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Electrochemical Kinetics of Cyanometalate Complexes in Aqueous Solution at High
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For the aqueous couples Os(GX)*~, Mo(CN)g3/4~, and W(CN}3~4~, volumes of reactiod\Vagagci relative

to Ag/AgCl/4.0 mol L= KCI and volumes of activatiolVe* for the electrode reactions are reported. Values of
AVagiager are consistent with a very small increase in the metarbon bond length on reduction in each case,
the main component afVagagcl (other than that of the reference electrode) being electrostrictive solvation change.
For media in which the cation is 0.5 molEK™ or (for Mo) Na, AV is strongly positive $9.4+ 0.7,+7.3

+ 0.7, and+10.8+ 0.4 cn® mol~! for Os(CN)34~, Mo(CN)g®>/4~, and W(CN)3~/4~, respectively, at 28C),
whereas the theoretical expectation for a mechanism involving only the cyanometalate anidhs-ig cn®

mol~L. For Mo(CNX3~/4~ in Et4NCI, however AVt is —4.2 + 0.2 cn® mol™2. In all casesA Ve is just one-half

of the corresponding parametAie, for the homogeneous (bimolecular) self-exchange reaction of the same
couple, giving strong confirmation of the “fifty-percent rule” (Fu, Y.; Swaddle, T.J¥Am. Chem. S0d.997,

119 7137). These and related results are interpreted in terms of a mechanism for both electrode and homogeneous
electron-transfer reactions of cyanometalates in which the counterion mediates the electron-transfer process. For

alkali metal cations, partial deaquation to permit this mediation results in pogitié¢ values, whereas for
tetraalkylammonium counterions, there are no aqua ligands to be removesNahds “normal’.

Introduction
We have described elsewhé&fea correlation that exists

between volumes of activation for homogeneous outer-sphere
self-exchange reactions of metal complex couples of the type
ML @Dzt and those for reactions of the same couples at an

electrode AVe andAVeff, respectively), in aqueous solutions

AV, =",AV,} (1)

As this correlation is remarkably precise and apparently of
general applicability, we refer to it as the “fifty-percent rule”.
Since 0G/aP)t =V, its origin can be understood through a
simple extension of Marcus’ predicti®rf that the Marcus free
energies of activatioMG* for homogeneous (bimolecular)

electron transfer and electrode reactions should be similarly

related:

AG* = 1,AG,* )

In simple terms,AGg* reflects solvational and ML bond
length reorganization in jusine ML, complex at an electrode
to a configuration halfway between MED' and ML,
whereasAGe* comprises contributions frontwo ML, com-
plexes going to the common configuration in a bimolecular
process, sdAGe* can be expected to be twicAGe*. The
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inequality in eq 2 would apply if, in the electrode reaction, a
layer of intervening material were present on the electrode such
that the M—electrode distance were more than half the M
distance in homogeneous self-exchange. In fact, eq 1 holds
precisely, implying that eq 2 is also an equality for the systems
tested to date and that any adsorbed layers on the electrode either
are penetrated by the electroactive species or else simply move
the plane of effective electrical contact outward.

Attempts to test eq 2 through rate constakgsand kex as
such have generally been unsuccessful because the correspond-
ing frequency factorsZe and Zex cannot easily be related
indeed, they do not even have the same dimensions (ém s
and L mol?! s71, respectively).

Kot = Zg Xp(—AG,*/RT) 3)
kex = Zex exp(_AGex*/ R-D (4)
kefZer = (Ko Zo) ™ (5)

Ze and hencég are very dependent upon the nature and mode
of preparation of the electrode surface as well as double-layer
effects? The nature of the electrode and the condition of its
surface, however, are not perceptibly affected by pressures of
a few hundred megapascals. Thagjs essentially independent
of pressure, as i%ey12 and sinceAV* is given by —RT(d In
k/oP)t, eq 1 follows from eq 5.

We report here measurements/®¥,* as well as volumes
of reactionAVagagci (relative to the Ag/AgCl/4.0 mol L KCl
electrode) for the aqueous couples Os(EN)~, Mo(CN)g® 4~
and W(CN}3~/4~. Complementary studies of the corresponding
self-exchange reactiohiave shown that the exchange rates
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kex are strongly and linearly dependent upon the nature and T T T x T
concentration, respectively, of the cations present. Furthermore,

when the counterion is an alkali metal iakley" is unexpectedly 0.68
strongly positive (on the order af20 cn® mol™, as first noted

for the Fe(CN3®~/4~ couplé), yet with tetraalkylammonium
counterionsAVey, is moderately negative and close to the value

expected for simple anieranion electron transfer{6 + 2 cn? 0.66
mol™1).8 It is therefore important to check thedd/e,* values
by an independent method, in this case througi.i and <
application of eq 1; conversely, successful application ofeq1 =
would confirm the validity of the fifty-percent rule and also 0.64
the common basis of electrode and outer-sphere electron-transfer
processes proposed by Marcus.

