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Outer-sphere electron transfer in aqueous solutions
of lithium hexacyanoferrates
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Flectron transfer between the hexacyanoferrate anions in the presence of the Li* cations in
aqueous solutions was studied by spectrophotometry. The results obtained were compared with
the data for the K*- and Me,N"-containing systems. The proposed explanation of the observed
cationic catalysis effect of the thermal electron transfer in homogeneous and heterogeneous
systems is based on the analysis of electron-transfer distances (viz., contact distances between

the anions) in the activated complexes.
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Processes involving electron transfer between reac-
tants have a special place among numerous chemical re-
actions. These reactions can occur between cations and
anions and also between likely charged ions. The specific
feature of the processes in solutions involving two anions
is the dependence of the reaction rate on the nature of
counterions that do not directly participate in the reac-
tion. This phenomenon was named "cationic cataly-
sis." 1=9 Presently, the nature of cationic catalysis of the
anion interaction is disputable. Similar effects were also
observed in heterogeneous electron-transfer reactions only
in the case of reduction of anions in solutions on nega-
tively charged electrode surfaces.10—12

Electron transfer between the hexacyanoferrate (i) and
hexacyanoferrate(1i1) anions catalyzed by the singly
charged cations (Eq. (1)) is one of the most studied sym-
metrical activation-controlled processes.3—5:8:%13 [t has
been shown for the K;[Fe(CN)g]—Ky[Fe(CN)¢] system
that the activation energies of thermal and optical elec-
tron transfers coincide.? The experimental® and calcu-
lated! electron-transfer rate constants are also quantita-
tively consistent. The latter were calculated using the char-
acteristics of the bands related to charge transfer between
the hexacyanoferrate anions® and the contact distance
between the anions in concentrated solutions. This value
numerically coincides with the contact distance between
the anions in solid hexacyanoferrates.13

[Fe(CN)gl®~ +n M* + [Fe(CN)g]*~ =

= [Fe(CN)g]*~ + n M* + [Fe(CN)g]®- (1)

This correspondence suggests a relation between the
"cationic catalysis" effect and a change in the contact
distances between anions in solutions of supporting elec-
trolytes when countercations are replaced. In this work,
we studied by spectrophotometry the Li* system contain-
ing the hexacyanoferrate anions. The results obtained
were compared with analogous data for the K*- and
Me4NT-containing systems,!3 and the relations of the
spectroscopic and kinetic characteristics of the electron-
transfer processes between the hexacyanoferrate anions
were simulated in the framework of the Marcus—Hush
theory.

Experimental

Solutions of lithium hexacyanoferrates with an overall
lithium concentration of 2.2—5 mol L~! were prepared from
solutions containing K;[Fe(CN)¢] (0.3 mol L), K4[Fe(CN)]
(0.3 mol L), and KOH (0.1 mol L—1) by addition of excess
solid LiClOy. After the system was stirred for 30 min, the KCIO4
precipitate was filtered off. Solutions of lithium hexacyano-
ferrates with the overall lithium concentration above 5 mol L~!
were prepared by the addition of dried solid LiCl to the resulting
solutions. The electronic absorption spectra of lithium- and po-
tassium-containing solutions were recorded on a Cary 100 spec-
trophotometer (Varian) at 25 °C in quartz cells with an optical
length of 1 cm.

Results and Discussion

Maxima of the charge-transfer bands between the
hexacyanoferrate anions in the transient absorption spectra
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Fig. 1. Transient absorption spectra in the region of charge-
transfer bands between the hexacyanoferrate anions at
CLi=2.5(1),7.5(2),10 mol L~! (3), and Cx = 2.2 mol L~! (4).

for the Li* system appear at 12300 cm™!, coinciding with
the maxima for the Kt system (A = 12200 cm~!) within
the experimental error (=100 cm™!). Some of the curves
are presented in Fig. 1. The replacement of the K* cat-
ions by Li" is accompanied by an approximately twofold
decrease in the absorbance of solutions. An increase in
the concentration of Li* ions (C) in the system increases
the absorbance (4) of the maximum of the band, and
this relation is virtually linear (Fig. 2, points 2—7) in
the interval of the Lit ion concentrations from 2.2 to
5 mol L1,

