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In Situ Electrochemical EPR Studies of Charge
Transfer across the Liquid/Liquid Interface
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The in situ measurement of EPR spectra of radical ions
generated at the polarized liquid/liquid interface is de-
scribed in relation to the 7,7,8,8-tetracyanoquinodi-
methane (TCNQ), 2,3,5,6-tetrachloro-p-benzoquinone
(TCBQ), and 2,3,5,6-tetrafluoro-p-benzoquinone (TFBQ)
radical anions and the tetrathiafulvalene (TTF) radical
cation. TCNQ and TTF were chosen as model compounds
with which to quantify the performance of a novel liquid/
liquid electrochemical EPR cell. The anion radical of
TCNQ and the cation radical of TTF in 1,2-dichloroethane
(DCE) were produced at the water interface by electron
transfer from/to the aqueous-phase ferricyanide/ferro-
cyanide redox couple by applying a potential difference
between the two phases with a four-electrode potentiostat.
The EPR signal intensity (at constant magnetic field) of
the resultant organic radicals was monitored during
potential step experiments which indicated that the EPR
data could be modeled in terms of diffusional transport.
TCBQ and TFBQ were chosen as compounds to model
the electron transfer behavior of biologically important
quinones at the oil/water interface. The EPR and volta-
mmetric data obtained from TCBQ/TCBQ* and TFBQ/
TFBQ™ indicated unambiguously that the two semiquino-
nes are stable at the DCE/water interface and do not
undergo immediate protonation.

Charge transfer at the liquid/liquid interface has long been
recognized to play an important role in certain biological and
industrial processes, such as cell membrane energetics and metal
extraction.! Direct electrochemical studies of the interface
between two immiscible electrolyte solutions (ITIES) were trans-
formed when it was discovered that the Galvani potential differ-
ence across this interface could be controlled externally.? Since
this discovery, reactions involving the transfer of both ions and
electrons across the ITIES have been studied extensively, with
amperometric techniques generally being employed to character-
ize the interfacial process.?

Electron transfer at the ITIES represents an intermediate case
between bimolecular homogeneous electron transfer and “con-
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ventional” heterogeneous electron transfer at the solid electrode/
solution interface.* The reaction at the ITIES is bimolecular since
it involves the exchange of electron(s) between two species in
different phases, but the reaction may also be controlled through
alteration of the interfacial potential difference. It has also been
noted that the electron transfer is frequently complicated by
associated ion-transfer reactions,® as one (or more) of the products
of the electron-transfer reaction may change phase once gener-
ated. It is with these points in mind that effort has been directed
toward the development of spectroelectrochemical techniques that
would provide an independent means of monitoring charge-
transfer reactions, while allowing selective identification of the
participating species. A variety of spectroscopic experiments have
been used successfully to clarify processes at the metal/electrolyte
and semiconductor/electrolyte interfaces.® To date, both UV—
visible absorption” and luminescence spectroscopy® have been
used in total internal reflection mode to investigate ion transfer
across the ITIES. Dynamic luminescent studies have also been
applied to the measurement of photoinduced electron transfer at
the liquid/liquid interface.® Second harmonic techniques have
been employed at the ITIES due to their intrinsic surface
specificity, which has led to information about fundamental
interfacial properties being extracted.’®

EPR spectroscopy has been used widely in conjunction with
electrochemistry at the metal/solution interface due to its selectiv-
ity toward paramagnetic species, and in combination with volta-
mmetric data, spectroelectrochemical experiments have permitted
the mechanistic resolution of various complex electrochemical
reactions.!t A study of the application of in situ EPR spectroscopy
to the ITIES is reported in this paper, which builds on our
preliminary communication which described the design and
operation of an in situ liquid/liquid electrochemical EPR cell.t?
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In the experiments detailed in this paper we have used 7,7,8,8-
tetracyanoquinodimethane (TCNQ) and tetrathiafulvalene (TTF)
as model compounds in order that the radical products formed
following electron transfer at the water/1,2-dichloroethane (DCE)
interface could be monitored by in situ EPR spectroscopy so that
the performance of the liquid/liquid EPR cell could be quantified.
TCNQ and TTF can be reduced or oxidized respectively by one
electron to form stable anion (TCNQ™) or cation (TTF*™) radicals.

