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Abstract Solvent dynamics effects on the electroreduction
of [PtCl3(H,0)] at a mercury electrode are explored in the
framework of Sumi—Marcus model using an efficient com-
putational scheme. According to results of density functional
calculations, the second electron transfer step may be re-
garded as rate controlling. The nonmonotonous influence of
solvent viscosity on the reaction rate is predicted and ex-
plained in terms of the saddle point avoidance. The results of
model calculations are employed to interpret experimental
data reported earlier in the literature.

Keywords Electron transfer- Solvent dynamics -
Sumi—Marcus model - Density functional calculations -
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Introduction

The interplay between solvent dynamics (viscosity effects)
and intramolecular reorganization in adiabatic electron trans-
fer (ET) reactions can be addressed in the framework of the
Sumi—Marcus (SM) model [1, 2]. Various applications of this
model (frequently referred to the Agmon—Hopfield formal-
ism in literature) were intensively investigated over the last
two decades [3-19]. However, despite considerable progress
in this field, some problems are not properly understood so
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far. Chemical reactions proceeding in solution bulk were
presumed in most studies, while only a few attempts were
made to explore electrochemical ET processes [17—19]. The
heterogeneous ET kinetics was never studied in terms of the
SM model for a wide interval of the reaction-free energy. In
part, although certain activationless homogeneous processes
were examined in terms of the Agmon—Hopfield formalism
[20, 21], this method was not employed to model electrode
reactions in activationless kinetic regime. Comparison with
electrochemical experiments also remains an apparent bottle-
neck for relevant calculations. Ample experimental material
on the viscosity effects thoroughly reviewed in Fawcett and
Foss [22], Weaver [23], and Fawcett and Opallo [24] relates
to certain electrode processes taking place in a narrow
overpotential region without noticeable intramolecular reor-
ganization. That is why exploiting the SM model to describe
interfacial ET reactions may be regarded as a hot area of
research. A set of parameters that crucially affect the results
of model calculations can be obtained using a quantum
chemical approach.

In this work, we consider electrochemical reduction of Pt
(IT) aquachlorocomplexes from aqueous solutions at a
mercury electrode. This two-step reaction was studied
experimentally for a long time using classical electrochemical
methods [25-31]. The reaction proceeds at high electrode
overpotentials (in the vicinity of activationless discharge)
and reveals a remarkable feature-pit on the polarization
curves. Recently, the solvent dynamics effects on the electro-
reduction of Pt(Il) aquachlorocomplexes were addressed for
the first time using polarographic technique [31] (sucrose
was employed as a viscosity-forming additive). The authors
[31] estimated the “adiabaticity degree” (), a quantity that
can be treated as a measure of the influence of solvent
dynamics on the reaction rate. The dependence of 6 as a
function of the electrode overpotential was found to be non-
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monotonous passing a maximum. This challenging effect is
of a qualitative nature and calls for theoretical explanation.

We report below the results of modeling of the solvent
dynamics effects on the mechanism of electroreduction of
Pt(IT) aquachlorocomplexes at a mercury electrode combin-
ing the SM model and quantum chemical calculations. A
novel point is an extension of the SM model to region of
high overpotentials. Because it was shown in Nazmutdinov
et al. [32] (in preparation) that a [PtCl3(H,O)] complex
(the product of hydrolysis of [PtCl,]*") is the most probable
electrochemically active form, we restrict ourselves to
considering this reactant solely. The paper is organized as
follows: The pertinent details of model calculations are
reported in “Model and computational details”. The
computational results are discussed and compared with
experimental data in the section “Results and discussion”.
Some concluding remarks can be found in the last section,
“Concluding remarks.”

It is our pleasure to dedicate this work to our colleague
Prof. Oleg A. Petrii, who contributed significantly to
experimental studies of the electrochemical reduction of
various anions.

Model and computational details

Dealing with the SM model we have to solve the
Smoluchowski equation complemented by a sink term,

e _pofo 1 d
) Do ot 5 V@) )

- kin(CI)P(qv T)v (1)

where ¢ is the dimensionless solvent coordinate; P(g, 7)

is the probability density to find a reactant in initial state; D

refers to the diffusion coefficient, D = J—Tn, As 1s the

solvent reorganization energy; 7, is the effective solvent

relaxation time (for non-Debye solvents, this quantity is

discussed in Nazmutdinov et al. [19]); and U(g) is a section
of the reaction free energy surface (RFES).

