to formation of
[PW1,040]> [M*(H,0)14]5 ion-pair complexes, where with the increase of atomic number of M, the
M*(H,0),s cluster releases several water molecules and interacts strongly with the
polyoxometalate anion. For M = Li, Na and K, [PW ;04> [M*(H,0)¢]; is characterized as a
“hydrated” ion-pair complex. However, for M = Rb and Cs, it is a “contact” ion-pair complex,
where the strong anion-cation interaction makes it a better electron acceptor than one of the
“hydrated” ion-pair complexes. Remarkably, the electronic excitations in the visible part of the
absorption spectrum of these complexes are predominantly solvent-to-POM charge transfer
transitions (i.e. intermolecular CT). The ratio of the number of intermolecular charge transfer
transitions to the number of O(2p)-to-W(5d) valence (i.e. intramolecular) transitions increases with
the increasing atomic number of the alkali metals.

Introduction

Ion-pairing plays critical a role in many areas of chemical, physical, biological and materials
sciences. [t generates necessary chemical space to stabilize exotic structural motifs with unmatched
properties, impacts reactivity of catalytic active species to drive highly selective chemical
transformations, promotes critical intermolecular charge transfer (CT) in biologically vital
processes, drives optical and electronic properties of industrially critical materials, and more. For
example, ion-pairing influences nearly all properties of the growing exotic class of transition-metal
oxygen-anion clusters (polyoxometalates or “POMs”).!-> Briefly, cation-POM ion-pairing is
shown to be critical for rates of redox processes,’!® acid-base behavior,'+!” self assembly,!®1?
solubilities?*?!, magnetic properties,?!> biological activities,”?> and speciation,”> among other
fundamental properties, of highly anionic polyoxometalates. While the counter cations are
frequently written in POM formulas and noted in X-ray structures, their specific roles in redox,
acid-base and other fundamental properties of highly anionic POMs, as well as the nature of highly
charged metal-oxide anions, are not well analyzed.?* The current POM-related literature divides
the existing hydrated counter cation — POM ion-parings into three categories: (a) the hydrated
counter cations neither directly bonded (i.e. a POM oxygen is not directly ligated by the cation)
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nor hydrogen-bonded to a POM oxygen; this type of ion-pairing is called an “outer sphere” ion-
pairing, (b) the hydrated counter cations are hydrogen bonded to a POM oxygen, which could be
called and “hydrogen-bonded” ion-pairing,?> and (c) the counter cations (CC) directly bonded to
a POM oxygen (i.e. via the CC-O-M bonding motive).?¢ This category is referred to as “contact”
ion pairs. Since quantifying ion-pairing and identifying the impact of counter cation on stability,
structural motifs and reactivity of the highly anionic POMs are challenging and important tasks,
in this paper we examine the geometries and electronic structure of the alkali metal salts of the
most studied heteropolytungstate, [PW,040]*", using density functional theory. These calculations
clarify the key frontier orbitals, electronic transitions and potentials in these ubiquitous
[PW,040]> [M*(H,0),]s complexes, where M = Li, Na, K, Cs and Rb. The findings herein should
be fairly general for other POMs and particularly extrapolatable to the myriads of polytungstates.

2. Computational methods

The electronic structure calculations were carried out at the MO6L density functional level,?’
which has previously been used by us in describing the reactivity of the negatively charged
Lindqvist ion in the presence of water molecules and Cs* ions (used as counter cations).?82°
Following that work, here, we utilized the 6-31++G(d,p) basis sets® for P, O and H atoms, D95V
for Li,’! and the LANL2DZ ECPs with the corresponding basis sets for W, Na, K, Rb and Cs.3?
The excited states of the studied molecules were calculated with the time-dependent (TD) DFT33
using the density functional and basis sets above. The effects of bulk aqueous solution were
approximated at the level of the polarizable continuum model (PCM).3435 All calculations were
performed using Gaussian 09 (Revision E.01) quantum chemical software package.3°

