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Fast scan rate cyclic voltammetry has been used to elucidate the heterogeneous and homogeneous aspects of
the redox chemistry ofcis- andtrans-[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)]. Thecisspecies, on oxidation,
isomerizes to thetransconformation, and the various processes can be understood as components of a square
reaction scheme. In solution phase, the homogeneous rate constant for isomeric conversion is found to be
independent of solvent and concentration, with a value of 38 s-1 obtained by comparison with digitally simulated
responses. The heterogeneous rate constants for thecis0/cis+ and trans0/trans+ couples in acetonitrile have
values of 0.06 and 0.065 cm s-1 respectively. Thecisor transcomplex was readily immobilized on an electrode
surface, either by mechanical attachment or by precipitation from solution. However, electrolysis in the solid
state was strongly dependent on the identity of the supporting electrolyte anion. This dependence is similar
to the Hofmeister series of anions with large, hydrophobic ions favored in the charge-neutralization process.
The addition of acetonitrile to the aqueous electrolyte solution dramatically increases the magnitude of the
voltammetric peak currents but only in the presence of these ions. The effect is reversible, and other organic
solvents have a similar effect. Infrared measurements conducted on the solid immobilized on glassy carbon
before and after electrolysis clearly demonstrate the occurrence of thecis-trans isomerization in the solid
state. The isomerization rate is considerably slower in the solid matrix relative to that in solution phase because
of the restriction of free space; voltammetric measurements conducted on the solidcis complex immobilized
on an electrode surface reveal a rate constant of 2 s-1. The solvent independence of the isomerization rate in
solution phase and the fact that the reaction is observed with an appreciable rate in the solid state suggest that
the conformational change occurs via a nondissociative twist mechanism. Morphological changes accompanying
the solid-state redox electrochemistry, observed with both thin and thick coatings of microparticles, were
evaluated by electron scanning microscopy and revealed the formation of needlelike crystals on the electrode
surface during the course of potential cycling experiments.

Introduction

Structural changes induced by electron transfer are a matter
of continuing interest in chemistry. For example, knowledge
of how metal complexes respond structurally to changes in their
redox state is crucial to understanding the mechanisms of metal
charge-transfer reactions and impacts areas such as photoelec-
trochemistry,1,2 organometallic catalysis,3 molecular electronics,4

supramolecular chemistry,5 and biologically important systems.6

In cases where the intramolecular reaction occurs on a
sufficiently short time scale, the structural rearrangement
between reactant and product is considered to be concerted with
the actual electron transfer and results in slow heterogeneous
kinetics, as is the case, for example, with changes in the bonding
mode observed on oxidation of some molybdenum complexes.7

However, when the structural change is relatively slow, it can
be regarded as being temporally distinct from the charge-transfer
process, and the situation is most conveniently described in

terms of an EC mechanism or, if all steps are interconnected,
as a square scheme.8 In these instances, kinetic parameters
associated with the constituent reactions can then often be
deduced using conventional voltammetric techniques. This has
been achieved in a number of cases for species in the solution
phase.9-11 However, evaluation of the kinetics of these processes
in solid state/adsorbed systems is rare,12,13and in particular, the
issue of comparison between solution and solid phase14 remains
largely unexplored.

Recently, the development of techniques for the mechanical
attachment of solid microparticles to electrodes has enabled
electrochemical studies to be undertaken, in principle at least,
on any redox-active compound in the solid state.15 The study
of the electrochemistry of solid compounds in this manner is
of great importance both for the development of a fundamental
understanding of interfacial reactions and for applied science.
Solid-state electrochemistry has been used to study processes
such as nucleation and growth phenomena, electrocrystallization,
and charge transport through solid materials.16 Isomerization
within microcrystals of a chromium carbonyl derivative has been
reported,17 and lattice reconstructions have been observed on
reduction of solid films of a Prussian blue analogue.18,19
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However, homogeneous kinetic processes have not been studied
in detail in solid matrices of this type.

Electrochemical studies on manganese derivatives in the past
have led to the discovery of oxidatively induced isomerization20

and have provided routes to otherwise inaccessible geometric
isomers.21 In this contribution, we have systematically evaluated
the electrochemical properties associated with the oxidation of
the cis and trans isomers of the 18-electron octahedral-type
complex [Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)] in solution
phase as well as immobilized on an electrode surface in the
solid state and have quantitatively probed the kinetics of the
cis-trans isomerization in both phases using rapid scan
voltammetry.

Experimental Section

Materials. cis-[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)] (Mn-
cis) andtrans-[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)] (Mn-
trans) were prepared as described elsewhere.22,23 Analytical
reagent grade acetonitrile and dichloromethane (Aldrich) were
stored over molecular sieves prior to use, and the electrolyte
[Bu4N][PF6] (GFS) was recrystallized twice from ethanol/water.
Other electrolytes were of analytical grade and were used as
supplied by the manufacturer (Aldrich). Aqueous solutions were
prepared using deionized water (18 MΩ cm-1). All solutions
were deoxygenated using nitrogen for between 10 and 20 min
prior to undertaking electrochemical experiments. All measure-
ments were carried out at ambient temperature (20( 2 °C).

Apparatus. Morphological studies of solid layers on a 3-mm-
diameter glassy carbon (BAS) electrode surface were performed
using a Philips XL30 field emission scanning electron micro-
scope (SEM) using both secondary (SE) and backscatter (BSE)
imaging modes. Elements present in the solid were determined
by using the Oxford Link EDAX data analysis system. The
electrode surface was thoroughly rinsed with deionized water
and exposed to a steady stream of nitrogen for 3 to 5 min prior
to measurement to ensure the removal of electrolyte and dry
conditions.