/v

Experimental Section 0.62

K4OS(CN)§‘3H20, K4MO(CN)3'2H20, [(C2H5)4N]4MO(CN)3'2H20,
and KW(CN)g:2H,O were prepared by Metelski as described else- L L - . L
where® The W and especially the Mo complexes are photosensitive, 0 50 100 150 200
particularly in the oxidized forms, and were handled in the dark or Pressure/MPa
under a red safelight. In all cases, solutions were purged with water- Figure 1. Pressure dependence of the half-wave potential for
saturated K prior to voltammetric measurements. Distilled water was Qs(CN)* /4~ relative to Ag/AgCI/4.0 mol £ KCl in an aqueous K
passed through a Barnstead NANOpure train before use. Inorganicmedium; [K;Os(CN)] = 1.91 mmol L% [KCI] = 0.70 mol L%
supporting electrolytes (KCI, NaCl; BDH Assured) were used as
received, but tetraethylammonium chloride (Eastman) was purified by -3.8 T T T T
recrystallization from water and its purity verified by CHN analysis.

Electrochemical procedures and the high-pressure electrochemical
apparatus were as described previodslxll measurements were made
on solutions thermostated at 25t00.1 °C. Half-wave potential&;/, -4.0
were determined from cyclic voltammograms (CVs), and electrode
reaction rate constants, were obtained from alternating current n
voltammograms (ACVs). The cyanometalate complexes were found
to cause contamination of electrode surfaces, and consequently the key
to obtaining reproduciblk, values, particularly after a pressure change,
was the regeneration of a clean working electrode surface in situ by
cycling the applied potential several times between hydrogen evolution
and the most positive potential to be scanned in the actual measure-
mentst? Of the high-pressure measurements, only those sets for which
the readings at the end of the pressure cycle agreed with those at the
beginning to within the experimental uncertainty mV) for a given
pressure were accepted. Thus, stability of reagents and electrode -4.6
response over the-8L0 h of a pressure cycle was required.

In this article, concentrations are given in units of mot lvalid at
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22°C and 0.1 MPa. 0 50 100 150 200
Pressure/MPa
Results Figure 2. Pressure dependence of the rate constant for Os{CN)

in an aqueous K medium at a glassy carbon disk electrode;Qk-
The Os(CN)374~ Couple. Solutions of KOs(CN)-3H,0 (CN)g] g 1.51 mmol L% [KCI] g 0.6)(/)7 mol =L, Qs

were stable for at least 1 week in stoppered vessels and were

not affected by room lighting. CVs obtained using Pt wire anq Ink, were linear within the experimental uncertainty over
working and counter electrodes referred to Ag/AgCI/4.0 mol the range 8200 MPa, as shown in Figures 1 and22nd the

L~ KClI were accurately reproducible over several hours, but ¢orresponding values @V agiagc andAVef are given in Tables

the Ey/2 value obtained from them (615 5 mV) lies close to 1 ang 2, respectively. Table 2 also records the measured value

the potential at which Pt oxide films may form, and the definitive f the diffusion coefficienD, which was taken to be the same
kinetic measurements were therefore made with a glassy carboritg, the oxidized and reduced species.

disk working electrode. Comparison Bf;, from CVs with the The Mo(CN)g3~4~ Couple. A report on our study of this
peak potential from the ACV showed that the transfer oo pie in aqueous Naand K* media has been given else-
coefficiento was 0.50. For 1.51 mmol 1t K4Os(CN} in 0.61 where? the results are summarized in Tables 1 and 2. When

mol L~ KCLl ke’ (the value ofke at ambient pressure) was — gy,N*+ was the only cation present, Pt electrodes became
0.0194 cm s* at glassy carbon and 0.035 cmat Pt; Oyama  poisoned even more rapidly than irf Kolutions. With a glassy

et al.l‘i used CV peqk sepgration to obtaif = 0.15+0.11 carbon disk as the working electrode, the oxidative wave of
cm st at a carbon fiber nllcroelectrode for a d|fferint, highly - the first CV scan was typically distorted, but after further cycling
acidic medium (0.1 mol L* CR,COONa+ 0.1 mol L™* CFs- of the potential, the electrode response became highly reversible