’ Obl Ot

Figure 1. The calculated structure and important geometry
parameters of the polyoxometalate anion [PW,04]> at its
ground electronic state, S, (see Supporting Materials for more

details). The terminal, bridging and central (i.e. of POg4-unit) Ay —

oxygens are labeled as O!, O, and O¢, respectively. The , & ¢ . 4

oxygens of the PO,-unit are green, while the P and W atoms [ _,“‘ ’. 8;\.,\\/;;7,;3/&/&
yellow-orange and blue, respectively. i X 00-W=1.93 A

@ | P-0°=1.55 A
i. 0°-W=2.47 A

3. Results and discussion
3.1. Properties of the [PW,09]3 anion

The geometry and electronic structure of the anion [PW1,040]* have been subject of several
previous computational and experimental studies.?>37-3° Our findings (see Figure 1 and Supporting
Materials) are fully consistent with the previously reported data. The calculated W=0t, W-OP, and
W-O¢ bond distances are 1.71, 1.93 and 2.47 A, respectively. In a simplified picture, the electron
configuration of this anion derives from the fully oxidized tungstens W (5d°6s°), p-shell filled
oxygen O?anions, and a [PO4]* unit. The calculation, in fact, assigns O a -0.64 |e| charge, and
further differentiates the bridging oxygens into OY! and O"2, with a -1.04 |e| and -1.21 |e| charges,
respectively.

Analysis of the frontier orbitals reveals a HOMO-LUMO gap 0f2.99 eV and reflects the simple
ionic picture, with the HOMOs being linear combinations of the OP'(2p) and O"?(2p) AOs and the
first few LUMOs being primarily W(5d) orbitals, as seen in Figure 2. The low potential of the first
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5 LUMOs, -4.1 to -3.7 eV, points to a strong electron affinity of the anion [PW,040]*, which is
consistent with the available experiments.’” The lowest energy electron excitations, with the Sy —
S, being near 3 eV, are valence O(2p) — W(5d) transitions.

A more complete picture of the excited states is summarized in Figure 3, where we present the
UV-VIS spectrum calculated as vertical excitation energies, with dipole intensities, at the Sy global
minimum. The leading singlet states, S, for n=1-73, are all dark states since the HOMO — LUMO
orbitals involved in these transitions possess quasi-spherical symmetry, resulting in near
cancellation of the <HOMO|LUMO> matrix elements, where u is the dipole operator.

Figure 2. Frontier MOs of the Keggin [PW,04]*- ion with
their energies (in eV). The eight highest occupied and five
lowest virtual MOs are combined in degenerate groups:
LUMO (0,+1) form a doubly degenerate pair followed by
LUMO (+2,3,4) as a triply degenerate group, all dominated
by W(5d) orbitals. HOMO (0,-1) form a doubly degenerate
pair with HOMO (-2,3,4,5,6,7) forming a six-fold -4.082 -3.730
degenerate group, characterized by O°(2p).

The first transitions with strong intensity show up
as band A, containing the states S;4-g9 and centered
around 3.9 eV; they are mostly O°2p) —
W(5d)/0b(2p) and O'(2p) — W(5d)/OP(2p) transitions
involving occupied orbitals with well-defined HOMO (0.-1) HOMO (-2.3.4.5.6,7)
asymmetry (see Supporting Materials for details). 7072 7402
Band A is followed by a stronger band B, made up of
two state groups Si3s.137 and Sigs166 and centered at 4.3 eV; it is dominated by OY(2p) —
W(5d)/0b(2p) and OP(2p) — W(5d)/O4(2p) transitions. We note that the direct contribution from
the triplet states is ignored in the spectrum due to the lack of spin-orbit mixing in present
calculations, but it is expected to broaden both the optically active singlet bands. We note the large
density of triplet states in the 3.6-4.4 range eV. A further role of the triplets is their expected
involvement in non-radiative decay of the highly excited bright singlets (in bands A and B) to the
lowest energy optically dark S;/T; pair, which is a candidate state for electron transfer to an
electron acceptor.