Infrared spectroscopy was conducted on the solid immobilized
on a 3-mm-diameter glassy carbon electrode using a Bruker
Equinox 55 spectrometer and an IR Scope II infrared microscope
with an inverted Praying Mantis diffuse reflectance optical
accessory. The electrode was mounted in a collar for downward
positioning, ensuring that the surface of the electrode was in
the focal plane of the incident infrared beam. The attached solid
was rinsed and dried as described for the SEM studies prior to
each measurement.

Voltammetric measurements were carried out with an Autolab
PGSTAT100 (ECO-Chemie, Utrecht, Netherlands). For high
scan rates (10-600 V s-1), the instrument was used in the fast
scan mode, making use of a high-resolution AD converter. A
conventional three-electrode assembly was used: the working
electrode consisted of a 3-mm-diameter glassy carbon disk
shrouded in Teflon (CH instruments) or a 25-µm-diameter Pt
microelectrode shrouded in glass, and a 1-cm2 Pt gauze was
used as the auxiliary electrode. The reference electrode was Ag/
AgCl (3M KCl). For experiments conducted in organic solvent
media, the reference electrode was separated from the test
solution by a salt bridge. The formal potential (Ef

0) of the
ferrocene/ferrocenium couple was 0.450 V versus Ag/AgCl in
CH3CN and 0.445 V versus Ag/AgCl in CH2Cl2 using 0.1 M
[Bu4N][PF6] as the supporting electrolyte. IUPAC conventions
are used for the presentation of all voltammograms. Digital
simulations of cyclic voltammetric responses were carried out
using DigiSim software (version 3.03).

Results and Discussion
trans-[Mn(CN)(CO) 2{P(OPh)3}(Ph2PCH2PPh2)]. Solution-

Phase Electrochemistry.Figure 1a shows the cyclic voltam-
metric response at a 3-mm-diameter glassy carbon electrode for
a 3 mM solution of thetransmanganese complex dissolved in
acetonitrile containing 0.1 M [Bu4N][PF6]. The voltammogram
displays a single reversible one-electron redox couple with a
reversible potential of 0.720 V versus Ag/AgCl (average of the
reduction and oxidation peak potentials) corresponding to the
process Mn-trans(solution) h Mn-trans+

(solution) + e-. The value
of the diffusion coefficient (D) obtained from the slope of plots
of Ip versus the square root of the scan rate using the Randles-
Sevčik equation under slow scan-rate conditions was (7.2(
0.9) × 10-6 cm2 s-1.

The value of the heterogeneous charge-transfer rate constant
k° was estimated initially in acetonitrile using the method
developed by Nicholson.24 Values of∆Ep (difference in peak
potentials) were analyzed at various scan rates ranging from
0.4 to 425.0 V s-1 using a 25-µm-diameter platinum micro-
electrode in a solution that contained 1.1 mM of the manganese
complex. The contribution of uncompensated resistance on∆Ep

can readily be shown to be less than 1 mV for the highest scan
rate in this study. The rate constant was determined using the
following equation:

Figure 1. Cyclic voltammograms obtained at 20°C using a scan rate
of 200 mV s-1 with a 3-mm-diameter glassy carbon electrode for the
oxidation of (a) 1.1 mMtrans-[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2-
PPh2)] and (b) 3 mM cis-[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)]
dissolved in acetonitrile (0.1 M [Bu4N][PF6]).

k° ) ψ[πDOν(nF
RT)]1/2

(DO/DR)R/2 (1)
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whereDO andDR are the diffusion coefficients of the oxidized
and reduced species, respectively,ν is the scan rate, andR is
the transfer coefficient. Using a working curve that relates∆Ep

to the kinetic parameterψ and assuming thatR ) 0.5 andDO

) DR ) (7.2 ( 0.9) × 10-6 cm2 s-1, the value ofk° was
determined to be 0.065( 0.008 cm s-1 at 20 °C. Simulated
voltammograms over a wide range of conditions showed an
equally good fit to experimental data. Solution-phase data
obtained in acetonitrile and dichloromethane are summarized
in Table 1. This quantitative study is consistent with the initial
report on the voltammetry of thetrans isomer.22

Solid-State Electrochemistry.For solid-state voltammetric
experiments, two methods were used to transfer the solid onto
the working electrode. In the first, a small amount of the solid
was transferred to a piece of weighing paper over which the
electrode was rubbed, thus causing the solid to adhere to the

surface. Figure 2a shows an SEM image of a glassy carbon
electrode that has been modified in this manner with solidtrans-
[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)] before exposure to
electrolyte solution. As can be seen from the image, the solid
adheres to the electrode in an irregular manner with a range of
particle sizes present and large areas of the surface caked with
solid where the compound has been compressed into a layered
format. EDAX spectra taken from localized portions of the
electrode surface confirm that these caked areas contain
significantly larger quantities of Mn and P than adjacent areas
where the electrode surface is visible. Figure 2b shows the same
electrode after the potential has been cycled from 0.45 to 1.05
V versus Ag/AgCl in 0.1 M LiClO4 electrolyte solution
containing 10% CH3CN for 2 min. The layer structure is altered
significantly as a result of potential cycling, and a redistribution
of solid occurs with the solid becoming more evenly distributed
over the surface in the form of microcrystals, and more of the
underlying substrate is exposed.

In the second approach to immobilization of the solid, the
electrode was immersed in a 5 mMsolution ofcis- or trans-
[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)] dissolved in acetone,
whereupon it was removed and immediately rinsed with
deionized water, causing the solid to precipitate rapidly on the
electrode. Figure 2c shows an SEM image of the electrode
surface following this surface precipitation procedure, using the
trans isomer, before exposure to electrolyte solution. The solid
is far more evenly distributed over the surface than in the case
shown in Figure 2a or b, and as can be seen from the inset, it
seems to have deposited on the surface as an array of closely
spaced particles ranging in size from 1 to 2µm. After cycling

Figure 2. SEM images oftrans-[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)]. Solid mechanically attached to glassy carbon (a) before and (b) after
potential cycling. (c, d) Complex immobilized by precipitation on the electrode surface (a) before and (b) after potential cycling. Twenty cycles
were used over the potential range of 0.45 to 1.05 V vs Ag/AgCl in 0.1 M LiClO4 aqueous electrolyte solution containing 10% CH3CN.

