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ABSTRACT: Theoretical consideration and computational sim-
ulation have been performed on the voltammetric properties of
Keggin polyoxometalates (POMs), and the conversion from
successive one-electron transfer in unacidified media to four-
electron transfer (through two-electron transfer) in acidified
media has been discussed. Perfect simulation of the cyclic
voltammograms of POMs could be achieved using the standard
formal potentials and the protonation constants, systematically
evaluated by the equations, in which “simple (intrinsic)” and

“synergistic (extrinsic)” electron-withdrawing effects of the p,-
oxygen were taken into consideration. In the proposed model, the
formal potential of the one-electron redox waves for the ith

reduction step is presented by Ef(z,, s) = Ef* + 0.51(zg — i +
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1.067s (i = 1,2, 3, 4; Ef* = E¥* = 0.577 V; E¥* = Ef* = 0.377 V), where z, is the initial ionic charge of a Keggin POM and s is
the mean bond valence of the y1,-O—W bonds in the POM. The values of E}*s are related to the energy levels of the two lowest
unoccupied molecular orbitals (LUMOs) of a hypothetical Keggin POM with null charge and null bond valence. Then it was
revealed that the LUMOs have small on-site repulsion, which may be an important factor that makes multielectron transfer
feasible. These findings would give a big clue in developing novel redox materials exhibiting multielectron transfers.

1. INTRODUCTION

Multielectron transfer is of major importance in a wide range of
fields including renewable energy and biomimetic technolo-
gies.l_3 Unlike one-electron transfer, multielectron transfer
(especially more than two) is still a challenging subject. Keggin-
type polyoxometalates (POMs) [XM;,0,0)° (M = Mo, W, V,
Nb) possess a closed shell structure in the central cavity of
which a variety of heteroatoms X having various formal charges
(ranging from +6 to +2 for M = Mo, W) can be incorporated,
as shown in Figure 1. Keggin POMs are stable in appropriate
solvents and have ionic charge z widely ranging from —2 to —6
(for M = Mo, W). Therefore, they allow us to widely tune their
physical properties (such as surface charge density and basicity)
in terms of the heteroatom X, without changing their whole size
and surface structure. Furthermore, Keggin POMs undergo
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Figure 1. Structure of Keggin POM [XM,,0,,]".

-4 ACS Publications  © 2015 American Chemical Society

2793

multistep electron transfer without significantly deforming their
shell framework and act as a reservoir of electrons. From these
points of view, they are promising candidates for multielectron
transfer materials and attract considerable interest in the areas
of fundamental science and application technologies including
catalysts, electron acceptors for photovoltaic devices, and
antitumor or antiretroviral drugs.*””

Thus far the voltammetric properties of Keggin POMs have
been extensively investigated.>*~"" It is known that they exhibit
successive one-electron redox waves in unacidified aprotic
solvents and that their first redox potentials depend linearly on
their jonic charge. In acidified solvents the POMs undergo two-
electron reductions, owing to the protonation of the reduced
form at the electrode surface.'””'* Moreover, Gao et al.
reported that [XMo,0,,]%” (X = Co", Ni!) underwent four-
electron transfers in acidified aqueous media.'® Fundamental
understanding of such multielectron processes is important to
get a clue for developing novel potential materials exhibiting
multielectron transfers.

In a preceding voltammetric and structural study on various
tungsten Keggin-type POMs'” it was found that their redox
properties were governed not only by the ionic charge but also
by the bond valence s of the u,-O—W bond (Figure 1). It was
then revealed that [ZnW,,0,0]% having a large bond valence s
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exhibited four-electron-like redox behavior in acidified media.
To understand more about the relation between the bond
valence s and the multielectron transfer, we herein performed
theoretical consideration and computational simulation on their
voltammetric properties and discussed the principles of the
multistep one-electron reduction processes (up to four electron
addition) and conversion from the successive one-electron
reduction to two-electron or four-electron ones. Then perfect
simulation of their cyclic voltammograms (CVs) was achieved
by using a model involving a “synergistic” electron-withdrawing
effect of the y,-oxygen and the attached protons, which would
give a clue in developing redox materials exhibiting multi-
electron transfers.

2. EXPERIMENTAL SECTION

The experimental CVs of various Keggin tungstate anions were
obtained in the previous study.'” The measurements were carried out
by using a conventional three-electrode system in which a glassy
carbon disk electrode (area, 0.20 cm?®) was used as the working
electrode. The test solution contained 0.50 mM Keggin anion in dry
acetonitrile (water content < 50 ppm). The supporting electrolyte was
NaClO, (0.10 M) for [SW,0,0]*~ and Bu,NCIO, (0.10 M) for the
other Keggin POMs. For the acidification of solutions, CF;SO;H was
added, so that the concentration became 10 mM. The voltage scan rate
was usually 0.1 V/s™%. The temperature of the test solution was kept at
25.0 °C # 0.1 °C. In this paper all electrode potentials are reported
with reference to the ferrocene/ferrocenium (Fc/Fc*) couple.