Figure 3. UV-VIS (vertical) spectrum of [PW,04]*
based on the first 200 singlet states (red sticks),
convoluted with a Gaussian lineshape (black curve). The "¢
density of triplet states is represented by the inverted -°
green curve. g
=
I

In the presence of liquid water and alkali metal '
cations, (M* = Li", Na*, K*, Rb*, and Cs"), the Ax10" P
[PW1,040]* anion is expected to be fully solvated 26 28 3 E3)'(iit§ﬁ)n3|;:6nef$, (94\,) 42 44 a8
and charge-balanced by the hydrated counter cations
to form [PW1,04]3 [M*(H,0),]; complexes. However, key details of the [PW1,040]3-[M*(H,0),]5

interaction and structural motifs of the [PW1,04]3 [M*(H,0),]; complexes remain unresolved.
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3.2. The water clusters of alkali-metal cations

In this paper, we intend to elucidate the nature of the cation-anion interaction and key structural
features of the common polyoxometalate complex in water, [PW1,049]> [M*(H,0),]s. To this end,
we first determine the number of water molecules needed to solvate each alkali-metal cation (M*
=Li*, Na*, K, Rb", and Cs") in an aqueous solution. In our calculations of the M"(H,0), clusters,
we fully saturate the first solvation shell of the cation by stepwise increasing the number of closely
coordinated water molecules to the metal cation. We found that the first solvation shell of Li*, Na*,
K*, and Cs™ cations contains a maximum of 6, 7, 8, and 12 closely coordinated water molecules,
respectively. The first solvation shell of the Rb™ cation includes 8 closely coordinated water
molecules and four slightly weaker coordinated water molecules, therefore, its coordination
number is described as being anywhere between 8 and 12. These findings are consistent with
previously reported computational and well-known experimental*’ data. For example, recent high-
level electronic structure calculations on Na*/water clusters confirm that the first solvation shell
of Na* contains at least 6 water molecules.*! However, in the present study of the [PW,04]*
[M*(H,0),]5 structures, to keep the alkali metal solvation spheres maximally similar, the same
number of water molecules, a total of sixteen, was used for all our calculations (see Figure 4).

'J . -
Na*(H,0)y6 ?  Rb*(H,0)46

9
Figure 4. Counter cations of the hydrated metal clusters with 16 water molecules, i.e. M*(H,0)s. The first
solvation spheres are marked by solid metal-oxygen bonds: with 6 water molecules for M = Li, with 7 water
molecules for M = Na, 8 water molecules for M = K, 8-12 water molecules for M = Rb, and 12 water
molecules for M = Cs (see text). For all clusters, the water molecules assigned to the second solvation
sphere are omitted.

We found that solvating the alkali metal cations by 16 water molecules is sufficient to provide
a balanced description (vide infra for details). As one can see in Figure 4, the first solvation shell
of each cation expands with the increasing atomic number of alkali metal. In Figure 5 we presented
the radii of the cation hydration shells, which are assumed to be spherical, versus atomic number.
As expected, the calculations show that the number of water molecules coordinated to the metal
centers increases with increasing radius of the cation solvation shell. Similar values for the size of
the first solvation shell were reported for the Li"(H,0)s, Na*(H,0)s, and K*(H,O); at 2.0, 2.5 and
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2.7 A, respectively at the EFP/6-31+G* level of theory.*> More recently, Wang and coworkers
have reported ~2.5 A Na-O bond distance in Na*(H,0)e,*' supporting the earlier EFP results.

The solvation of Rb* and Cs™, using up to 9 water
molecules, has been studied with MP2/6-31+G*,
resulting in the respective metal-oxygen bond
distances of ~3.1 and ~3.4 A.*3 The binding energies of
an outermost water molecule in the cluster, i.e.
dehydration by a single water molecule E[M*(H,0)
— M*(H,0);5 + H,0 ], are -15.5, -15.1, -12.8, -14.1
and -0.3 kcal/mol for M = Li, Na, K, Rb and Cs. In
other words, the second solvation shell becomes
“softer” with the increasing atomic radius, which
implies that the heavier ions should donate a water to
the negatively charged POM anion more readily than

sphere radius (

C \ \ \ \ \
0 10 20 30 40 50 60

atomic number

Figure 5. The first solvation sphere
radius defined as the average M*-OH,
distance in the ion-water clusters
M*(H,0);6, where M=Li, Na, K, Rb, Cs.

the lighter ones.