Although adiabatic ET is assumed, it is convenient to

construct two diabatic RFES describing the well-known
symmetric Marcus barrier for one-ET [33]:

Ui(q,qn) = )‘sqz + linqizn (2)

and
Ur(q, qin) = As(q — 1)* + Ain(qin — 1)* + Wy — Wi — Fn,

where indices i and f refer to the initial (7) and final ()
reaction states, respectively; g¢;, is the dimensionless
intramolecular coordinate; A;, is the energy of intramolec-
ular reorganization; 7 is the electrode overpotential; and W;
and Wy are the work terms of reactant and product.
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The effect of the orbital overlap on the RFES shape was
neglected; the latter can be addressed in terms of the
Anderson Hamiltonian [34]. The sink term in Eq. 1, k;,(q),
is written as follows:

kin = Vin €Xp {7AEZ(q)/kT}a (3)

where vy, is an effective frequency factor (107" ¢ ™),
which characterizes the intramolecular reorganization.

The energy barrier along the intramolecular degree of
freedom coordinate, AE?, depends on the solvent coordi-
nate ¢ and is defined in the form

AEZ(q) = U(q’q:addle(q)) - U(qaqin = O)
= U(q7q:addlc(q)) - U(q)7 (4)

where ¢} 4. (¢) notes the RFES saddle line. Tunnel
effects which may facilitate overcoming the energy barrier
along ¢;, were neglected.

The probability density P(q,7) is described by the initial-
boundary problem

1
P(g,7)| = Polq) = ; exp(~Asq’ /KT), (5)
7=0
and
oP(qg,7) 1 0U(q) _
aq kT aq P(q) T>|q:a_ O?

where N is the normalization coefficient (N = /As/7kT);
a=qy. or gr (g and g are assumed ¢ values at the left and
right boundaries, respectively).

Then the ET rate constant (k) can be defined as follows:

l/ksz/oodrfP(q,r)dq. (6)

Another definition of k; is discussed in Sumi and Marcus
[1] and Nadler and Marcus [2]. For heterogeneous ET, &
should be multiplied by the reaction volume to be
compared with experiment. Analytical solutions of Eq. 1
for some special limiting cases were reported earlier (see, e.g.,
[1-3, 5, 10]). However, effective numerical schemes that
provide stable solutions for a wide range of both the reaction
free energy and solvent viscosity are still lacking. We
describe below in brief a new computational approach to
handle this problem.

It is convenient to introduce a new function y(q):

y(g) = P*(q)exp{U(q)/kT}, (7)

where P*(q) = [ P(q,7)dr.
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It is evident that the rate constant can be recast as

qr

1k = / ¥(g) exp {~U(q) /KT }dg, (8)

qL

In turns, for y(q) we have the following boundary value
problem:

d’y(q) 1 9U(q) dy(q)
qu kT oq dq - (kin/D)y(‘I)

= —(Po(q)/D) exp {U(q)/KT}.

Using the classical Cauchy method of variation of
constants, the solution of this problem can be constructed
in the form:

eXp{‘PR( ) ‘PR( )
) D/ V(@ — va(®

/CXP{(PL( q) — o (€) + Ulg)/kT}
D v (&) — wr(§)

©)

Ulq)/kT}

Po(§)dE

Po(§)dE,

(10)
where @;(q) and ¢@gr(g) are antiderivatives to 1//L(q) and
v1(q), respectively, i.e., .l f w(€)dE and ¢r(g f w(¢

The functions y; and y in Eq. 10 are solutlons of the
differential equation:

dy(g) . 1 0U(q)
dq tv- kT Oq

v = kin(q)/D, (11)

which is solved numerically for two different boundary
conditionS' vi(qr) = 0 and yr(gr) =
If f kin(q)dg/D <<1 (region of small V1sc051ty values), then

both l//L and y are close to zero, and the solution of Eq. 9
might be unstable. In this case, a more reliable method is

[ @

N
etbf*@éfw""

@

Ll

Fig. 1 Optimized stick-ball structure of [PtCl3(H20)]27‘10H20

Table 1 Selected bond lengths (nm) and valence angles (grad)
obtained from the DFT calculations for the [PtCl3(H20)]* (z=—1, —2)
complex surrounded with n water molecules (n=10, 14)