We considered the crystal structures of hexacyano-
ferrates to interpret the results obtained. According to the
previously published data,!¢ in the Li;[Fe(CN)¢]+7H,0
structure (Fig. 3) the contact distances between the
hexacyanoferrate anions (Fe—Fe distances) are 7.584 and
7.591 A. In further calculations, the value of 7.6 A was
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Fig. 2. Plots of the optical density vs. cation concentrations
calculated by a known procedure?? for the K*- (a), Li*- (b), and
Me,4N™-containing systems (c) at 60 (a, ¢) and 25 °C (b). The
experimental values for the K*- (7, see Ref. 13), Li*- (2—7,
obtained in this work), and Me,N*-containing systems (8, ex-
trapolated by the previously published datal3) are marked by
figures.

N(1A)
Fig. 3. Fragment of the Li;[Fe(CN)¢] - 7H,O structure.

used, which is certainly longer than the distance between
the anions in the K;[Fe(CN)¢] complex (~6.7 A)17 and
shorter than the distance between the anions in the
(Me4N),Cs[Fe(CN)¢] complex (~8.9 A).18 Therefore, the
Fe—Fe distance in crystals correlates with the absorbance
of solutions in absorption maxima. The latter, according
to the previously published!3 and our data, decreases in
the series K*—Li*—Me,N*.

Since the hexacyanoferrate anions demonstrate no ten-
dency to specific hydration, the shortest distances be-
tween the anions in both crystals and concentrated solu-
tions of electrolytes are mainly determined by the size of
the countercations. This makes it possible to use the above
Fe—Fe distances in the corresponding crystalline sub-
stances as the shortest distances between the anions in
solutions for the simulation of the relation between the
absorbance and the ionic strength of solution!® by a known
procedure2? in a good approximation. According to the
Bouguer—Lambert—Beer law,

A=¢eC'l

the relation of the optical density of solutions to the dis-
tance between the anions is determined by two main fac-
tors. On the one hand, the concentration of associates
(C") containing two hexacyanoferrate anions calculated
by the Fuoss equation?? increases with an elongation of
the distance between the anions and an increase in the
cation concentration. On the other hand, an elongation
of the distance between the anions decreases the molar
absorptivity of the associates containing two anions due
to a decrease in the overlap of orbitals. Since the experi-
mental molar absorptivities are known only for the K*
system,? we estimated these values for the Li* and Me,N*
systems. The best agreement between the calculated and
experimental data in the framework of the model consid-
ered corresponds to a tenfold decrease in the molar ab-
sorptivity with the elongation of the distance between the
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anions by 1.3 A. This value was used for plotting the
calculated relations of the absorbance to the concentra-
tion of the cations of the supporting electrolyte (see Fig. 2).
For concentrated solutions of the electrolytes, these plots
(as well as the plots of the absorbance vs. ionic strength of
solutions!?) are close to linear. Therefore, the almost lin-
ear plots of the electron-transfer rate constants vs. ionic
strength of solutions in the polycyanometallate systemsl!
are not surprising.

Since the maxima and shapes of the charge-transfer
bands for the Kt and Li* systems virtually coincided, we
can calculate the plot of the ratio of the electron-transfer
rate constants in the K™ and Li* systems vs. ionic strength
of solutions (Fig. 4) using the data obtained in this work
and simplifying the previously derived relationship4:

ky/ky; = Agdy i/ (ALd®),

where Ay and A;; are the optical densities; di and dj; are
the Fe—Fe distances for the corresponding systems.

A comparison of this plot with the experimental ki-
netic data33 obtained by NMR shows that the calculated
values are slightly overestimated but the differences are
comparable with the error of measurement of the kinetic
and optical parameters. According to the calculations,
the short-wave shifts of the band maximum for the Li*
system compared to the K* system by 230 cm™! (at low
ionic strength see Fig. 4, point I) and more than by
80 cm~! (at high ionic strength see Fig. 4, point 2) are
equivalent to the observed ratio of constants.