Li*(H;0)46 Na'(H;0)6 K (H;0)46 Rb*(H,0)46 Cs*(H,0)46
P g
o o & 4 } .a® @
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Figure 6. Frontier molecular orbitals of the five hydrated alkali ions; the MO energies are given in eV.
Localization of the HOMOs is clearly visible in contrast to delocalization of the LUMOs.

Inspection of the frontier molecular orbitals of the hydrated cations, summarized in Figure 6,
reveals a common picture. The HOMO of the M*(H,0), clusters is a 2pw lone-pair orbital that is
localized on one (in Li, Na) or two (in K, Rb, Cs) of the water molecules in the second solvation
shell, and the LUMO of these clusters is a 2pc* antibonding orbital that is delocalized over all the
water molecules of the cluster. The occupied MOs of the waters in the first solvation shell are
spatially closer to the alkali metal cations and stabilized by the cation-water interactions. The
LUMGOs, on the other hand, are evidently not as affected by the presence of cations, and therefore
involve all water molecules rather uniformly. The increasing atomic radius of the alkali metal
cations appears to have a stronger effect on the energy of the HOMO orbital.

3.3. Polyoxotungstate anion-alkali metal cation [PW1,04]3 [M*(H,0),]; ion-pair complexes.
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Following the above preparatory steps, the geometry and electronic structure of the
[PW,040]> [M*(H,0)16]3 polyoxotungstates were studied, where M = Li, Na, K, Rb and Cs. With
unconstrained energy minimization, the final structures of these complexes were obtained and
presented in Figure 7.

&
4 M= Na
Naposo 80 g8 60y
oy

Na-W=63 $o ,.,P

Na-O* =55 2 o

Na-P=9.9

Na-W =7.0
Na-O=6.9
Na-O'=5.5

)8“u <

.t‘ Rb-P=84 M =Rb
y e
‘,‘:.‘ Rb-W = 6.0
S, PRb-OP=52
2. Rb-0'=54

¥

Figure 7. Structures of the [PW ;04> [M*(H,0)6]s (M=Li, Na, K, Rb, Cs) ion-pair polyoxotungstates.
Important distances are given in A next to each structure, with the shortest ones emphasized in red. The
coordination number for each M in the complex is shown in bold as #Ow+mO", where Oy, is water oxygen
and Ot is a terminal oxygen of the POM anion, with » and m being integer.

As seen in Figure 7, the anion/cation complexation motifs in the [PW,040]*[M*(H,0)6]3
polyoxotungstates are similar for all five alkali metals: the cations form a nearly equilateral triangle
around the anion [PW,049]*", with the phosphorus center of the anion being approximately co-
planar with the three alkali metal centers. Furthermore, the local structures of the hydrated alkali
metal cations closely resemble the corresponding pre-complexation M*(H,0);¢ structures. This
can be assessed, for example, by the number of coordinated water molecules in the first solvation
shell of cation [presented as a pre-complexation/post-complexation numbers: here, (n, m, [) stands
for the coordination numbers in the first, second and third M*(H,0);c cluster], which is found to
be (6, 6, 6)/(6, 6, 6), (7, 7, 7)/(6, 6, 6) and (8, 8, 8)/(7, 7, 7) for M = Li, Na and K, respectively.
Thus, Li clusters have experienced no change in coordination number, while Na and K clusters
each lost one water molecule upon the complexation. For Rb, the number of the coordinated water
molecules change as (12, 12, 12)/(10, 10, 11), which could be due to its pre-complex coordination
ambiguity. However, for M = Cs, unambiguously, the number of the coordinated water molecules
changes as (12, 12, 12)/(7+1, 9, 11), revealing that the Cs-center of the first Cs*(H,0),4 cluster loses
5 water molecules, but gains coordination with the POM anion via its terminal oxygens, and the
Cs-centers of the two other Cs™(H,O)s clusters lose 1 and 3 waters each, respectively.