The CVs were simulated using a simple explicit finite difference
method."®'® In this simulation the redox processes considered were
assumed to be reversible for simplicity. Calculation programs were
originally written in Microsoft Visual Basic 6.0. Using the program,
manual curve fitting of the experimental CVs with the simulated curves
was performed to estimate a set of parameters, which include
coefficients C} and C;, for the z- and s-independent part and for the s-
dependent part of the protonation energy of a Keggin POM,
respectively, the diffusion coefficients of Keggin POMs and proton
in the test solution, and the first protonation constant Ky, (zq, s) of the
oxidized form of the Keggin POM, which was used as a reference point
for a systematic evaluation of the other protonation constants.

The bond valence s of the y,-O—W bond was calculated using the
relationship s = exp[(d, — d)/B], where d, = 1.917, d = the p,-O—W
bond length, and B = 0.37.2° The bond lengths were determined from
the crystallographic data of the corresponding crystals (see Table S1,
Supporting Information).

3. RESULTS AND DISCUSSION

3.1. One-Electron Redox Behavior in Neutral Media.
3.1.1. Experimental Considerations of Simple Electron
Transfer. In previous work it was found that the midpoint
(formal) potential E; of the first redox wave of Keggin POMs
depends on the (mean) bond valence s of the y,-O—W bonds
as well as the ionic charge.'” Since the electronegativity of
oxygen (3.44) is greater than that of W (2.36), electrons may
be drawn from the W atoms by the y,-oxygens, resulting in the
depopulation of electrons on the W atoms and being used as
bonding electrons of the y,-O—W bonds. This depopulation
was also referred to by Mbomekallé et al., who studied the
influence of the heteroatomic size on the redox potentials of
Keggin anions.”">* The electron depopulation on the W atoms
affects the redox potential E; due to the Coulomb repulsion
between the electrons added and those originally populated on
the W atom; thus, E; depends on B (For distinguishing from
an additional, extrinsic electron-withdrawing effect mentioned
below, we call this s-dependent effect the “simple (intrinsic)”
electron-withdrawing effect of the u,-oxygen.) The plots of the
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E, values against the s value gave parallel straight lines,
depending on the ionic charge of the POM, and the separation
between the lines was 0.51 V per unit ionic charge (Figure S1,
Supporting Information). This means that the E; value shifts to
the negative potential side by 0.51 V per unit charge as the
ionic charge z is negatively increased. In order to discuss the
intrinsic effect of s on E; without the effect of ionic charge, we
estimated the potentials E;*s for a hypothetical Keggin POM
with null charge and the valence s as E,*= E; — 0.51z, where E,
is the potential for the Keggin POMs with charge z and the
valence s. The plot of E;* on s was linear, as reported previously
(Figure 2)."” The slope and intercept were 1.067 V per unit

1.2

slope =1.067 V/unit valence

f intercept =0.577 V
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Figure 2. Plot of E;* vs the bond valence s for [XW,0,0]% (z, = =2
to —6). E;*= E; — 0.51z,.

valence and 0.577 V, respectively, indicating that the first one-
electron redox potential of the hypothetical Keggin POM with
null charge and s = 0 is 0.577 V, and the formal potential shifts
to positive potentials by 1.067 V per unit valence with
increasing s.

In order to investigate if the other (ie. the second to the
fourth) redox waves also show the same dependence on the
bond valence s, we compared the CVs recorded for different
Keggin POMs, which were shown by using the electrode
potential corrected for the bond-valence effect (ie., E.,, = E —
1.067s) as in Figure 3 (original curves are shown in Figure 4).
The first and second one-electron redox waves are correctly
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Figure 3. Cyclic voltammograms (black line, in neutral acetonitrile;
blue line, in acidified acetonitrile) drawn vs E.: (a) [SW,0,40]*7, (b)
[PW1204013_; ©) [SiW12040]4_: (d) [BW12040]5_; (e) [A1W12040]5_;
(f) [GaW,040]°, and (g) [ZnW,04)%". Ecore = E — 1.067s.
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Figure 4. Cyclic voltammograms in neutral acetonitrile: observed
(black line) and simulated (red line): (a) [SW,04]*7, (b)
[PW1,040]%7, () [SiW,040]*7, (d) [BW1,040]%7, (e)
[A1W12040]5_; ) [GaW12040:|5_, and (g) [ZnW12040]6_-

positioned on the corrected potential axis at an interval of 0.51
V depending on the ionic charge (of the prereduction form for
the cathodic process or of the postoxidation form for the anodic
process). However, the positions of the third and fourth waves
are shifted from the expected positions by 0.2 V to negative
potentials; this may be related to the energy difference between
the first and the second lowest unoccupied molecular orbitals
(LUMOs) or to their on-site repulsion, as mentioned below.
Nevertheless, these results mean that the potentials of the
second to fourth redox waves exhibit quite a similar
dependence on the bond valence s as the first one does and
further that the bond valence s remains unchanged even when
at least four electrons are added to the POM. Thus, the formal
potentials of the first four redox waves of the Keggin tungstate
POMs are simply given by the following formula as a function
of its initial jonic charge z, (i.e, the ionic charge that the
oxidized form has), the bond valence s, and the ordinal number
of redox reaction i, i.e.,