The published data?! indicate that an increase in the
contact distance between the anions should decrease the
reorganization energy of the solvent and, hence, the long-
wave shift of maxima of the charge-transfer bands. In
fact, the replacement of the K* ions by Me,N™ results in
this shift,13 which causes, in particular, a higher electron-
transfer rate in the Mey,N* system than that in the K*
system.! However, the calculated?! value of the reorgani-
zation energy of the solvent in the Lit system and the
value determined from the spectroscopic data differ by
~0.15 eV. The increase in the reorganization energy of the
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Fig. 4. Calculated relation of the ratio of electron transfer rate
constants to the ionic strength of the solution. The experimental
values are marked by points / (see Ref. 5) and 2 (see Ref. 3).

system over the value predicted by the theory can be
explained by a contribution to the total reorganization of
the additional component caused by the reorganization of
the Li—N bonds (see Fig. 3). Similar bonds are absent
from the K*- and Me4N*-containing systems.

The plot presented in Fig. 4 enables the prediction of
weakening of the cationic catalysis effect (at least com-
paring the Li*- and K*-containing systems) with a con-
siderable dilution of solutions. It is difficult to verify this
prediction experimentally for the homogeneous electron
transfer in the ferro-ferricyanide system. At the same time,
the heterogeneous electron transfer at considerable de-
viations from equilibrium (overvoltages of 1—2 V)22 can
be studied experimentally exactly for solutions with a low
(<0.01) ionic strength. Under these conditions, diffusion
restrictions are virtually absent, because the process is
sharply inhibited because of the repulsion of the reactant
by the negatively charged electrode.

The plot of the ratio of the heterogeneous reduction
rate of the hexacyanoferrate anion in solutions containing
the Li™ and K™ cations (1 mmol L~! each) vs. electrode
potential was calculated by the previously published data?2
and is presented in Fig. 5. When the potential shifts to-
ward more negative values (i.e., with an increase in the
negative charge of the electrode), this ratio decreases from
0.6 t0 0.3—0.4 and then remains unchanged. At first sight,
these results contradict the above conclusions. However,
substantial differences in the structures of the reaction
layers for the homogeneous and heterogeneous electron
transfers should be taken into account. In the latter case,
the transfer distance is determined only by a possibility of
the approach of the single anion-reactant to the electrode
surface and, therefore, the probability of the formation of
the reaction center (anolog of the reaction pair in the
homogeneous reaction) is independent of the cation
nature.

At the same time, the cation size is a factor affecting
the configuration of the reaction center. For example, at
high negative charges of the electrode, the coverage of the
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Fig. 5. Ratios of the reduction rates of the hexacyanoferrate
anion on a mercury dropping electrode in solutions containing
the Li* (i ;) and K* (i) cations (1 mmol L~ each) (see Ref. 22)
at different potentials (£). The boundaries of the interval of the
expected 7} ;/ix ratios are marked by horizontal lines (see text).
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closest approach plane with cations is sufficiently high
(to 10% of monolayer). Therefore, in the case of reactants
with great size, the larger the cation size, the greater the
maximum approach of the reactant. Using the hydrody-
namic radii?3 for the estimation of the cation radii in
dilute solutions, we obtain that this distance for Li% is
longer by 0.5 A than that in the case of K™. The expected
inhibition of the process on going from K* to Li* deter-
mined only by weakening of the overlap with an increase in
the electron transfer distance corresponds to iy ;/ix = 0.41
(to obtain this estimate, the plot of the overlap vs. dis-
tance was accepted the same as that for the homogeneous
reaction). According to the data of quantum-chemical
calculations,?4 in the Hg electrode—hexacyanoferrate sys-
tem the overlap is weakened by an order of magnitude
with the distance change by 1.0 A. In this case, the ex-
pected iy ;/ik value is 0.31. As can be seen from the data in
Fig. 5, the ratio of the rates, being weakly dependent of
the potential in the region of high negative charges, cor-
responds to this interval of values (horizontal lines
in Fig. 5).