Page 6 of 15
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Consistently, the average M-O'(POM anion) and M-O(anion) bond distances are calculated to be
5.1,5.4,5.1,54and 4.6 A, and 6.0, 6.3, 5.7, 5.3 and 5.4 for M = Li, Na, K, Rb and Cs, respectively.
Based on the above structural analysis, one may conclude that with increase of the atomic number
of the alkali metal cation, a solvated [M*(H,0O);¢ cluster: (i) more readily releases several water
molecules from its first coordination sphere, (if) opens additional coordination sites, and (iif)
interacts stronger with the polyoxometalate anion. As a result, the cation is positioned closer to the
POM anion’s surface. The calculated binding energy of the hydrated alkali metal cations with the
POM anion, defined as AE = E( [PW12040]3_[M+(H20)16]3 ) - E( [PW1204O]3_) - 3E( M+(H20)16 )
and plotted in Figure 8, alongside a single water dehydration energy of an M*(H,0),6 pre-complex
ion, defined as AE = E[M*(H,0);¢] - E[M*(H,0);5] - E(H,0), reinforces this conclusion. Indeed,
as seen in Figure 8, the 3[M*(H,0);4]-POM binding energy increases (becomes more negative)
from M = Li (~ -35 kcal/mol) to M = Cs (~ -55 kcal/mol), while, on the contrary, a single water
dehydration energy decreases (becomes less negative) from M = Li (-15.5 kcal/mol) to M =Cs ( -
0.3 kcal/mol).

c -20
Figure 8. The calculated complexation energy of the '%: a0k |
[PW 1,040 [M*(H,0);6]3 polyoxotungstates (circles), é_ g ol b
and the energy of removal of a single water molecule, ET
denoted as “dehydration”, from a M'(H,O);s ion S o ]
< -60

(squares) for M=Li, Na, K, Rb, and Cs.

Based on the above presented data it is
conceivable to characterize the ion-pair complex
[PW 1,04 [M*(H0)5]3 as a “hydrogen bonded”

(or “hydrated” ion-pair complex for M = Li, Na and 535 30 40 50 60
K, but as a “contact” ion-pair complex for M = Rb atomic number

and Cs. However, as indicated by computation, the

transition from the “hydrogen bonded” to the “contact” ion-pairing structures upon change of M
via Li, Na, K, Rb, and Cs is a continuous evolution and it is well pronounced in case of light (i.e.
Li, Na, and K) and heavy (i.e. Cs) alkali metals. These findings are consistent with available
experiments.’

AE dehydration
(kcal/mol)

As one can expect, the increase of the anion-cation interaction in [PW1,040]* [M*(H,0);6]3 upon
going from M = Li to M = Cs would have a well-defined effect on the frontier orbitals of the
[PW,040]* anion, and consequently, on chemical properties of polyoxometalate. Indeed, an
examination of the molecular orbitals of the complex [PW1,049]> [M*(H,0)16]3, which is provided
in the Supporting Materials, and comparison with those of the anion [PW1,040]* shows that both
the HOMO and LUMO of [PW,049]3 are stabilized upon the interaction with [M*(H,0)]s.
Importantly, this stabilization effect depends on the nature of the counter cation, and consequently,
on the strength of the anion-cation interaction. Close examination shows that the HOMOs of the
[PW15040]> [M*(H50),6]3 complexes are not only more strongly stabilized than their LUMO
counterparts upon going from M = Li to Cs, but their energies drop below the occupied MOs of
the coordinated water molecules. This effect is more pronounced for the complexes with M = K,
Rb and Cs than for M = Li and Na. A full picture of the frontier MOs of the complexes is provided
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in Scheme 1, where we qualitatively depict the above discussed observations and show the
stabilization trends of the POM-based LUMO/HOMO pairs, and the reverse trend of the water-
based HOMOs originating on the hydrated alkali metal clusters.

— POM orbitals
-4.082 ——  water orbitals
3 4248
-4'_286 -4.295 -4.296 -4.366
=z Y  —
2.990
2958 7989 2.972 3.066 3.010
i AN
7072 -7.244 -7.237
—_— —_— A — ——] ——
= - = = Y=
-7.267 -7.362 -7.376
PW,04]* M =Li M =Na M=K M =Rb M =Cs

[PW 12049 [M*(H20)6l5

Scheme 1. Schematic illustration of the first few frontier orbitals of [PW,04]> and [PW,04]*
[M*(H,0)¢]5 systems. The HOMO/LUMO pairs localized on the [PW,04]* anion are shown by black
lines (with the MO and the HOMO-LUMO gap energies provided) and those localized on water by red
lines. All energies are given in eV.