TABLE 1: Summary of Electrochemical Data Obtained
from a Cyclic Voltammetric Study of cis- and
trans-[Mn(CN)(CO) 2{P(OPh)3}(Ph2PCH2PPh2)] at a 3-mm
Diameter Glassy Carbon Electrode in the Solution Phase at
20 °Ca

CH3CN CH2Cl2

E0
f/Vb D/cm2 s-1 k°/cm s-1 E0

f/Vb D/cm2 s-1

Mn-trans 0.720 7.2× 10-6 0.065( 0.008 0.640 6.0× 10-6

Mn-cis 1.170 7.2× 10-6 0.060( 0.010 1.135 6.0× 10-6

a The supporting electrolyte was 0.1 M [Bu4N][PF6] b Potentials
quoted relative to Ag/AgCl (3M KCl). The formal potential of the
ferrocene/ferrocenium couple measured in situ was 0.450 V in CH3CN
and 0.445 V vs Ag/AgCl in CH2Cl2.
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the potential over the range of 0.45 to 1.05 V versus Ag/AgCl
in 0.1 M LiClO4 solution for a period of 2 min, the physical
nature of the immobilized layer is again altered dramatically.
As shown in Figure 2d, small needlelike crystals, 3-15 µm
long and<1 µm in width, are evenly distributed over the entire
surface. The inset to Figure 2d shows an expanded view of some
of these crystals. In many cases, smaller crystals have apparently
grown perpendicularly from the base of a larger crystal whereas
in other instances three or four crystals have grown from a single
point. These observations may be a consequence of nucleation
and growth phenomena initiated by voltammetric redox cycling.
EDAX spectra were taken in situ for each of the SEMs shown
in Figure 2, which confirmed that the crystals contained
manganese and that no chlorine was present, thus ruling out
the possibility of the electrode surface being contaminated with
traces of supporting electrolyte.

The mechanical attachment of solid resulted in a much higher
quantity of material becoming immobilized on the electrode
surface. For example, the integration of background-corrected
slow scan rate cyclic voltammograms in 0.1 M LiClO4 contain-
ing 10% CH3CN indicated that typically between 0.5× 10-8

and 5.0× 10-8 mol cm-2 of mechanically attached solid was
electrolyzed whereas for precipitated layers the values typically
ranged from 3.0× 10-10 to 9.0× 10-10 mol cm-2 and in some
cases approached values apparently equivalent to values esti-
mated for monolayer coverage. Both methods produced stable
films of adhered solid, although films formed by the physical
attachment of the dry solid tended to give rise to broader peaks.
The surface precipitation procedure produced a more reproduc-
ible voltammetric response.

On immobilization of solidtrans-[Mn(CN)(CO)2{P(OPh)3}-
(Ph2PCH2PPh2)] onto the electrode surface, either by surface
precipitation from acetone solution or by mechanical attachment
with 0.1 M aqueous KClO4 as the electrolyte, a small but distinct
voltammetric response was observed at approximately 0.7 V
versus Ag/AgCl, which is close to the value found when the
compound was dissolved in acetonitrile. The equation for the
solid-state process is summarized in eq 2:

The response of electrodes modified in this way was tested in
the presence of various electrolyte solutions at concentrations
ranging from 0.1 to 2 M aswell as with different electrode
materials (Au, Pt, glassy carbon, graphite, and paraffin-
impregnated graphite).

The solid-state voltammetry was highly dependent on the
identity of the electrolyte anion. For example, in the presence
of KCl, KF, and NaNO3, no Faradaic current response was
detected whereas K2SO4 and Na2SO4 electrolytes gave rise to
responses that were barely distinguishable from the background
current. However, with LiClO4, KClO4, KPF6, and KBF4 as the
electrolytes, a small but distinct wave similar to curve a in Figure
3 was evident. Note that the diminution of the electrochemical
response could not be ascribed to problems associated with the
stability of the layer being compromised by the presence of
aqueous electrolyte, as solid was still clearly visible on the
electrode surface after cyclic voltammetric experiments. (See
Figure 2.) This unusual anion effect appears to be related to
both the size and charge of the ion, with the larger monovalent
anions (ClO4

-, PF6
-, and BF4-) favored over those of smaller

ionic radius (F-, Cl-, and NO3
-) and those that are polyvalent

(SO4
2-).

The magnitude of the faradaic-to-background current ratio
did not improve markedly with variations of the electrode
material, electrode diameter, layer thickness, electrolyte con-
centration, or pH or on varying the temperature of the solution
between 0 and 40°C in purely aqueous electrolyte media.
However, on adding a small amount of acetonitrile to the
electrolyte solution, a marked increase in peak height was
observed. This is illustrated in Figure 3, which shows the
response of a glassy carbon electrode dip-coated withtrans-
[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)] in contact with a 0.1
M solution of LiClO4 in H2O containing 0 and 10% acetonitrile.
The background response of the bare electrode is included in
the Figure for comparison. The faradaic current in the solution
containing 10% acetonitrile is approximately 4 times larger than
that for the solvent-free solution and is similar to that expected
for a reversible one-electron transfer reaction involving surface-
confined species. Specifically, the peak shapes are symmetrical,
unlike that expected for a freely diffusing species. Moreover,
the peak current scales linearly with scan rate between 0.01 and
2.0 V s-1 (for an apparent surface coverage of 3× 10-10 mol
cm-2). This suggests that the response is controlled by finite
charge-transport diffusion when the amount of immobilized
material is sufficiently small, even at relatively short experi-
mental time scales. However, the peak-to-peak separation
between the anodic and cathodic waves, ca. 50 mV at a scan
rate of 0.01 V s-1, is greater than the predicted value of 0.00 V
for an ideal reversible thin-film model.25 Also, the peak width
at half-height of 125 mV deviates significantly from the
theoretical value of 89.1 mV. These nonidealities may be due
to ohmic effects, present as a result of uncompensated re-
sistance in the solution or within the layer itself, or to kinetic
or thermodynamic dispersion, if the immobilized solid is
regarded as a microcrystalline array of particles rather than a
thin film.