COOH) in which the electroactive hexacyanoosmate Speciesang reproducible over several hours. As noted previctil,
would have been protonatétiThe pressure dependencesgh

(11) Macartney, D. Hlnorg. Chem.1991, 30, 3337.
(9) Takagi, H.; Swaddle, T. Winorg. Chem.1992 31, 4669. (12) In Figures 1 and 2, measurements made under increasing pressure
(10) Oyama, N.; Ohsaka, T.; Yamamoto, N.; Matsui, J.; Hatozaki].O. are denoted by filled “up” triangles and those made under decreasing
Electroanal. Chem. Interfacial Electrocheit®89 265 297. pressure by empty “down” triangles.
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Table 1. Pressure Dependence of Half-Wave Potentials from Cyclic
Voltammetry (¢ = 0.50)

medium, AVAg/AgCIa/

couple, electrode ¢/mol L™t E1/mV cm® mol~?
Os(CN)>-, Pt KCl, 0.70 615 —34.3+0.8
Os(CN)*+~, Cy KCl, 0.61 626 —33.4+0.9
Mo(CN)g*4~, Al>  NaClQ,, 0.5 618 —29.8+ 1.0
Mo(CN)g® 74, Cy E4NCI, 0.5 645 —33.6+ 0.9
W(CN)g>4-, Pt KCl, 0.5 320 —27.5+0.8

2 Relative to Ag/AgCI/4.0 mol £* KCI, +5 mV, in neutral solution
except as noted.pH 2.7; ref 2.° Mean of three independent runs.

values for Mo(CN33~4~ in the literature vary widely with the
medium and the nature of the electrddé3 16 nevertheless, it
should be noted thdt.° was found to be markedly faster in
EuNCI at glassy carbon than in NaCJ@t gold (Table 2). The
pressure dependenceskif, and Inkg were linear within the
experimental uncertainty, 200 MPa (Supporting Information,
Figures S1 and S2), and the corresponding values\@afagci
and AV from replicate runs are given in Tables 1 and 2.
The W(CN)g¥/4~ Couple. Since the Ey, value for
W(CN)g*4~ in KCI media (320 mV) lies at a much less
oxidizing potential than that for the Mo analogue or Os(ENY,
Pt working electrodes were entirely satisfactory in this case.
Because the rate constanks, for the homogeneous self-

Fu and Swaddle

not feasible because of the possibility of multiple ion association
and the dependence of ion pair formation constaldis
themselves on ionic strengthbut a Fuoss-type calculatith
of Kip values for a generic M(CN)~ of radius 460 pm with
K*in 0.5 mol L1 aqueous KCI over the pressure range200
MPa at 25°C indicates that the volume changeVr ac-
companying ion pair formation is less thar2 cn® mol=2. In
other words, the effects of ion association/®agagci are small,
and theAV,if data show that the role of the counterion in the
kinetics goes beyond mere ion pairing.

Tregloan and co-worke¥s20 have shown that, for couples
such as Fe(CNJ 4, in which the metatligand bond length
do is essentially the same in both the oxidized and reduced
species, the observeXVagagcr comprises solely a contribution
AV, from the reference electrode (for Ag/AgCl/4 motiKCl,
this has been estimated to 58.0 cn? mol~1 1829 and another
arising from the electrostrictive solvational change that ac-
companies reduction:

AVagngel = AVies + BAZIr (6)
whereAZ? is the square of the charge number of the oxidized
partner minus the square of the charge number of the reduced
form, r is the effective radius of the reacting ions, ddds a
constant. For reactants of the approximate size of the cyano-

exchange reactions of cyanometalate complexes show a lineaimetalate complexes considered h&#,is about 4.0 crhimol 1.
dependence on the concentration of an added electrolyteCorrelation of theAVagagci data with crystallographic (i.e.,

(actually, on the concentration of the catidrthe relationship
betweerk, and the concentration of added KCI was investigated.
As in the self-exchange ca8ek, was found to be directly
proportional to [KCI], within the experimental uncertainty, with
a slope of 0.32t 0.02 (Supporting Information, Figure S3).
Oyama et al? foundke; = 0.444 0.28 cm s for W(CN)g® /4~

in a CCOONa/CECOOH medium of pH 1.0 by a CV method,

solid-state)ly values may not be quantitatively significant, since
the EXAFS study by Brunschwig et #&l. showedd, for
Fe(CN)}*~ and Fe(CNY* in solution to be equal and signifi-
cantly shorter (188 pm) than had been reported for the solid
state (192.6 and 190.0 pm, respectivéRfrurthermore, not all
metal-cyanide bond lengths in crystalline solids are edgal.
Nevertheless, crystallographic measurenf@ntsindicateAdy