E(zgs) = E 4+ 051(zg—i+ 1) +1.067s,i=1,2,34 (1)

where E}* is the formal potential of the ith redox wave of the
hypothetical Keggin tungstate anion having null charge and null
bond valence in the state preceding the corresponding redox
reaction: Ef* = 0.577 V, E¥* = 0.577 V, E¥* = 0.377 V, and
EF* =0.377 V. To verify eq 1, we simulated the CVs of various
Keggin tungstate anions using the equation (Figure 4). The
simulated CVs coincided well with the experimental ones
except for the second wave of [SW;,0,,]*". This exceptional
disagreement may be due to the ion pairing of the two-electron
reduced anion with the supporting electrolyte cation, Na* (note
that NaClO, instead of n-Bu,NCIO, was used only for
[SW,0,,]*", owing to its low solubility in the presence of n-
Bu,N*). Thus, the quite good reproduction of the CVs by
simulation demonstrates the validity of eq 1 and proves that the
bond valence does not change during the first to fourth redox
processes and that the second to fourth redox waves exhibit the
same dependence on the bond valence s as the first one does.
These findings are rather surprising because the valence and
thus the redox behavior are affected by electron additions for
common redox species. Precise understanding of the factors
that determine the bond valence is not easy, but according to

the characteristics of the central ion X (Table 1) it may be
expressed roughly that the valence become larger as the radius

Table 1. Characteristics of the Central Cation X and the
Mean Bond Valence s

X 2 ionic radii (pm)” electronegativityb s
S -2 29 2.58 0.172
P =3 34 2.19 0.237
Si —4 40 1.90 0.328
B ) 25 2.04 0.319
Al =5 S3 1.61 0.385
Ga ) 61 1.81 0.429
Zn —6 74 1.65 0.505

“The values were taken from the literature.*?> ®The values were
taken from the literature.®

of the central ion increases (i.e., in the case where a central
oxoanion XO, is cooped up in the inner space of the Keggin
shell with a fixed volume, as the central ion X becomes larger,
the pi4-oxygens coordinating to X are pushed more strongly
against the W atoms on the Keggin shell and withdraw more
electrons from the W atoms because of the greater electro-
negativity of the oxygens; then this leads to a larger bond
valence of the y,-O—W bond). Since the sizes of the Keggin
shell and the central XO, are unchanged during electron
addition, the valence and redox behavior may thus remain
unchanged.

3.1.2. Theoretical Consideration of Simple Electron
Transfer. To understand theoretically the meaning of the
above experimental findings, we try to discuss them electro-
thermodynamically. Let us consider the following four-step
one-electron redox processes for a Keggin anion having initially
an jonic charge z; and a bond valence s. The symbol (n) with n
=0, 1, 2, 3, or 4 indicates zero- (oxidized), one-, two-, three-, or
four-electron reduced anion, respectively, namely, n is the
number of electrons added to the Keggin POM. According to
the above findings, the bond valence s is treated as unchanged
during the following redox processes (Scheme 1).

Using the Gibbs energies of hypothetical successive reaction
processes (including desolvation, electron gaining in the
standard gaseous state, and solvation), we can write the
standard redox potentials E°’s for the respective redox steps as

Ef(zo, 9) = —H{AGS((0)7) + G (1)
— AGS,((0)2)) = B @
Bz 9) = —HAGS(DI™ + AGL(F7)
— AG, (127} = Ey (3)
By, o) = THAGL(2)7) + AGL((3)™)
— AGL((2)27)} = Ey ()
Ef(zor9) = —AGH(()™) + AGL((4)™)

= AGL((3))} — Eg (%)

where AGg, and AGg,, are, respectively, the standard Gibbs
energies of electron gaining and of solvation for the Keggin
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Scheme 1. Redox Processes in Unacidified Media
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anion given in parentheses and E is the reference-electrode
potential employed. These equations can be written generally
as follows

o -1 o (/: zg—i o A\Zo—i
Ei (ZO! S) = ?{AGeg(O - 1)50 +1) + AGsolv(<l>so )

—AGL((i— 1)} — B, i=1,2,3,4 (6)

Because AG, is concerned with the energy that can be
extracted when an electron is added to a Keggin anion, the
energies for the present four one-electron redox reactions
depend on the energy levels of (at least two) LUMOs, which
are related to the tungsten d orbitals as mentioned below. They
are also concerned with the energy of the Coulomb interaction
between the electron added and the ionic charge z. Moreover,
as we suggested in section 3.1.1, the Coulomb interaction of the
electron added is affected by partial depopulation of the
electron on the W atoms, concerned with the bond valence s of
the u,-O—W (the simple electron-withdrawing effect of the yi,-
oxygen). Thus, AGg, is described as

o oorb oz os

AG, = AG, " + AG, + AG, ?7)
where AG;’g"‘b is the z- and s-independent term that is related to
the energy states of the molecular orbitals of the Keggin POM
(to be exact, those of the hypothetical POM with null charge
and null bond valence) and AGg; and AGE; are, respectively,
the z- and s-dependent terms, Wthh are both concerned with
the Coulomb 1nteract10n energy. The z-dependent term AGg

can be formulated as”’