The variation in signal magnitude between pure aqueous
media and media that contained acetonitrile was completely
reversible (i.e., when the electrode was transferred from one
solution to the other after voltammetric cycling, the voltammetric
response characteristic of the new solution was recovered in

[Mn-trans](solid) + A-
(solution)h [Mn-trans+][A -](solid) + e-

(2)

Figure 3. Cyclic voltammograms obtained at a scan rate of 200 mV
s-1 when a 3-mm glassy carbon electrode is modified withtrans-
[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)] and then placed in contact
with 0.1 M LiClO4 electrolyte containing (a) 0% and (b) 10%
acetonitrile. The inner curve (c) shows the background response
obtained at a bare electrode (0% acetonitrile).
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each case). These changes were rapid enough to be apparent
on the first voltammetric cycle (at 200 mV s-1) in each
experiment.

More complicated behavior was occasionally observed.
Specifically, either of the forward or reverse peaks sometimes
developed a shoulder with continued cycling of the potential,
and oxidation and reduction peaks of differing magnitude were
sometimes observed. Although the specific conditions under
which this behavior occurred proved difficult to isolate, the
effects were more pronounced when the acetonitrile content of
the electrolyte solution was increased. One explanation for this
may be the formation of a new phase of the immobilized solid,
incorporating acetonitrile molecules in its solvation sphere and
having a more positive reversible potential (Erev). All other
experimental data presented use an acetonitrile content of 10%,
as this produced excellent layer stability and a single voltam-
metric response.

The reversible potential for the complex in the solid state is
operationally defined here as the average of the oxidation and
reduction peak potentials, with the inherent assumption that the
activation overpotentials are the same for both ion insertion and
ion expulsion from the layer. These data are summarized in
Table 2 and reveal a small dependence on the electrolyte anion
radius.When the mechanical attachment mode of immobilization
was used, cyclic voltammograms tended to take on character-
istics associated with semi-infinite charge-transport diffusion.
For example, the peaks showed diffusional tailing,∆Ep values
were >60 mV, and the peak heights scaled linearly with the
square root of the scan rate over the low scan-rate range of
between 2 and 200 mV s-1. An unusual observation was that
after cycling, the magnitude of the faradaic current was
frequently seen to increase when the layer was disturbed by,
for example, wiping the surface with a tissue. This was
presumably a result of more of the attached solid being brought
into intimate contact with the electrode surface and suggests
that only a small proportion of the solid is electrolyzed, even
at long experimental time scales.

To investigate further the effect of acetonitrile, the cyclic
voltammetric response of solidtrans-[Mn(CN)(CO)2{P(OPh)3}-
(Ph2PCH2PPh2)], attached by mechanical abrasion, was moni-
tored in solutions containing 0.1 M KClO4, where the aceto-
nitrile content was increased from 0 to 44%. Figure 4 shows
the variation in peak height (Ip, top curve) and the number of
moles per cm2 that were oxidized and reduced (Γ, bottom curve)
for a scan rate of 200 mV s-1. The electrode was allowed to
equilibrate for 3 min prior to commencing each experiment,
and the 10th cycle in each CV experiment was used to obtain
the data. As can be seen from Figure 4, the effect of acetonitrile
is quite dramatic, with peak currents increasing from less than

0.5µA to greater than 120µA as the percentage of acetonitrile
is increased from 0 to 38%, and the amount of material that is
electroactive on the electrode surface at this scan rate increases
from 2 × 10-11 to ca. 2× 10-8 moles cm-2 in the same range.
These results suggest that a far greater proportion of the attached
solid is electrolyzed when acetonitrile is present in the contacting
electrolyte solution, though only in the presence of certain anions
as discussed above. We believe that this behavior is due to the
reversible incorporation of solvent into the solid lattice, facilitat-
ing a greater flux of charge-compensating ions across the solid-
liquid interface.

The response of the system begins to diminish at higher
acetonitrile levels, and by 45%, the voltammetry is characterized
by a rapid decrease in signal with each potential cycle. If at
this stage the electrode is transferred to a solution containing
10% acetonitrile, then the peak height does not recover its
original value. This indicates that the oxidizedtrans+ cation is
soluble on the voltammetric time scale when a high concentra-
tion of acetonitrile is present. Other organic solvents (dimethyl-
formamide and tetrahydrofuran) showed a similar effect to
acetonitrile in enhancing the voltammetric response.

cis-[Mn(CN)(CO) 2{P(OPh)3}(Ph2PCH2PPh2)]. Solution-
Phase Electrochemistry.The cyclic voltammetric behavior of

TABLE 2: Reversible Potentials for the trans0/trans+ (Solid)
and cis0/cis+ (Solid) Processes Confined to a Glassy Carbon
Electrode Surface in Contact with a 90:10 Mixed Aqueous/
Acetonitrile (0.1 M Electrolyte) Medium

Erev/Va,b

KPF6 KClO4 LiClO4 KBF4
c

Mn-trans 0.68 0.71 0.73 0.78
Mn-cis 1.08 1.12 1.14 1.19
anion radius39/pm 242 225 225 205
∆â

R
φ 0/mVd -7 -83 -83 -121

a Potentials quoted relative to Ag/AgCl (3M KCl).b Standard devia-
tions (n ) 30) for Erev (average ofEp

ox andEp
red) measurements in the

solid state were between 10 and 25 mV.c Concentration slightly less
than 0.1 M because of limited solubility.d Standard anion transfer
potential for a mutually saturated water-nitrobenzene system.32 .