As mentioned above, the obvious cause of the HOMO/LUMO stabilization in the [PW,040]*
[M*(H,0)6]5 polyoxotungstates is the anion-cation interaction. Here, we find it useful to
demonstrate this phenomenon, once again, by deriving a formal correlation of the redox potentials
with the energy of complexation. Taking the orbital energies 7.20

from Scheme 1 and plotting them against the complexation g 7.25- o ©
energy reported in Figure 8 yields the plots summarized in ~ 2-7.301-
Figure 9. Lu% -7.35|- o
_740 1 l 1 l 1 l 1

Figure 9. Correlation of the LUMO (E ymo) and HOMO (Egomo) = 420
energies with the [PW1,040]*> - [M*(H,0)4]5 complexation < '1'22:
energy- |.u§ 4.351-

. . . _440 1 l 1 l 1 l 1
One can infer from the plots a nearly exact linear correlation 60 50 40 30~ -20

. C lexation E kcal/mol
for Erymo, with the rate of ~4.1 meV per kcal/mol of omplexation Energy (kcal/mol)

complexation, and a less pronounced, yet still arguably linear correlation for Egonmo, with a 5.3
meV per kcal/mol rate of complexation. The less clear linearity of Egomo can be explained by the
fact of HOMO’s noticeable spatial mixing with the occupied MOs of water, which causes
appreciable perturbation to a simple electrostatically induced stabilization. (This can also be seen
in Figure S2 of the Supporting Materials.)

In summary, while anion-cation interaction in the [PW ;0 4o]> [M* (H,0) ;6] 3 polyoxotungstates
only slightly changes the HOMO-LUMO energy gap, it may significantly impact the chemical
properties of the polyoxometalate. Indeed, the POMs with M = Rb and Cs, i.e. the contact ion-pair
complexes, can be better electron acceptors than those with M = Li, Na and K, i.e. the hydrogen-

Page 8 of 15
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bonded ion-pair complexes. On the contrary, the POMs with M = Rb and Cs are poorer electron
donors than those with M = Li, Na and K. Importantly, since the formal HOMOs of the [PW ;1,0 49]
[M*(H,0) 4] ; polyoxotungstates, with M = Rb and Cs, are the water orbitals, it is conceivable to
expect that the first few ionizations of the [PW 1,0 ]% [M"* (H,0) 14] 3 polyoxotungstates will involve
ionization of water molecules rather than polyoxotungstate anion.

At this point, we also wish to address the electronic spectra of the [PW1,040] [M*(H,0);6]3
polyoxotungstates in the visible wavelength range by analyzing the few leading excited singlets.
The results of the excited state calculations, partially summarized in Table 1 and more fully in
Table S4 of Supporting Materials, show two types of transitions: the O(2p)-to-W(5d) valence
transitions within the polyoxometalate anion, labeled “intramolecular charge transfer or Intra-
CT”, and the H,O (m lone-pair)-to-W(5d) transitions which we define as charge transfer transitions
from solvent to POM anion, labeled “ intermolecular Inter-CT”. Consistent with the MO picture
in Scheme 1, the lowest energy excitations, i.e. S; states, are Intra-CT in character for M = Li and
Na, but are Inter-CT for M = K, Rb and Cs. The first /ntra-CT excitations for the complexes with
M =K, Rb and Cs appear as S4, S;; and S5 states, respectively, lying 0.13,0.11 and 0.56 eV above
their corresponding band origins. In general, as seen in Table 1, all five complexes display much
stronger Inter-CT than Intra-CT characteristics in the long wavelength regime, and that the Inter-
CT dominance at low energies increases towards the heavier alkali metal cations. Additionally, in
the first 17 excited states, the ratio of the number of pure Infer-CT states to pure Intra-CT or mixed
Intra-CT / Inter-CT states evolves from Li to Na, K, Rb and Cs as 12:5, 12:5, 13:4, 14:3 and 16:1.
It is clear, however, that the addition of more water molecules toward a more realistic bulk solvent
representation will dramatically increase these ratios, so that Infer-CT character will entirely
dominate over POM’s Intra-CT transitions. Thus, these calculations show that in the [PW;,0 4]
[M*(H>0) 4] 3 polyoxotungstates, with the heavier alkali metal cations, a few leading excitations
correlate with the solvent-to-POM (i.e. intermolecular charge transfer, Inter-CT) transitions,
rather than with the internal O(2p)-to-W(5d) (i.e. intramolecular charge transfer, Intra-CT)
transitions.