AG:gz o —N,ze*/4me,r (8)
where N, and &, are Avogadro’s number and the electric
permittivity of a vacuum and r is the radius of the Keggin POM
that is regarded as a constant independent of the kind of central
heteroatom. In the present discussion, however, this term is
simply formulated for a (n)*™" anion as

AGH((m)™™") = =Cyz==Cq(zg—n),n=0,1,2,3,4

(8)
where Cﬁg is a coeflicient common to all Keggin tungstate
anions, giving the change in the electron-gaining Gibbs energy
per unit charge. Since AG, is the s-dependent term and related

to the Coulomb interaction energy similar to AGg it is given as
AGE((n)) = - )

where C is also a common coefficient that gives the change in
the electron-gaining Gibbs energy per unit bond valence.
Since total ionic charge is independent of the bond valence s,
AGg,, is treated to be independent of s. Recently, we have
shown that the hydration energy of a spherical ion scaled by the
surface area can be well expressed by a quadratic equation of
the surface field strength (Ey) of the ion.”® Extending this
equation to the solvation energy of a Keggin POM in the
nonaqueous solvent (i.e., acetonitrile), we herein assume that
AGS,,({n)*™") scaled by the surface area (47r*) is given by
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solv((n>zo Vl)

5 = —aE} — bE; — ¢

(10)
where the coeflicients, a, b, and ¢, include the parameters
regarding the short-range ion—solvent interactions (e.g, the
dipole moment and electron polarizability of the solvent
molecule and the parameters concerned with the charge-
transfer (CT) interaction, etc.).”® It should be noted that eq 10
was successfully derived by neglectlng the Born-type, long-
range jon—solvent interaction, 2 since its contribution to the
total solvation energy is very small compared with that of the
short-range interaction. By here considering that Ey for a
spherical ion is given by Ey = ze/4nmey?, eq 10 is rewritten as

AGg,((m)*™") =

4rr

solv(<n> ) = _a/ZZ —bz—-¢
(10"
The z-independent term AGQ,((n)) (= —c’) is mainly
concerned with the energy of the formation of a cavity in
solvent. Since the POM size does not change, AGS,,({(n)) is
regarded as a constant independent of #n being expressed as
cav

AG;;W((”)) = ~Lsolv (11)

On the other hand, the z-dependent term AGS5,((n)*™") (=
a'z* — b'z) is rewritten by changing the coefficients a’ and b’
into C%, and CZ,,, respectively, as

2
soIv((nzo fl) - = solv -

soIv (zO )

C:

solv

n)*
(12)

Although we used this equation in the present work, it
should be noted that similar conclusions shown below are
obtainable even when using the Born-like free energy of
solvation (with CZ, = 0) instead of the above non-Bornian

solvation energy AGgy,.
Introducing eqs 7, 8', 9, 11, and 12 into eq 6 gives

2= solv (ZO

o -1 oorl .
E(zy,5) = _{(AGeg (i - 1)) = Co, + CE)
—(C4 —2CH ) (zg =i+ 1) = Cys} = By i = 1,2, 3, 4
(13)
Comparison of eq 13 with eq 1 shows
s -1 ool
B = ZHAGE™M((0) = €I+ €)= By = 0577V
(14)
ok -1 oorl
EZ = T(AGeg b(<l>) - solv solv) ref = 0577V
(18)
w3k -1 oorb
E3 - ?(AGeg (<2>) - solv + Csolv) — E = 0377V
(16)
ok -1 ool
E4 - ?(AGego b(<3>) solv solv) ref = 0377V
(17)
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Ci — 2C5

solv

(19)

Since the term (—1/F)(—CZ, + CZ,) — E,¢is common, eqs
14—17 give relative relations among the AG;’g"rb«n))’s that
correspond to the four lowest energy states concerning the two
LUMOs of the hypothetical Keggin POM with null charge and
null bond valence. The relations Ef* = E5* = 0.577 V and EF*
= Ef* = 0.377 V show that the first and second electrons
occupy the orbitals lying at the same level, while the third and
fourth electrons occupy the orbitals lying at a level higher by
0.2 eV than the levels of the first and second electrons. From
the point symmetry (T;) of the Keggin W,,054 shell where the
bridging O—W bonds (along x or y axis) are longer than the
terminal bonds, its LUMO consists of T,; symmetry-adapted
combinations of the d,,-like orbitals and is a doubly degenerate
one of symmetry e.>° Accordingly, it is suggested at first that the
first and second electrons occupy the doubly degenerate
orbitals adopting a high-spin configuration (with parallel spins
according to Hund’s first rule) and then the third and fourth
electrons occupy the same orbitals with spins antiparallel to
those of the first two electrons showing an energy difference of
0.2 €V due to the on-site repulsion,”" as depicted in Figure Sa.