Figure 4. Dependence of the peak heights (Ip,red, 9; Ip,ox, 0) and moles
per cm2 of oxidized and reduced solid (Γred, b; Γox, O) on acetonitrile
content when acetonitrile/water (0.1 M LiClO4) electrolyte is used for
the oxidation oftrans-[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)] ad-
hered to a glassy carbon electrode. The scan rate is 200 mV s-1.

SCHEME 1: Square Scheme for Redox-Inducedcis/
trans Isomerization
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a 3.0 mM solution of Mn-cis dissolved in acetonitrile (0.1 M
[Bu4N][PF6]) at a 3-mm-diameter glassy carbon electrode is
illustrated in Figure 1b. In the initial positive potential direction
scan, there are no peaks observed until a potential of ca. 1.17
V is reached, where a totally irreversible (scan rate of 200 mV
s-1) process is observed, corresponding to the oxidation of the
18-electron Mn-cis complex. In the reverse scan and in
subsequent cycles, a new reversible redox couple is evident,
with Ef

0 ) 0.72 V, which is identical to the value previously
observed for the Mn-trans/Mn-trans+ couple. Thus, the cyclic
voltammetric behavior for the oxidation of Mn-cis can be
characterized as anEBCEAC process, as shown in Scheme 1, with
the first chemical step corresponding to the isomerization of
the thermodynamically unstable 17-electroncis+ complex. Re-
conversion oftrans0 to thecis0 form occurs only at a very slow
rate and is not observed on the time scale of these experi-
ments; infrared measurements made at intervals on a deoxy-
genated and sealed solution of thetrans isomer dissolved in
dichloromethane indicated that the reconversion reaction had
not reached equilibrium after 350 h. The ratio of the equilibrium
constants for the two processes is given by the following
equation:26

whereK2 is the equilibrium constant for the conversion ofcis+

to trans+ andK1 is the equilibrium constant for the conversion
of trans0 to cis0; see Scheme 1. On the basis of the data in
Table 1, (K2/K1) is in excess of 107 when acetonitrile is used as
the solvent. Qualitatively similar voltammetric behavior was
observed for these compounds in dichloromethane, but with
potentials shifted to slightly more negative values; see Table 1.

At sufficiently short cyclic voltammetric experimental time
scales (e.g., scan rateg 100 V s-1), the isomerization step could
be outrun so that notrans0/+ couple was observed on cycling
the potential. That is, only peaks corresponding to the oxidation
and reduction of the Mn-ciscomplex were observed; under this
condition, the process simplifies to

Evaluation of Kinetic Parameters. As shown in Figure 5,
a cyclic voltammogram recorded at a scan rate of 4.96 V s-1

agrees very well with digital simulation results whenkisom
27 is

set at 38 s-1. In these experiments, a Pt microelectrode was
used to minimize the influence of uncompensated resistance.
The heterogeneous rate constant was determined to be 0.06(
0.01 cm s-1 using eq 1, as described for the Mn-transspecies.
Scan rates above 50 V s-1 were used to obtain the value ofk°
to isolate the heterogeneous charge transfer from the homoge-
neous kinetics. Similar agreement between experiment and
simulation was obtained for scan rates up to 400 V s-1, and the
same kinetic parameters fitted the data without significant error
when the concentration was varied over the range of 0.5 to 5
mM and when dichloromethane was used as the solvent instead
of acetonitrile.

Figure 6 shows the dependence of the cyclic voltammetric
response on scan rate. The current (y axis) of this graph has
been divided byν1/2 to normalize approximately for linear
diffusion mass transport rates so that the differences between
curves at various scan rates become primarily due to the
contribution from homogeneous kinetics. (The contribution to
the total current from hemispherical diffusion has been neglected
in the normalization). As can be seen in Figure 6, at a scan rate

of 1 V s-1, the process corresponding to the oxidation ofcis-
[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)] is totally irreversible.
On increasing the scan rate, a reduction component at 1.17 V,
consistent with the reduction ofcis+, starts to appear. Finally,
when a scan rate of 100 V s-1 is used, the oxidation ofcis-
[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)] is fully reversible,
with the reduction process due to the product,trans-[Mn(CN)-
(CO)2{P(OPh)3}(Ph2PCH2PPh2)]+, absent or negligible.

The inset to Figure 6 shows the experimental and theoretical
dependence of the response on the scan rate for the oxidation
of cis-[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)]. The theory

K2

K1
) exp[ F

RT
{Ef

0(cis0/+ ) - Ef
0(trans0/+ )}] (3)

Mn-cis(solution)h Mn-cis+
(solution)+ e- (4)

Figure 5. Comparison of experimental and simulated cyclic voltam-
mograms for the oxidation of 3.1 mMcis-[Mn(CN)(CO)2{P(OPh)3}-
(Ph2PCH2PPh2)] in acetonitrile (0.1 M [Bu4N][PF6]) at a Pt microelec-
trode. The scan rate was 4.96 V s-1. Simulation parameters are electrode
radius) 1.77× 10-3 cm,E0

f1 ) 1.17 V,E0
f2 ) 0.72 V, concentration

) 3.2 mM, D1 ) D2 ) 7.2 × 10-6 cm s-1, Keq ) 28, k° ) 0.06 cm
s-1, andR ) 0.5.