[PtCl3(H20)] -10H,0  [PtCly(H20)]* " 10H,O

ox. state® red. state
r(PtCl,) 0.2387 (0.2387)° 0.2665
1(Pt-Cl,) 0.2346 (0.2347) 0.2496
1(Pt-Cly) 0.24 (0.2408) 0.2642
1(Pt-0°) 0.2138 (0.2117) 0.2389
£ (CL1—Pt=Cly) 90 (88.5) 95.1
£ (CL-Pt-CLy)  90.5 (90.1) 93.1
£ (CL-Pt-0)  89.9 (91.1) 85.8
£ (Cl-Pt-0)  89.6 (90.3) 86.5

#r(Pt-C1)=0.2304 nm obtained for K,[PtCl,] in aqueous solution by
extended X-ray absorption fine structure spectroscopy) [41]

° The results obtained for [PtCl5(H,O)] -14H,0

¢ Water molecule from the nearest coordination shell

expandlng P(g, 7) in the eigenfunctions f,(¢) of operator
L'L + kin:

9= exp {~Auelflo). (12)
where operator L is defined in the form:
L= exp {~U(@)/kT) 5 exp {Ula)/47) (13)
and the conjugated operator L is written as L' = — ()ﬁ

It is easy to solve equation (L L —l—km)fn —l,lf,,
numerically. Then the coefficients ¢, in expansion 12 are
found using the formula:

i]fkfo(q)fn (9)dq
& =g (14)
[ £2(9)dq

Several first members in series 12 already yield solution
with sufficient accuracy for the region of small viscosity
values (usually in this case n<1). In contrast, when the
solution viscosity is large, this method is no longer effective
because the kinetic regime of the reaction becomes strongly
multiexponential and we have to deal with a large number of
series members.

An efficient estimate of the rate constant in the region of
large overpotential values (i.e., in the vicinity of activation-
less discharge) is suggested as well:

9B
1/kg ~ 1/vig + / {1 — (kin

qL

(&)/vin) 1P (€)dE, (15)

where gp is the crossing point of saddle line and the
solvent coordinate (at ¢;,=0).
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Fig. 2 The lgk, vs lgry dependencies modeling the first ET in the

[PtCl3(H,0)]  reduction calculated for different overpotentials (7).
The increasing of 7 values from 0.2 to 1.2 V is shown by the arrow

All simulations were performed assuming the room temper-
ature (7=300 K). The quantum chemical calculations were
done at the Density Functional Theory level; the B3LYP hy-
brid functional was employed as implemented in the Gaussian
03 program suite [35]. To address the solvent effects, 14 or 10
water molecules were included in the coordination shell of
[PtCl3(H,O)F (z=—1, —2, —3), see Fig. 1.

The geometry of the complex reactant in oxidized and
reduced states was fully optimized without any symmetry
constraints. The open shell system was treated on the basis
of spin-polarized (unrestricted) version of the Kohn—Sham
equations. The electrons of the Cl, O and H atoms were
described by using the 6-311++G(d, p) standard basis set of
triple-Z quality [35]. The valency 5d 6s 6p electronic shell
of the Pt atom was treated in terms of a basis set of DZ
quality [36]; the relativistic core potential developed by
Hay and Wadt (LanL2) [35, 36] was employed to describe
the effect of inner electrons.

Table 2 Coordinates of the reaction window (g, gi,) calculated at
several gz and overpotential values (1,=0.65 eV, 1;,=0.6 eV)

gry 12.2° 10.8 9.5

v 0.2 0.6 0.2 0.6 02 0.6
q 0.42 0.24 0.4 0.18 035 0.1
Gin 0.42 027 0.44 0.34 0.5 0.44

for this 7; value a deviation of ¢ and g;, from the saddle point is
negligibly small

Results and discussion

According to the density functional calculations the first ET
results in a noticeable lengthening of the Pt—Cl and Pt-O
bonds, while the change of the valency angles is rather
small (Table 1); the bond break is not observed. The intra-
molecular reorganization energy was estimated to be 0.6 eV
(the small asymmetry of reorganization was neglected).
Using the Polarized Continuum Model as implemented in
the Gaussian 03 package with a value of 78 for the dielectric
constant of water we have computed the solvation free
energy of [PtCI3(H,O)] (—2.08 eV) and appraised its
effective radius (0.34 nm, see some pertinent details in
Nazmutdinov et al. [37]). The model developed by Kharkats
et al. [38] was employed to compute the solvent reorgani-
zation energy (1,=0.52+0.65 eV in the interval 0.4+
0.65 nm for the electrode—Pt distance). A value of 5 was
taken for the dielectric constant of the interlayer and a factor
of 0.8 was used to address the effect of quantum modes on
the solvent reorganization. The results of model calculations
are practically not sensitive to changing the interlayer
thickness from 0.4 to 0.6 nm.