Coy = LOG7F

one-electron  two-electron  three-electron four-electron
reduced reduced reduced reduced
v V ! v ! v i
@ 7+ + + + I Pspin electron
02eV 02eV 02eV 0.2eV 1 : aspin electron
""" : Bspin orbital
() b R i_t__ i.ﬂ_ — : aspin orbital
45 H5 5 H5
02¢eV 02eV 02¢eV 0.2ceV

Figure S. Electron configurations of one-, two-, three-, and four-
electron reduced Keggin anions: (a) doubly degenerated LUMO
model and (b) split LUMO model.

This suggestion, however, does not account for the known fact
that the two-electron reduced Keggin POM exhibits diamag-
netism (due to a low-spin configuration for the added two
electrons).>* Therefore, an alternative model has finally been
suggested in which the doubly degenerate LUMO is further
split into two different levels separated by 0.20 eV, owing to
some reason such as symmetry breaking in a real anion, and the
four added electrons occupy sequentially the two split levels
from the bottom adopting a low-spin configuration (Figure Sb).
In this case the on-site repulsion is not large and regarded equal
to off-site repulsion.®” Such small on-site repulsion may be due
to the properties of the corresponding orbitals widely spread on
12 W atoms of the Keggin POM. Also, the close energy levels
and the small on-site repulsion of LUMOs (or LUMO+1) of
the Keggin POMs may be important factors that make four-
electron transfer feasible.

3.2. Multielectron Redox Behavior in Acidified Media.
3.2.1. Experimental Considerations of Electron Transfer
Accompanied by Protonation. 1t is known that [XW,0,,]*
(with z, ranging from —3 to —6) undergoes two-electron
reduction accompanied by consumption of protons in acidified
media (ie, successive four elementary one-electron redox
waves turn to two two-electron ones).lz_ls’17 In our previous
study no correlation of their formal potentials with ionic charge
was observed in acidified media, unlike in unacidified media.
However, when the CVs were drawn on the E_, axis
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(corrected for the bond valence effect), all two-electron redox
waves are positioned around the electrode potential where the
first one-electron redox wave of the Keggin POM with an initial
ionic charge of —3 appears (Figure 3). This probably means
that in the acidified media the Keggin tungstate anions having
ionic charges negatively larger than —3 exhibit protonation and
their reduction is always accompanied by protonation, keeping
their overall ionic charge constant at —3. It is thus suggested
that the discorrelation of the formal potential with the ionic
charge, being observed in acidified media, is due to the constant
overall ionic charge, resulting from the protonation.
Furthermore, the first and second formal potentials, Ef and
E§, of the two two-electron waves involving protonation
showed linear dependences on the s value.!” However, the two-
electron waves became closer as s became larger, and ultimately
they were merged into a four-electron-like wave for
[XW,0,0]¢” (X = Zn") with the biggest bond valence s
(Table 2 and Figure 6). This means that the first and second

Table 2. Peak Separation between the Two Two-Electron
Redox Waves

X %) s my,”* myl AE (V)©

S -2 0.172 1 3 (two le + one 2¢)?
P -3 0.237 2 4 0.15

Si —4 0.328 3 S 0.12

B ) 0.319 4 6 0.12

Al =5 0.385 4 6 0.11

Ga ) 0.429 4 6 0.10

Zn -6 0.505 5 7 (one 4e)

“The number of attached protons, expected for a two-electron reduced
POM. ®The number of attached protons, expected for a four-electron
reduced POM. These numbers were determined so as to keep the
overall jonic charge constant at —3. “The peak separation between the
two two-electron redox waves, obtained from the anodic peak
potentials. “Two one-electron and one two-electron redox waves are
observed. “One four-electron-like redox wave is observed.

two-electron waves depend with different degrees on the bond
valence s in acidified media and that the number m of protons
attached on the Keggin anion and/or the redox state of the

a % =
@ = : observed

: simulated

(b)

il

I250A

Current

(€3}

i

-1.0

-0.5 0.0
E/V vs Fc/Fct

0.5

Figure 6. Cyclic voltammograms in acidified acetonitrile: observed
(black line) and simulated (red line): (a) [SW,,04]*7, (b)
[PW12O40]3_; (c) [SiW12040]4_; (d) [BW12040]5_; (e)
[A1W12040]5_’ ) [GaW12040]5_, and (g) [ZnW12040]6_' The values
of C} and C; used for these simulation are 0.01SF and 0.007F,
respectively.
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Keggin POM (ie., n, the number of electrons added to the
Keggin anion) affect the potential shift due to the bond valence
s (Table 2). Thus, it is of importance to investigate what the
energy effect leading to this additional s dependence is and how
it is described by s and n and/or m.

3.2.2. Theoretical Considerations of Electron Transfer
Accompanied by Protonation. Since a formal potential Ef of a
two-electron redox wave is determined by two successive
“elementary” (one-electron) redox reactions that accompany
protonation, the redox behavior in acidified media is discussed
in terms of the redox potentials ‘EF’s of these elementary
reactions. Thus, let us consider the following elementary (one-
electron) redox and subsequent protonation steps, shown in
Scheme 2.