Figure 6. Cyclic voltammograms obtained at scan rates of (a) 1.0, (b)
9.9, and (c) 97.8 V s-1 for the oxidation of cis-[Mn(CN)(CO)2-
{P(OPh)3}(Ph2PCH2PPh2)] at a 25-µm-diameter Pt microelectrode. The
inset shows the variation of peak current with scan rate. They axis has
been normalized by a factor ofν-1/2 for all plots to minimize the
differences in mass transport rates. Other conditions and simulation
parameters are the same as for Figure 5.
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was modeled using digital simulation (hemispherical ap-
proximation) and compared to the experimental data in the scan-
rate range from 0.01 V s-1 to approximately 400 V s-1. The
graph does not plateau at low scan rates, as would be the case
for a purely linear diffusion regime, but continues to increase
as a result of the spherical nature of the diffusion field. In the
simulation, a value of 38 s-1 was used for the homogeneous
rate constant (kisom), and values of 0.06 and 0.065 cm s-1 were
used for the heterogeneous rate constants (k°) for the cis and
trans processes, respectively. Excellent agreement between
experimental and simulated data is found over the scan-rate
range of 3 to 143 V s-1. The small deviation at very high scan
rates above ca. 150 V s-1 may be due to increasing uncertainty
in defining the baseline as the scan rate is increased. Below
scan rates of 1 V s-1, the deviation from predicted values
becomes more significant as the time scale of the experiment
is increased. This deviation is attributed to the use of the
hemispherical approximation under conditions where chemical
control is significant. While acknowledging the limitations of
treating voltammetry at microdisk electrodes by approximation
to a 1D (hemispherical) diffusion problem,28 we regard the use
of this approximation, particularly at the higher scan rates, as
being of sufficient accuracy for our purposes.

To confirm the value ofkisom and as a test of the internal
consistency of the data analysis, the ratio (Ip

red/Ip
ox) of peak

currents for the oxidation and reduction components associated
with thecis-[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)] species
was also analyzed as a function of scan rate. This is a useful
strategy since the ratio is independent of electrode area, diffusion
coefficient, and concentration of reactant for a first-order
process. Thus, a precise knowledge of these values is not
required.

Figure 7 shows the variation of the ratio of peak heights with
the parameterτ, the time taken fromEf to the switching potential
Eλ. In this case, it is necessary to normalize the data usingτ
instead of the scan rate because the magnitude of the return
peak is a function ofEλ.29 In these experiments, different values
of Eλ were used at each scan rate to ensure the reliability of the
experimental data. As expected, the ratio of peak heights
continues to increase with a decreasing experimental time scale

until reversible behavior is observed at very short time scales
and the current ratio plateaus at unity. The data are compared
to the theoretical curve expected for a charge-transfer oxidation
process followed by a chemical reaction with a homogeneous
rate constant of 38 s-1. Again, generally excellent agreement
is found between experiment and theory. The small deviation
at slow scan rates arises because of the difficulty of measuring
the smallest of the reduction peaks whereas the small deviations
at the highest scan rates are associated with uncertainty in
determining the position of the baseline. The quantitative data
obtained in this study are consistent with the initial qualitative
voltammetric studies.22

Solid-State Electrochemistry.The immobilization of solid
cis-[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)], either by surface
precipitation from acetone solution or by mechanical abrasion
of the solid onto an electrode surface and then placing the
electrode in contact with aqueous electrolyte solution, gives rise
to voltammetry that parallels some aspects of that of thetrans
species. For example, electrolysis is far more efficient in
electrolyte solutions containing ClO4-, PF6

-, or BF4
- anions,

and the response is markedly enhanced by the presence of small
amounts of acetonitrile.

Figure 8a and b shows the response at a glassy carbon
electrode with mechanically attached Mn-cis, in contact with
an aqueous 0.1 M solution of LiClO4, that contained 0 and 10%
acetonitrile, respectively. As was the case with the immobilized
trans species, the magnitude of the response is significantly
enhanced in the presence of the organic solvent. Similar to the
solution-phase studies, the only peak observed on the first
forward scan is that corresponding to the oxidation of thecis
species (Erev) 1.135 V vs Ag/AgCl). In subsequent cycles of
the potential, this peak either disappears or steadily decreases
in magnitude (depending on the amount of immobilized solid),
and a new redox couple with the same reversible potential as

Figure 7. Dependence on the experimental time scaleτ, whereτ )
(Eλ - E0

f)/ν, of the ratio of reduction and oxidation peak currents
obtained under conditions of cyclic voltammetry at a 25-µm Pt micro-
electrode for the oxidation ofcis-[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2-
PPh2)] in acetonitrile (0.1 M [Bu4][NPF6]). The solid line represents
data simulated using the same parameters as in Figure 5.

Figure 8. Solid-state voltammograms at a scan rate of 0.2 V s-1 for
the oxidation ofcis-[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)] mechani-
cally attached to a 3-mm glassy carbon electrode in contact with an
aqueous solution containing (a) aqueous 0.1 M LiClO4 and (b) aqueous
0.1 M LiClO4 containing 10% acetonitrile.
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the immobilizedtrans form (E0
f ) 0.73 V) becomes evident.

The equation for the solid-state process can be summarized as
follows:

Other voltammetric features associated with immobilized layers
of cis-[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)], following
isomerization, are identical to those associated with immobilized
trans-[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)]. For example,
the transition from finite to semi-infinite diffusional behavior
as the scan rate or the layer thickness is increased is also
observed under these conditions. However, it was evident that
the observation of the reversibility of thecis0/cis+ process could
be achieved at far lower scan rates than was the case in the
solution phase.