In our opinion, weakening of this plot at low negative
charges (F is more positive than —1 V) is caused by the
fact that the cation concentration in the reaction layer is
not too high and many reaction centers are formed with-
out steric hindrances, due to which the dependence on
the cation nature is less pronounced.

The proposed interpretation agrees with the earlier
qualitative explanations of the cationic catalysts effects
based on the concept of formation of ion pairs in the
reaction layer.10

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 02-03-
33321).

References

1. P. D. Metelski and T. W. Swaddle, Inorg. Chem., 1999,
38, 301.

2. C. R. Dennis, J. G. Leipoldt, S. S. Basson, and A. J. van
Wyk, Inorg. Chem., 1986, 25, 1268.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20

21.
22.

23.

24.

. M. Shporer, G. Ron, A. Loewenstein, and G. Navon, Inorg.
Chem., 1965, 4, 361.

. R.J. Campion, C. F. Deck, P. King, and A. C. Wahl, Inorg.
Chem., 1967, 6, 672.

. H. Takagi and T. W. Swaddle, Inorg. Chem., 1992, 31, 4669.

. D. H. Macartney, Inorg. Chem., 1991, 30, 3337.

. H. Bruhn, S. Nigam, and J. F. Holzwarth, Faraday Discuss.
Chem. Soc., 1982, 74, 129.

. D. E. Khostariya, R. Meusinger, and R. Billing, J. Chim.
Phys., 1998, 95, 497.

. D. E. Khostariya, R. Meusinger, and R. Billing, J. Phys.
Chem., 1995, 99, 3592.

A. N. Frumkin and N. V. Nikolaeva-Fedorovich, Vestn.
Mosk. un-ta |Moscow University Bulletin], 1957, 169 (in
Russian).

P. Delahay, Double Layer and Electrode Kinetics, Intersci.
Publ., New York—London—Sidney, 1965.

A. N. Frumkin, Elektrodnye protsessy. Izbrannye trudy | Elec-
trode Processes. Selected Works], Nauka, Moscow, 1987,
p. 246 (in Russian).

D. E. Khostariya, A. M. Kjaer, T. A. Marsagishvili, and
J. Ulstrup, J. Phys. Chem., 1992, 96, 4154.

V. Yu. Kotov, Izv. Akad. Nauk, Ser. Khim., 2000, 1007 [ Russ.
Chem. Bull., Int. Ed., 2000, 49, 1002].

V. Yu. Kotov and G. A. Tsirlina, Mendeleev Commun.,
1999, 181.

V. 1. Zhilov, A. B. Ilyukhin, V. Yu. Kotov, Z. V. Kuz 'minova,
and G. A. Tsirlina, Zh. Neorg. Khim., 2002, 47, 1728 [Russ.
J. Inorg. Chem., 2002, 47 (Engl. Transl.)].

R. Kiriyama, H. Kiriyama, T. Wada, N. Niizeri, and
H. Hirabayashi, J. Phys. Soc. Jpn., 1964, 19, 540.

D. Babel, Z. Naturforsch., 1982, B37, 1534.

L. Johansson, Acta Chem. Scand., Ser. A, 1975, 29, 365.

. R. M. Fuoss, J. Am. Chem. Soc., 1958, 80, 5059.

R. A. Marcus, Discuss. Faraday Soc., 1960, 29, 21.

O. A. Petrii and N. V. Nikolaeva-Fedorovich, Zh. Fiz. Khim.,
1961, 35, 1999 [J. Phys. Chem., USSR, 1961, 35 (Engl.

Transl.)].

R. A. Robinson and R. H. Stokes, Electrolyte Solutions,
Butterworth and Co (Publishers) Ltd., London, 1959.

R. R. Nazmutdinov, D. V. Glukhov, G. A. Tsirlina, and O.

A. Petrii, Elektrokhimiya, 2003, 39, 106 [Russ. J. Electro-
chem., 2003, 39 (Engl. Transl.)].

Received February 6, 2003;
in revised form July 31, 2003