In contrast, the transfer of second electron entails an
exceedingly strong reorganization of the [PtCl3(H,O)]
coordination shell with the break of the Pt—O and Pt—Cl;,
bonds. The model dissociative process ([PtCly(H,0)]* =Pt’+
3CI +H,0) in aqueous solution was estimated to be feasible
as well (the geometry of complex was fixed as obtained for

a , , , b . : : c : :
A =0.65eV; 1L =0.6eV 0.8+ "
e e\
06t — Aﬁ\' 1
04l ‘:/i/‘:/ \.\
S CD 04-3;/ : ‘\. 1
02t B
0.0F )
0.0 0.5 00 10 I 12
n/V -E/V (SCE)

Fig. 3 Model 6(n) dependencies computed for two different A;,
values, 0.6 eV (a) and 1.5 eV (b); the increasing of Igz; values from
—12.8 to —7.8 is indicated by the arrow. ¢ Experimental 0 vs mercury
electrode potential (E) dependencies taken from Pobelov et al. [31].
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The curves shown in ¢ correspond to three different ways to address
the sucrose adsorption; an assumed region of lgr, values covers ca
two orders (—12<lgr;<-10)
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Fig. 4 Model AE? vs 7 dependencies (see Eq. 16) calculated for
three different 1gzy values

the reduced form of [PtCl3(H,O)] ). Therefore, the second
ET step should be definitely regarded as rate controlling for
the reaction under study. A real free energy surface describing
this reaction step is multidimensional and anharmonic; its
construction is out of the scope of this paper, being a very
complicated computational problem. That is why we
performed calculations based on the SM model for two
different values of intramolecular reorganization energy: the
first one, 0.6 eV, relates to the first ET step (see above), while
an assumed large value of 1.5 eV roughly characterizes the
next step. Such a simplified approach enables, nevertheless,
to predict main qualitative tendencies. As two contributions
to the total reorganization energy (A5 and A;,) completely
define the shape of free energy surface given by Eq. 2,
one can start with further simulations. Note that the W~W;
term in Eq. 2 is not easy to estimate (Nazmutdinov et al., in
preparation). As this contribution leads, however, only to a
simple renormalization of overpotential scale, it was
neglected in our calculations.

Fig. 5 Three different orienta-
tions (a, b, ¢) of [PtCl3(H,0)]”
on the electrode surface

The lgks vs lgry dependencies calculated at several
overpotentials and 1;,=0.6 eV are shown in Fig. 2. It can be
seen that the Igk; values become noticeably lower at
increasing 1gz,. This effect disappears with the growth of
7; in the vicinity of activationless discharge the rate
constant practically does not depend on the viscosity. The
behavior of 9 vs n (19 = dlgk*) in a certain range of the

T digr,
solvent viscosity is displayed in Fig. 3a. As can be seen

from this figure, the model curves pass a maximum, which
is shifted to smaller ovepotentials when decreasing the 7.
values. Calculations performed for a larger A;, value
(1.5 eV) demonstrate qualitatively very similar results
(Fig. 3b). At the same time, increasing the intramolecular
reorganization predicts smaller ¥ values, which are notice-
ably shifted to larger overpotentials.

Our results agree, at least qualitatively, with the expe-
rimental data reported in Pobelov et al. [31] (see Fig. 3c).
As the standard electrode potential of the reaction [PtCly] +
2e=Pt*"+CI  is known to be +0.75 V (NHE), the maximum
of experimental J(n) dependencies relates to a value of ca
1.7 V in the overpotential scale. Thus, the position of humps
on the curves presented in Fig. 3b (which might be ascribed
to the second ET step) is closer to that observed in the
experiment. On the other hand, the computational data
modeling the first reduction step (Fig. 3a) demonstrate the
values, which are in better agreement with the experimental
data. We can also maintain that very small values of ¢ in the
right region of overpotentials (with respect to the ()
maximum) give an additional evidence of the activationless
nature of the reaction.