The isomerization reaction in the solid state was probed using
diffuse reflectance infrared spectrometry. Figure 9 shows
infrared spectra obtained for layers of both thecis and trans
complexes immobilized on a glassy carbon electrode before and
after electrolysis. The infrared spectrum of thetrans species
before electrolysis (a) shows one strong band for carbonyl at
1934 cm-1 plus a weak band for the forbidden A mode at 2010
cm-1, with the cyanide ligand band being detectable at 2077
cm-1. The pre-electrolysis immobilizedcis form (c) has two
strong bands at 1971 and 1913 cm-1 for the carbonyl and a
weak band at 2100 cm-1 for the cyanide. The positions and
relative intensities of these bands are all similar to those
observed for the compounds dissolved in dichloromethane.22,30

Spectra b and d in Figure 9 show the infrared response for
the trans and cis species immobilized on glassy carbon after
cycling the potential at a scan rate of 200 mV s-1 between 0.2

and 1.25 V, followed by electrolysis at 1.25 V for 10 min in a
0.1 M solution of KPF6 that contained 15% acetonitrile. Infrared
spectrum b shows the emergence of a peak situated at 1992
cm-1 as the immobilized solid is oxidized to thetrans+ species
in accordance with eq 3 above. The location of thistrans+ band
is similar to the value obtained in the solution phase for the
trans cation.22 In spectrum d, the electrochemically induced
isomerization is clearly evidenced by the fact that peaks
characteristic of thecis, trans, and trans+ species are now
observed. The cyanide peaks for bothcis andtransare clearly
identifiable around 2100 cm-1, the two carbonyl bands for the
transneutral species are partially hidden but are easily discerned
in the second-derivative spectrum, and the carbonyl stretching
frequency for thetrans+ cation also appears at the same
frequency as in spectrum b. No change in the infrared spectrum
of the immobilizedcis complex was observed on cycling the
potential or on electrolysis unless at least 15% acetonitrile was
present in the contacting electrolyte solution. Also, it was
required that the amount of immobilized solid be relatively small
in order to observe the spectral changes associated with thecis-
trans isomerization. Significantly, even after the complete
disappearance of the peak in the cyclic voltammetric experiment,
corresponding to the oxidation of thecis complex, which
typically happened within the first three to four cycles, the bands
characteristic of this species were often still predominant in the
infrared spectrum. These observations suggest that, even when
electrolysis is carried out for long periods of time (>15 min),
significant portions of the solid remain electrochemically isolated
from the electrode and are consistent with ion insertion into
the solid matrix occurring at the electrode/solid/solution triple
interface, as expected for a nucleation and growth type mech-
anism. Our earlier observation of increased Faradaic current after
the physical external disturbance of the layer also supports this
view.

To estimate the influence of isomerization in the solid-state
voltammograms relative to those obtained in solution-phase
studies, the voltammetry was theoretically simulated as a thin-
layer problem. This approach is substantiated by our observation
of finite diffusional type behavior over a wide range of scan
rates when surface precipitation is used to immobilize the solid
and the voltammetry is conducted in the presence of mixed
aqueous/organic solution. An analogous oxidation-to-reduction
peak-current ratio method of data analysis to that used for the
solution-phase studies was employed; it was reasoned that this
method would show the greatest immunity to parameters such
as layer thickness and the mass and distribution of the solid,
which are difficult to control in the solid-state experiment.
Therefore, cyclic voltammetric experiments were carried out
on freshly dip-coated layers in aqueous 0.1 M KClO4 electrolyte
media containing 10% acetonitrile at scan rates ranging from
0.05 to 20 V s-1 and, as with the solution phase studies, varying
switching potentials (Eλ) were again used. The ratio of the
reduction peak current to that for the oxidation was then plotted
as a function ofτ, the time fromErev to Eλ. Figure 10 shows a
pattern similar to that for the solution phase, with the ratio of
peak heights increasing with scan rate (smallerτ) until full
reversibility is reached and the ratio plateaus at unity. The most
important difference between these data and those in Figure 7
is that the position of the curve is shifted to longer experimental
time scales by approximately 230 ms, indicating a significantly
slower rate of isomerization than that obtained in purely
solution-phase studies. By analyzing the position of the peak
in the first differential of the curve in Figure 10, the rate of
isomerization in the solid is estimated at 2.0 s-1. The solid line

Figure 9. Infrared spectra of immobilized solid (a)trans- and (c)cis-
[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)] prior to electrolysis. Spec-
trum b is of thetranscomplex and spectrum d of thecis complex after
potential cycling at a scan rate of 0.2 V s-1 and electrolysis at 1.25 V
vs Ag/AgCl for 10 min in 0.1 M KPF6 containing 15% acetonitrile.

[Mn-cis](solid)+ A-
(solution)h [Mn-cis+][A -](solid)+ e-

(5)

[Mn-cis+][A -](solid)98
kisom

[Mn-trans+][A -](solid) (6)

[Mn-trans+][A -](solid)+ e- h [Mn-trans](solid)+ A-
(solution)

(7)

Electron Transfer-Inducedcis-trans Isomerization J. Phys. Chem. A, Vol. 107, No. 9, 20031281



in Figure 10 shows the result of digital simulations using the
finite diffusional model. Good agreement is observed with the
isomerization rate constant set to 2.0 s-1.