Scheme 2. Redox Processes in Acidified Media

(O 2l S gyt o gyt i (gynt
Ky, (z55) Kl,l(zo »S) Kzn(zo’s) K;,(zy8) K, (z55)
+ +e e _
HOP == 1P == HR) = HOY = H @
K,,(25) K, 2(zo55) K, 2(z05) Ks.z(zo’s)“ K, 2(z,55)

The protonation constants should be dependent on z; and s
and denoted by Kn]m(zo, s)withn=0,1,2,3,4and m = 1, 2,
3,... In a reversible system, where all redox processes are fast,
the electrode potential E is given by using the concentrations of
all relevant redox species at the electrode surface as

E="E(z0 )
L RT K- 1) 4 [H(G - 1)) +

RT [H,(i — 1)707*3]..
(D27 + [H™™'] +

[H (07 ) + ..

(20)
where °EP°(z, s) is the apparent standard formal potential,
which is described in terms of the concentration of proton,
protonation constants, and standard redox potentials of
unprotonated species as

F

eEiPO(zo; s) = E‘O(Zo; s)
1+ K I(ZO; S)[
1+ K,_; (20, s)[H

1+ K, (2o, [HT +
T+ Ki—1,1(zo’ s)[H

RT
+ —1In
F

Tt

1)
Furthermore, the protonation constants are related to the
Gibbs energy of protonation in the standard solution state,
being given by using the Gibbs energy of protonation in the
standard gaseous state AG; and solvation (and desolvation)
Gibbs energies needed to convert the gaseous state to the
solution state (and vice versa) as follows

—RT InK, (2, s)
= AG,(H,(m)>™"™) + AG;lv(Hm(nﬁ"_Hm)

(HY) (22)

Protonation can be regarded as a charged-particle-gaining
process like the electron gaining of a POM anion. Therefore,
the standard Gibbs energy of protonation AGy is here given in
a similar manner as AGg, (eq 7) by a function of z and s

— oz os
AGP = AGP + AGP + AGP

- AGsolv(I_Im 1<n>7~0 mrm= l)

solv

(23)
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where AGJ is a z- and s-independent part of the interaction
between the attached proton and the Keggin anion and may
depend on the chemical structure of the anion’s surface (being
affected by protons attached prior to the protonation step of
interest). Thus, the AG; for a protonated anion, H,(n), is
given as

AGE(H, (n) = =T = Cl-(m = 1), m = 1,2, 3, ..
(24)

where q’,s and Cg are the coefficients that describe the
contributions due to the bare surface of the Keggin anion and
due to the protons attached on the surface, respectively. In eq
23, AGy® is a z- de3pendent term and formulated for a

H, (n)*" o anion as
AG;Z(Hm<n>zo—n+m)
_ z
=Cy(z-1)

=Cy(zg—n+m—1) (25)

This equation describes a Coulomb interaction similar to that
of electron gaining (eq 8’), which however has a plus sign
because of the positive charge of the proton. Also, AGy’ in eq
23 is a s-dependent term and should be concerned with the s
dependence of the first and second two-electron redox waves
(to be exact, the s dependence of the first to fourth elementary
redox waves, accompanied by protonation processes). Thus,
this term is a function of m and/or n as well as s, because the
degree of the s dependence seems to vary with m and/or n, as
mentioned in section 3.2.1. If the s dependence is simply owing
to the Coulomb interaction between the proton attached and
the effective positive charge on a W atom resulting from the
electron depopulatlon, which depends on s, AGOS should be
positive to result in the suppression of electron transfer.
However, the acceleration of electron transfer is needed for the
occurrence of multielectron transfers observed (i.e., AGy?
should be negative). Because protons attach to the surface
oxygen atoms connected to W atoms,> they would affect the
depopulation of electrons on the W atoms by the 4-oxygen.
Then, as a possible factor for the acceleration of electron
transfer, we propose a “synergistic” electron-withdrawing effect
by the bond valence s (or the p,-oxygen) and the attached
protons, that is, (1) the y4-oxygen and the attached protons
synergistically withdraw electrons from the W atoms, yielding
an additional effective positive charge on the W atoms, the
magnitude of which may be described as proportional to a
product of s and the number m of protons attached, and (2) the
Coulomb interaction between the resulting effective positive
charge and the n electrons added by reduction lowers the
formation (or protonation) Gibbs energy of the H,,(n), anion
and thus results in the acceleration of protonation (con-
sequently, the acceleration of electron transfer). Considering
the effect, we tested various types of formulas expressing the
dependence of AGp*(H,(n),) on m, n, and s. Using the
following formula, the best fit of CVs was obtained by digital
simulation.

AGS(H,(n)) = —Clomeson (26)
Other types of formulas were also used, but less satisfactory
simulation results were obtained as discussed below.