We also should mention that in all [PW,040]* [M*(H,0),6]5 polyoxotungstates, the leading
Intra-CT transition is energetically very close to those in the free POM anion (2.98 eV). This result
is consistent with the above presented finding that the HOMO-LUMO gap, unlike the individual
MO energies, is weakly dependent on the nature of alkali metal cations.

Table 1. Excited state energies (in eV relative to Sy) and dominant orbital character for the first few excited
singlets S, of the [PW,04]> anion, and the [PW ;040> [M*(H,0)6]s complexes. For the [PW,040]*
[M*(H,0);¢]5 systems, “Inter-CT” is defined as H,O(m lone-pair)-to-W(5d) charge transfer, and “Intra-CT"
is defined as the O(2p)-to-W(5d) valence transition. Some states are approximately evenly mixed Intra-CT

/ Inter-CT transitions, labeled here by “m” for brevity. By default, unlabeled energies in the columns are

“Inter-CT”.
Sy | [PW 20401 M=Li M = Na M=K M =Rb M=Cs
1 2.984 2.976 (Intra) | 2.987 (Intra) | 2.851 2.877 2.423
2 3.031 2.990 3.006 2.897 2.896 2.460
3 3.032 3.024 (Intra) | 3.015 2.968 2.926 2.769
4 3.054 3.049 (m) 3.030 2.980 (Intra) | 2.934 2.794
5 3.318 3.061 (m) 3.034 (Intra) | 3.012 2.941 2.796
6 3.318 3.081 (Intra) | 3.036 (Intra) | 3.013 2.954 2.817
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7 3.319 3.132 3.038 3.038 (Intra) | 2.955 2.831

8 3.329 3.134 3.050 3.051 2.980 2.831

9 3.330 3.188 3.058 (m) 3.056 2.982 2.860
10 3.330 3.192 3.062 (m) 3.060 (Intra) | 2.987 2.868
11 3.335 3.203 3.087 3.072 (Intra) | 2.991 (Intra) | 2.897
12 3.336 3.211 3.096 3.083 2.999 2.906
13 3.337 3.215 3.144 3.096 3.012 2919
14 3.386 3.223 3.151 3.128 3.037 (Intra) | 2.942
15 3.387 3.234 3.152 3.136 3.039 2.954
16 3.388 3.262 3.159 3.140 3.045 2.955
17 3.390 3.264 3.177 3.180 3.070 (Intra) | 2.986 (Intra)

It is important to emphasize that the /nter-CT transitions showing up in the low energy part of
the spectrum, presented in Figure 10, are
relatively dark, compared with the pure
POM’s strongly active A and B bands. As
seen in Figure 10, where we illustrate the
low energy part of the photoabsorption
spectra  of  [PW5049]* [M"(H20)16]3
polyoxotungstates, the (/nter-CT)-sourced
absorbance is of the order of 400-600
L*mol'*cm!, or about two orders of
magnitude weaker than (/ntra-CT)-sourced
bands, seen in Figure 3. Despite the strong
dipole change component arising due to the
charge transfer between water and the
POM, the quantum mechanical factor,
which depends on the involved orbital
spatial overlaps, is extremely small, making
the Inter-CT transitions dark. (The orbitals
relevant to the involved Inter-CT transitions
are provided in the SI for visual inspection.) From Figure 10 one may also see that the long
wavelength tail of the spectrum is much more pronounced in the Cs complex than in the other four.
This effect is due to the higher density of Inter-CT states of the Cs complex, as well as to its S;
and S, states, which are both substantially lower, by ~0.4-0.5 eV, than their Inter-CT counterparts
in the other complexes.