Conclusions

Solution-phase voltammetric studies ofcis- and trans-
[Mn(CN)(CO)2{P(OPh)3}(Ph2PCH2PPh2)] in acetonitrile have
shown that thetrans0/trans+ process has a formal potential (E0

f)
of 0.72 V in CH3CN. The oxidation of thecis species gives
rise to anEBCEAC mechanism in which thetrans+ product is
reduced at a potential more negative than the formal potential
of thecis/cis+ couple, which has a value of 1.170 V in CH3CN.
The rate of thecis+ f trans+ isomerization process, as measured
using fast-scan cyclic voltammetry with comparison to digital
simulation, is 38 s-1; the reconversion reaction (trans0 f cis0)
does not occur on the time scale of a cyclic voltammetric
experiment. The heterogeneous rate constants at a platinum
microelectrode were measured to be 0.06 and 0.065 cm s-1 for
the cis0/cis+ and trans0/trans+ couples, respectively. The
behavior of both isomers in dichloromethane is qualitatively
similar but with the formal potentials occurring at slightly less
positive potentials.

Whencis- or trans-[Mn(CN)(CO)2{P(OPh)3}(dppm)] is at-
tached to an electrode surface as a solid layer, either by
mechanical attachment or by the surface precipitation procedure,
small faradaic currents are detected in the presence of aqueous
LiClO4, KClO4, KPF6, and KBF4 electrolyte media, but no
detectable electrolysis is evident when KCl, KF, KNO3, K2SO4,
or Na2SO4 is used as the supporting electrolyte. The addition
of acetonitrile to the aqueous solution dramatically increases
the magnitude of the peak currents observed under conditions
of cyclic voltammetry for the first four mentioned electrolytes,
but voltammetric silence is retained when any of the other
electrolytes are used. Other organic solvents (dimethylform-
amide, tetrahydrofuran) are found to enhance the voltammetric
response in an analogous manner. On cycling the potential,
electron scanning micrographs reveal needle-shaped micro-
crystals in a morphology that presumably enables the rapid
transport of ClO4

-, PF6
-, and BF4- into and out of the solid.

The fact that the effect of organic solvent is reversible
indicates that the signal enhancement may be related to the
reversible incorporation of solvent into the lattice, thereby
facilitating the rate of the charge-neutralization process, which
involves the transport of the anion from the solution to the solid
phase.

The effect of anionic charge and radius, with the larger
monovalent anions (ClO4-, PF6

-, and BF4-) giving rise to a
greater faradaic response than those of smaller ionic radius (F-,
Cl-, and NO3

-) and those that are polyvalent (SO4
2-), can be

understood as an effect of the surface charge density of these
species. Anions of low charge density will tend to be weakly
solvated31 and thus more hydrophobic, allowing more facile
transport across the solution-solid interface through ion chan-
nels formed by the organic ligands. The data in Table 2 support
this view, with the reversible potentials for the immobilizedtrans
complex in the presence of each anion increasing with decreas-
ing ionic radius. As shown in Table 2, an interesting correlation
also exists for the energy of partitioning the anions at an oil-
water interface; it may also be noted that the anions NO3

-, Cl-,
and F-, which did not give rise to any electrochemical response
for the attached solid, all have transfer potentials that are
considerably more negative (-253, -316, and-454 mV,
respectively).32 These observations suggest that the free energy
of transfer of the charge-compensating ions from solution into
the solid phase is an important term in the electrochemical
response of these systems.

We note that the observed dependence is similar to the
Hofmeister series of anions, for example,

that represents their lipophilicity.33 The series originates from
the ranking of various ions regarding their ability to stabilize
the structure of proteins but has been invoked in discussions
of, for example, salt effects on the Diels-Alder reaction34 and
proton acceptor abilities of anions.31 We reason that ions that
rank highly in this series are allowed facile ingress and egress
to the immobilized solid during electrolysis/charge neutralization
(eqs 2, 5, and 7) whereas those that rank lowly are effectively
excluded. Similar instances have been reported previously; for
example, ion-selective electrodes based on quaternary am-
monium or phosphonium salts usually display anion selectivity
corresponding to the Hofmeister series,35,36 and ion insertion
rates into electropolymerized films such as polypyrrole37 and
polyaniline38 have been shown to follow a similar order. We
also note that the incorporation of organic solvent into the solid
lattice may have the effect of assisting the transport of the more
hydrophobic ions through the solid, facilitating deeper penetra-
tion and giving rise to higher Faradaic currents.

Infrared measurements conducted on the solid immobilized
on glassy carbon before and after electrolysis clearly demonstrate
the occurrence of thecis-trans isomerization in the solid state.
It is also apparent from these measurements and from other
observations that even under conditions that should ensure
exhaustive oxidation a significant fraction of the immobilized
material, which is not in intimate contact with the electrode,
does not undergo conversion and remains electrochemically
isolated from the remainder of the attached solid.

The rate of isomerization ofcis-[Mn(CN)(CO)2{P(OPh)3}-
(Ph2PCH2PPh2)] in the solid state was calculated by probing
the ratio of oxidation and reduction peak heights as a function
of scan rate. Comparison with digitally simulated responses
indicated an isomerization rate of 2.0 s-1, which is significantly
slower than the solution-phase rate of 38 s-1. This can be readily

Figure 10. Dependence on the experimental time scaleτ of the ratio
of the reduction and oxidation peak currents for solidcis-[Mn(CN)-
(CO)2{P(OPh)3}(Ph2PCH2PPh2)] immobilized on a 3-mm glassy carbon
electrode. Contacting solution is 90:10 H2O/acetonitrile (0.1 M KClO4)
electrolyte media. The solid line is the theoretical relationship calculated
using a thin-layer model with an isomerization rate (kisom) of 2 s-1.

ClO4
- > SCN- > NO3

- > Cl- > F- > SO4
2-
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understood if the restriction of free space for isomeric change
in the solid-state matrix relative to the solution-phase situation
is considered. The solvent independence of the isomerization
rate in the solution phase and the fact that it occurs at an
observable rate in the solid state suggest that the conformational
change proceeds via a twist mechanism rather than through a
dissociative (metal-ligand bond-breaking) process.
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