Furthermore, to minimize the number of fitting parameters
for the simulation, we obtained an important relation between
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C; and Cg, from the thermodynamic necessity that the overall
Gibbs energy change is independent of the reaction routes (i.e.,
independent of whether electron gaining is prior or posterior to
protonation). The necessity is expressed as

AGy(H,(m)*™"™") + AGE(H,(n)*™"") = AGG(H,,_(n)>™""" ™)

o zg—n+m—1 _ . _
+ AGP(Hm(n + 1):° ;n=0,1,2,3m=1,2, .. (27)

Introducing eqs 7, 8/, 9, 11, 12, 18, and 23—26 into eq 27, we
obtain

AGeogorb(Hm<n)) _ Acsg‘“b(Hm_l(n)) + AG;;(Hm<”>s)

= AGZ(H,_(n)) + Cyms = Co, = C; 27)
Since this equation should be satisfied for every reaction step
in Scheme 2, independent of the values of m, n, and s, we can
assume that the left-hand side of eq 27" is zero.
Consequently, eq 27" simply turns to
z __ z ”
G =Cq (27")
This equation seems reasonable because a proton and an
electron are both unit-charged particles and concern a charge-
cancellation effect among the transferring or gained particles.
To evaluate all protonation constants systematically, we
formulated the following terms involving protonation constants

(1) RTIn w (2) RTIn M an
Ko,(zg, $) K, (Zor )
(3) RTIn Kumrizor 9)
Kn’m(zo, s)

By using eq 22, these terms are given as follows
Ko(zo + 1, 5)
Ky,1(zo 5)

+ AG(H(0)¥") — AGg,, (H(0):")

(1) RT In = —AG3(H(0)")

+ AGY, (H(0)7™) + AGE,((0)™) — AGL,((0)7)

(28)
Here, the AGy,, terms are given by eq 11 and their z-

independent term AGZ,, should be affected by the protonation

solv
of the POM anion and has thus been assumed to depend on
the number m of the protons attached on the anionic surface,
ie.,

AGSC())IV(HWL<”>) =—Cop — CP

solv solv M

(117)
By introducing eqs 11', 18, 23—26, and 27" into eq 28, we
finally obtain

Kyi(zg+ 1,5)

RT In =Cj1 - 2051

Ko,l(zo: s) %
= Ci, — 2C5 = 0.SIF (28)
Kyi1,m(Zor 5)
2) RT In —Lm 20 %7 _AGO(H (n + 1)%0~"m=2
( ) I<n,m(ZO) S) P( m< >S )

+ AG)(H, (m)? "™ — AGS,(H,(n + 1)77" ")
(H,_(n + 1)77"m72)

(29)

+ AGsi)lv(Hm<n>szo_n+m) + A s(:)lv
= AGY,(H,_(n)? ")
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By introducing eqs 11’, 18, 23—26, and 27" into eq 29, we
obtain

K )
RT In Kuvinlew o) _ C*1 = 2C2.P — Com-s-1 = 0.5IF + Com-s
Kn,m(ZOI S) ? P P
(29)
K i1(z0s 5)
(3) RT In —" 22— = —AGI(H,, () ™"*")

K,,(z08)
+ AGH(H,, ()" ") = AGY, (H,,p (n)2™ ")
DG (H (n ™) + AGE, (H, (™)
— AGgy,(H,,_ (n)7™"" ) (30)
Introducing eqs 11’, 18, 23—26, and 27" into eq 30 shows

I<n,m+l(Z0) s)
Kn,m(zo, s)

— CP Sy —

= CP + Cjsn — 0SIF

2 2
RT In =Cl1+ Cylsn— Cprl +2C5 1

(30")

On the basis of eqs 20 and 21, we digitally simulated the CVs
observed for the Keggin anions in acidified acetonitrile. The
protonation constants calculated systematically by the above
generalized relations (eqs 28, 29’, and 30’) and the standard
redox potentials given by eq 1 were used in the simulation. At
first, to fit the CVs observed, only three values of K,(—4, s),
G, C, were adjusted as fitting parameters common to all
Keggin tungsten POMs studied.”® Use of proper values for G
and C;, gave good reproduction of the redox behaviors (i.e., the
shape of the CVs) of the Keggin tungstate POMs where the
two two-electron waves come close and merge into a four-
electron-like wave as the bond valence s becomes larger.
Reproduction of peak positions in the CVs, however, was not
fully achieved. Displacement between the observed and the
calculated peak positions became larger as the value of z; is
apart more from —4. For full reproduction, some modifications
of Ky,(zo 5)’s from the values calculated with eq 28’ were
needed. According to eq 26, AGy*(H,,(n),) = 0 when n = 0 (ie,
Ky,1(z¢ s) should be regarded as a function only of z, differing
from the other K, ,(zy, s)’s); therefore, the K ,(zo, s)’s were
modified at each value of z,, independently of s. After the
modifications we obtained better simulation results that fit the
observed CVs very well (Figure 6). The CVs of some other
[XW},0,0]% (X = As, Ge, Co) were also fitted well (Table S2,
Supporting Information). The Ky, (2o, s) values finally used and
the resulting protonation constants Kn/m(zo, s)’s are given in
Figure 7 and Table S3, Supporting Information, respectively.
The values of K, (z, s) for zy = =3 and —$ coincide rather well
with those predicted by eq 28’ using K,,,(—4, s) as a reference
point, but the deviation from the value calculated becomes
larger when z; = —2 or —6 (Figure 7). This deviation may be
due to an unconsidered effect, such as a solvent leveling
effect.’” Diffusion constants of Keggin POMs and proton were
also adjusted, but they affected not the shapes but the current
intensities of the CVs.>® The diffusion constants used are
shown in Table 3.