600

400

R
g¢(Lmol cm )
N
o
o

0 I
23 24 25 26 27 28 29 3
Excitation Energy (eV)

3.1 32

Figure 10. The low energy part of the photo-
absorption spectra of POM/counter cation complexes,
dominated by Inter-CT transitions, convoluted with
gaussians using the data reported in Tables 1 and S4.
The wvertical sticks mark the corresponding band
origin for each of the five complexes.

4. Concluding remarks

The impetus for this study was to understand the geometric structure, electronic structure and
chemical properties of the hydrated alkali-metal Keggin heteropolytungstates. We have used
density functional theory to elucidate the impact of fully hydrated (with sixteen water molecules)
alkali-metal counter cation on the electronic and geometry structures of the phosphotungstate acid.
The calculations show that:

1. the HOMO of the free anion [PW,040]* is a linear combination of the 2p AOs of the bridging
oxygens, and the first few LUMOs are the 5d orbitals of the tungsten atoms of the Keggin

Page 10 of 15
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polyanion. The lowest energy electron excitations, i.e. the Sy — S; excitation, are near 3 eV,
corresponding to the O(2p) — W(5d) transitions.

The first solvation shell of the Li*, Na*, K*, Rb", and Cs* cations contains a maximum of 6, 7,
8, 10-12, and 12 closely coordinated water molecules, respectively. The HOMOs of the
M*(H,0),, clusters are 2p orbitals of the water molecules located in the second solvation shell
of metal cations, while the LUMOs of these clusters are 2pc* orbitals which are delocalized
over the entire water body of the M*(H,0),, clusters. The occupied MOs of the waters in the
first solvation shell are spatially closer to the alkali metal cations and are stabilized the most
by the cation-water interactions.

. Upon anion/cation complexation to form [PW,04] [M*(H,0)6]3 polyoxotungstates, the

M*(H,0),¢ clusters undergo the following structural changes. With an increase in the atomic
number of the alkali metal cation, the cluster: (7) releases several water molecules from its first
coordination sphere, (i) opens coordination sites, and (iii) interacts strongly with
polyoxometalate anion via its terminal oxygen centers. Here, the complex [PW;,040]*
[M*(H,0);¢]5 is characterized as a “hydrogen bonded” ion-pair complex for M = Li, Na and
K, but as a “contact” ion-pair complex for M = Rb and Cs. This conclusion is consistent with
the limited experimental data.’

The anion-cation interaction in the [PW,040]* [M*(H,0)14]3 polyoxotungstates only slightly
affects the HOMO-LUMO energy gap, while it may significantly impact the chemical
properties of the polyoxometalate. Indeed, because of the strong anion-cation interaction, the
“contact” ion-pair complexes with M = Rb and Cs become better electron acceptors than the
“hydrogen-bonded” ion-pair complexes with M = Li, Na and K. Importantly, since HOMOs
of the [PW,04] [M*(H,0)4]3 polyoxotungstates, with M = Rb and Cs, are water-based
orbitals, it is conceivable to expect that the first few ionizations of the [PW1,040]> [M*(H,0)16]3
polyoxotungstates will involve water molecules rather than the polyoxotungstate anion.

The electronic excitations in the visible part of the electronic absorption spectrum of these ion-
pair complexes are predominantly solvent-to-POM (i.e. intermolecular) charge transfer in
character. The number of intermolecular charge-transfer excited states in the visible part of the
electronic absorption spectrum of these ion-pair complexes increases with the increasing
atomic number of the alkali metals.
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The [PW 1,040 [M*(H,0);¢]5 is a “hydrogen bonded” ion-pair complex for M = Li, Na and K, but
is a “contact” ion-pair complex for M = Rb and Cs, Intermolecular charge transfer from the
solvated counter cations M*(H,0) s to the anion [PW;,0,]>.
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The [PW12040]> [M*(H20)16]3 is a “hydrogen bonded” ion-pair complex for M = Li, Na and K, but
is a “contact” ion-pair complex for M = Rb and Cs, Intermolecular charge transfer from the
solvated counter cations M"(H>0) 6 to the anion [PW1:04].