but as noted above for the hexacyanoosmate case, it is likely= 4 pm for the Mo(CN§*/4~ and W(CN}3/4~ couples, and
that protonation of the reactants would complicate interpretation Macartney! argues for a similaAd, for Os(CN)2/4-, so that,

of this result.
The pressure dependencessgh and Inke for W(CN)g3 /4~
in KCl were accurately linear (Supporting Information, Figures

in contrast to the Fe(Chy /4~ case, wheréd, is zero, a small,
positive, “intrinsic” (i.e., molecular volume change) contribution
to AVagiagcl may be expected to accompany reduction in these

S4 and S5), and the derived quantities are listed in Tables 1couples and to increase with increasidg For Fe(CNy*~,

and 2.

Discussion

Volumes of Reaction.The cell reaction volumeAVagagci
for the Fe(CN}¥~/4~, Os(CN}*/~, Mo(CN)g? /4, and
W(CN)g34~ couples in K or Na" media (0.5 mol LY) are
—371718 —33, —30, and—28 cn? mol~1, respectively (Table
1). It is worth noting thatAVagagcl for Mo(CN)g® 4~ is less
than 4 cmd mol~1 more negative for tetraethylammonium than

Os(CN)*, Mo(CN)g*~, and W(CN}*~, d in solids is typically
193, 204, 216, and 218 pm, respectivély3! and so the trend

Fe < Os < Mo < W in AVpgagcr may be qualitatively
understood. Corresponding increases in the overall effective radii
r of the reactants will also make minor contributions to this
trend through eq 6.
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differences seen in the corresponding volumesadivation
(Table 2), adding credence to the vi&tivat the counterion plays
an importanimechanisticgole in anion-anion electron transfer
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Table 2. Diffusion Coefficients, Rate Constants at Ambient Pressure, and Volumes of Activation for Cyanometalate Couples in Water at 25.0
°C

couple, electrode mediufg/mol L™ D/10¢cn? st ke®cm st AVeflcm® mol—* AVeélem? mol ™t
Fe(CN)*>"-, PP KCI, 0.50 7.63 0.072: 0.005 +11.9+ 1.3 +21.8+ 1.7
Os(CN} 74, Cy KCl, 0.61 6.78 0.02@: 0.001 +9.4+ 0.7 +18.5+ 0.8
Mo(CN)g*4-, Au® NaClQy, 0.5 5.47 0.053: 0.001 +7.3+0.7 +14.7£ 0.6
Mo(CN)g* /4, Cy EuNCI, 0.5 4.88 0.18t 0.03 —-4.2+02 -8.2+0.6"
W(CN)g*>"4, Pt KCI, 0.5 5.08 0.16:0.01 +10.8+ 0.4 +225+ 1.1

aFor electrode processes only; does not applgta,’. P Reference 2¢ Reference 9; [{Fe(CN)] = 0.08 mol L%; [KsFe(CN)}] = 0.002 mol
L-L dReference 8; [KOS(CN}] = 0.189 mol L%; [K30s(CN}] = [K3IrClg] = 0.010 mol L. ¢ Reference 2; pH 2.7 Average of two independent
runs.9 Reference 8; [KMo(CN)g] = 0.0785 mol L%, [KsMo(CN)g] = 0.0485 mol L% M Reference 8; [(BN)sMo(CN)] = 0.069 mol L
[(EtaN)sMo(CN)g] = 6.7 mmol L™*. T Reference 8; [KW(CN)g] = 0.23 mol L%; [K3W(CN)g] = 0.014 mol L%