The values become smaller as the jonic charge becomes
negatively larger, being comparable to those reported
previously."*"

As for the mathematical expression of AGy*(H,(n),), we
tested the following two formulas as well

AGy (H,(n)) = —=Cp(m — 1)-s:n (26)
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Figure 7. Plot of K,,(z, s) used in the digital simulation (open
circles). Dotted line shows Kj;(zo, s) values systematically evaluated
by eq 28"

Table 3. Diffusion Constants Used in the Digital Simulation

X Z D (without H*)* D (with HY)?
S -2 1.0 x 107° 1.1 x 107°
P -3 9.0 x 107° 1.1 x 107°
Si —4 7.0 X 1076 1.1 X 107°
B -5 7.0 X 107° 8.0 % 107
Al -5 7.0 X 107° 8.0 X 107°
Ga -5 7.0 X 107¢ 8.0 % 107
Zn -6 45 % 107° 7.5 x 107¢

“The values in neutral acetonitrile. “The values in acidified
acetonitrile. The unit is in cm?s™'. The diffusion constant used for

H* is 2.2 X 107 cm?s™.

and

AG;’S(Hm(n)S) =—C)ssn (26")
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The former formula reproduced the redox behaviors of the
Keggin tungstate POMs roughly but was not suitable for
systematic fitting for all Keggin POMs studied. The latter gave a
rather good fitting but was inferior to eq 26 in describing the
four-electron-like transfer of [ZnW,,0,,]°", as shown in Figure
S2, Supporting Information. Nevertheless, the simulation based
on the above three formulas (especially eq 26) described well
the merging of two two-electron waves into a four-electron-like
wave. Therefore, we suggest that the synergistic electron-
withdrawing effect of the central i,-oxygens, pushed against the
W atoms on the Keggin shell, and the protons, attached to the
oxygens on the shell, should facilitate the electron transfer and
leads to a redox-potential inversion (ie., multielectron
transfers).

4. CONCLUDING REMARKS

By discussion of the redox processes of various Keggin
tungstate POMs on the basis of a electrothermodynamical
model dealing with “simple” and “synergistic” electron-
withdrawing effects (concerning s) of the /44—oxygens,40 a
perfect simulation of their CVs (ie., simulation of the
conversion from one-electron transfer to four-electron transfer
via two-electron transfer) was achieved. The quite good
reproduction achieved by the model proved the following:
(1) s remains unchanged even when electrons are added to the
Keggin POM; (2) consequently, in unacidified solvent, all
potentials of the first to fourth redox waves are likewise shifted
in the positive potential side, depending on s, and (3) in
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acidified solvent, the additional synergistic electron-withdraw-
ing effect makes electron transfer easier and enables redox-
potential inversions leading to multielectron transfer. These
three findings are all related to the structural features of Keggin
POMs, where an oxoanion (containing /44—0xygens) is cooped
up in the rigid and stable POM shell having an inner space of a
fixed volume. The multielectron transfer studied in the present
work should be categorized into a proton-coupled electron
transfer (PCET)*'™* but is special in that the degree of
potential inversion is accelerated depending on s. Thus, it is
regarded as a new type of PCET that is derived from the
structural features where highly electronegative species are
cooped up in a “rigid and stable” closed shell. This finding will
be a major clue in developing novel redox complexes (e.g.,
fullerene-based compounds) exhibiting multielectron transfers,
which have similar structural features to the Keggin.

Furthermore, from the present study we obtained important
findings about LUMOs of Keggin tungstate POMs. According
to the findings, the first and second electrons occupy the
orbitals lying at the same level, while the third and fourth
electrons occupy the orbitals lying at a level higher by 0.2 eV
than the levels of the first and second electrons. When
additionally considering the known fact that the two-electron
reduced Keggin POM exhibits diamagnetism, it is suggested
that the doubly degenerate LUMO of Keggin POM having a
point symmetry of T} is split into two different energy levels
separated by 0.20 eV and that the four added electrons occupy
sequentially the two split energy levels from the bottom
adopting a low-spin configuration. Furthermore, the on-site
repulsion is suggested to be not large and regarded as equal to
off-site repulsion. The close energy levels and the small on-site
repulsion of LUMOs (or LUMO+1) for the Keggin POMs are
important factors that enable four-electron transfer. More than
four-electron transfer would be feasible if a complex possesses
more than two LUMOs with close energy level and a small on-
site repulsion.
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