The reason of strongly nonmonotonous behavior of ()
(i.e., the conspicuous influence of solvent viscosity on the
ET rate) may be explained in terms of the saddle point
avoidance. The origin of this interesting effect resides in the
diffusive character of slow solvent coordinate ¢. Let us

=
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consider the product k;,(¢)P*(g), which might be useful to
render the results. We found that the probability distribution
P*(g) can have one or two maxima; the product k;,(¢)P*(q)
demonstrates two maxima, if —13<lgr; <—11.5. The sol-
vent coordinate corresponding to the main maximum of the
product (g) is interpreted as the “reaction window.” The
corresponding intramolecular coordinate gi, is found from
the equation for the saddle line: ¢%,4q.(9)| 4~ The ¢ and
gin values computed for a certain interval of the solvent
viscosity (at 1;,,=0.6 eV) are summarized in Table 2. For
the region of small viscosity (Igrp=—12.2), the ET occurs
mainly in the vicinity of saddle point (gsaqqie), While the
viscosity increasing leads to a noticeable deviation of the ¢
values from gguqqie- Then, an effective activation barrier,
AE}(q), is computed replacing ¢ with g in Eq. 4. A measure
of the reaction deviation from the saddle point can be recast
as the difference:

5AEZ = AE: (5) - AEZ (qsaddle)- (16)

As can be observed from Fig. 4, the SAE!(n) peaks
become larger when the solvent viscosity increases. The
positions of peaks coincide approximately with those
obtained for ¥(n) (Fig. 3a). Thus, the strongest influence
of solvent dynamics is observed when the avoidance of
saddle point is maximal. It should be mentioned that similar
calculations performed for A4;,=1.5 eV lead to the same
conclusions. The close correlation between the model (7))
and 0AE](n) dependencies can be regarded as the key
reason elucidating the nature of nonmonotonous viscosity
effect on the ET rate.

Concluding remarks

Although in this work we considered mainly [PtCl;(H,0)] ,
the other complex form, [PtCl,]*", reveals qualitatively
very similar effects according to our previous estimations.'
Note that the simulations performed above do not require
any detailed knowledge about the work terms. This makes
such an analysis of the viscosity effects rather attractive
because the reliable calculation of the work terms is a
complicated problem (Nazmutdinov et al., in preparation).
The qualitative conclusions regarding the nonmonotonous
viscosity influence on the ET rate (made in the previous
section) seem to be of general nature and can be extended
to other electrode reactions (including the bond break). The
computational scheme briefly described in the “Model and
computational details” section offers an efficient way to

'The total reorganization energy for [PtCl4]*~ (first electron transfer)
was estimated to be smaller as compared with [PtCl3(H,0)] .

@ Springer

model the solvent dynamics effects for multifarious adia-
batic reactions accompanied with intramolecular reorgani-
zation for a wide range of key parameters.

To gain more insight into the mechanism of electro-
reduction of Pt(II) aquachlorocomplexes, it would be tempt-
ing to elucidate the reactant orientation at the electrode. Three
assumed orientations can be considered for [PtCl;(H,O)]
(see Fig. 5). It is evident that the interplay between these
orientations depends on the electrode charge (overpoten-
tial). Resting on the methods developed in Nazmutdinov
et al. [39], we explored the electrode-reactant orbital
overlap for the orientations presented in Fig. 5. The orbital
overlap (and, therefore, the electronic transmission coeffi-
cient) was found to be practically zero for the planar orien-
tation due to the symmetry of acceptor d-orbital of the
platinum atom. Our analysis predicts the non-zero orbital
overlap for [PtCl3(H,O)] positioned vertically towards the
surface (Fig. 5) and the orientation b is even more favorable
(for equal Pt—electrode distances) from this viewpoint. We
believe that, in the future, considering an ensemble of
different orientations for both [PtCl5(H,0)]™ and [PtCl,]*
complexes in the framework of the SM model would be
helpful to clarify the nature of pit on the polarization curves
observed experimentally.

The setting up of new experiments to examine the
viscosity effects on interfacial ET kinetics should be aimed,
first of all, at a search for qualitatively interesting features
resulting from the complex interplay between the reactant
electronic structure and static and dynamic solvent proper-
ties. From a theoretical viewpoint, it would be promising to
combine the Agmon—Hopfild formalism with “two-dimen-
sional” molecular dynamics simulations [40].
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