Electrode Reaction Kinetics.Electrochemical rate constants T 15
measured in different media or at different electrédes even
at the same electrode with different modes of preparé&iaan
vary widely. There is therefore little to be gained by comparing
the ke data presented here with literature values. The essential
proportionality ofke to [KCI] for the W(CN)3~4~ couple,
however, deserves comment, as a generally similar phenomenon
was reported by Campbell and Pétefor the Fe(CNYS—/4~
couple and is also strongly evident in the self-exchange reactions
of all the couples considered here in homogeneous alkali metal
ion-containing solution&lt is evident that the alkali metal salt
(more specifically, its catidid) is intimately involved in the
electron-transfer process, not only in bulk solution but also at
electrode surfaces. This commonality of mechanism between
corresponding electrode and homogeneous solution processes
is further demonstrated by the success of the fifty-percent rule
linking the two modes of electron transfer, as noted below.
Volumes of Activation. The most striking results arising from 3 .
the high-pressure electrode kinetics are (1) &\ is strongly Activation volume (homogeneous) /cm mol
positive for all the cyanometalate couples studied to date when Figure 3. Relationship betweeAVe andAVe,. (A) Co(phen)32+;
the cation present is an alkali metal cation yet moderately (B) Co(en}**?*; (C) Fe(HO)s**?*; (D) Co(diamsad™?*; (E)
negatve when it is a quaternary ammonium ion and (2) that Co(diamsark)>"**; (F) Co(sepj*?*; (G) Cof(ttcn)**”**; (H) Fe-
the fifty-percent rule relatingVef to AVes* applies with striking ~ (Phemy®™2%; (1) Fe(CNR* /K™, (J) Os(CN)* " /K*; (K) Mo-
X : : (CN)&=IK™; (L) Mo(CN)g>~/EtsN*; (M) W(CN)g*4-/K*. Data
accuracyregardless of the sign and magnitude &¥e". The were taken from ref 2 (couples-Al) and Table 2 (couples-IM).
latter point is given further emphasis in Figure 3, which
combines the results of Table 2 with those obtained previgusly. tions of ion pairing to volumes of activation are too small. Since
Conversely, if we accept that the fifty-percent rule is applicable, Av,* for the Mo(CN)®/4-/Et,N* system is close to the value
the presenAVe* measurements authenticate the.," values predicted (Y2AVecdc= —3 + 1 cr mol~2) for a simple outer-
for self-exchange reactions of the cyanometalate couplessphere electron-transfer mechanism involving only the anions,
obtained from NMR line-broadening by Metelski and Swaddle. it js tempting to conclude that the cation is involved in electron
The remarkable consistency of these data for two different transfer in the M but not the RNT cases; the strongly positive
reaction modes, measured by completely unrelated techniquesAv,* for M* can be attributed to a partial deaquation of the
demonstrates a fundamental mechanistic commonality betweercation that enables it to facilitate electron transfén. fact,
outer-sphere self-exchange reactions in homogeneous solutiothowever, the self-exchange reactions of aqueous cyanometalate
and electron transfer at an electrode, for a given Couple. This Coup|es are more Strong|y facilitated bypﬁ than by any but
commonality of mechanism is implicit in Marcus’ theory of  the heaviest M.8 For electrode reactionge is too dependent
electrode reactions,” and the fact that the slope of the on the nature of the electrode surface to permit rate comparisons
regression line in Figure 3 is precisely one-half (0:5®.02) of this kind to be made with certainty, bkg for Mo(CN)g®/4~
provides a quantitative vindication of Marcus’ theory. in aqueous BNCI at glassy carbon is indeed much faster than
For the aqueous Mo(Ch) "~ couple, botA Ve and AVey* that in aqueous NaClQat Au (Table 2), despite the general
change dramatically in sign and magnitude on going from alkali observation for the benchmark Fe(GXJ*~ couple that glassy
metal ion (M") to tetraalkylammonium ion (R*) media (Table  carbon electrodes give slower reaction rates than do the noble
2), and our studiéf the self-exchange reactions of the other metals3?2
cyanometalate couples indicate that this is likely to be a general  Thus, the difference inVe values is more likely attributable
phenomenon in this class of complexes. This effect cannot beto the absence of coordinated aqua ligandsiN'R so that the
attributed to ion pairing as such, becadge values for RN* deaquation that is presumed to be necessary to secure participa-
with cyanometalate anions are similar to those for alkali metal tion of M* in the electron-transfer process is not required for
ions8 and furthermore, as noted above, the expected contribu-R,N*. The sequence of self-exchange rate constgtof Li*
< Na" < KT < Rb" < Cst ~ RyN*) is certainly consistent
(32) tl\rlllggﬁery, R. LElectroanal. Chem1991, 17, 221 and references  \yjth the deaquation model, as the energy input required for
(33) Campl:;ell, S. A.; Peter, L. MJ. Electroanal. Chem. Interfacial deaquation must decrease in that oftiéhe linear dependence
Electrochem1994 364, 257. of ke; on [KCI] for the W(CN)3~/4~ electrode reaction implies
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that the same kind of Meffect found for ke also affectske,. transfer process. For alkali metal cationg Mt is argued that

It may therefore be inferred that the "Mand RN™ effects the partial deaquation of M{D),™ necessary to permit this
establishe?l for kex also apply toke and may be similarly mediation results in anomalously positi®/i* values, whereas
explained. for R4N™ counterions, there are no aqua ligands to be removed
and AVet is negative and “normal”.
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