The behavior of quinones and semiquinones at the oil/water
interface is of particular interest because their redox behavior is
extremely sensitive to their solution environment. In protic
solvents, quinones generally undergo a two- electron—two-proton
reduction to the associated hydroguinone (QH,), whereas two
successive one-electron reductions (to the semiquinone radical
anion, Q* and the dianion, Q27) are seen both in aprotic solvents
and in protic media under basic conditions (pH > 2).23 Quinones
are also of interest because of their widespread occurrence in a
variety of biological electron-transfer processes, for example, in
the mitochondrial chain.* Spectroscopic methods, such as EPR
and resonance Raman techniques,'® have been applied to ubiquino-
ne molecules in attempts to rationalize the redox chemistry in
terms of the molecular environment. For example, ubiquinones
in Rhodobacter sphaeroides photosynthetic reaction centers form
either the corresponding semiquinone radical anion or the
hydroquinone, depending on their position within the protein.t

However, the voltammetric behavior of a quinone dissolved
in an oil at the water interface is difficult to predict as it is possible
that two different reactions could occur: either (i) the semi-
quinone produced by one-electron reduction is immediately
protonated at the water interface or (ii) the semiquinone is not
protonated and is able to diffuse from the interface into the bulk
oil phase. Electrochemical and EPR experiments allow the
discrimination between the two mechanistic pathways by measur-
ing the number of electrons transferred during the reduction of
the quinone in the former case, and in the latter case, by
measuring the hyperfine structure and intensity of the EPR signal
of the reduced product(s). Unfortunately, many biologically
important quinones are reduced at potentials outside the range
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Figure 1. Structures of the organic-phase molecules.

accessible by liquid/liquid electrochemistry due to the interfer-
ence of ion-transfer processes at very negative or very positive
potentials. Therefore, to mimic the liquid/liquid redox behavior
of a biological quinone dissolved in a fat at the water interface,
we have chosen 2,3,5,6-tetrachloro-p-benzoquinone (TCBQ) and
2,3,5,6-tetrafluoro-p-benzoquinone (TFBQ) as model compounds
dissolved in DCE. Both TCBQ and TFBQ are suitable for
electron-transfer studies at the ITIES because they partition
preferentially to the oil phase (DCE), are easily reduced, and form
stable radical anions. TCBQ has previously been used as an
oxidant of ascorbic acid at the ITIES,®® while its reduction by
potassium ferrocyanide in dimethyl sulfoxide/water mixtures has
been investigated by UV—visible absorption spectroscopy.!®

EXPERIMENTAL SECTION
Chemicals and Reagents. The organic phase reagents

7,7,8,8-tetracyanoquinodimethane (98%), tetrathiafulvalene (97%),
2,3,5,6-tetrachloro-p-benzoquinone (99%), and 2,3,5,6-tetrafluoro-
p-benzoquinone (97%) were purchased from Aldrich and used as
received (molecular structures are given in Figure 1). The organic
phase supporting electrolyte used principally for this study, bis-
(triphenylphosphoranylidene)ammonium tetrakis(4-chlorophenyl)-
borate (BTPPA*TCPB™), was prepared from bis(triphenylphos-
phoranylidene) ammonium chloride (Aldrich, 97%) and potassium
tetrakis(4-chlorophenyl)borate (Fluka, 98%) according to a litera-
ture method.?® A similar procedure was employed in the syn-
thesis of tetraphenylarsonium tetrakis(4-chlorophenyl)borate
(TPhAS*TCPB™), from tetraphenylarsonium chloride (Aldrich,
97%) and potassium tetrakis(4-chlorophenyl)borate. Tetrabutyl-
ammonium hexafluorophosphate (n-BusNPFg; Fluka, electrochemi-
cal grade) was used in several experiments to avoid problems
associated with the photoinduced oxidation of tetraphenylborate
derivatives. HPLC-grade 1,2-dichloroethane (Sigma-Aldrich), and
UHQ-grade water of a resistivity not less than 18 MQ-cm obtained
from an Elgastat system (High Wycombe, Bucks, U.K.), were
mutually saturated before use. Analytical-grade potassium ferro-
cyanide and potassium ferricyanide were supplied by BDH
chemicals.

Procedures for Liquid/Liquid Interfacial Measurements.
The cell used to perform the interfacial polarization EPR experi-
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Figure 2. Silica cell for performing liquid/liquid electrochemical EPR
experiments: (a) interface between two immiscible liquids, (b)
platinum wire counter electrode 1, (c) silver wire reference electrode
1, (d) platinum wire counter electrode 2, (e) silver wire reference
electrode 2, (f) capillary to fill lower portion of cell, (g) thin-layer portion
of cell, (h) Teflon/silicone rubber sleeves surrounding lower portions
of reference electrodes, (i) electrical contact to reference electrode
2, (j) electrical contact to counter electrode 2, and (k) ground glass
tap. Adapted from Figure 1, ref 12.

ments is shown in Figure 2 and is essentially a conventional silica
flat cell! (Bruker WG-812 ER 160 FC) modified so that a counter
and a reference electrode can be inserted into either end. The
cell was assembled by first filling the higher density solvent (DCE)
through the capillary at the base of the cell (Figure 2f) so that
the solvent reached the midpoint of the flat portion of the cell
(Figure 2a) and then sealing the capillary with a tap (Figure 2K).

The upper, less dense phase (water) was then introduced into
the cell from the top using a Pasteur pipet. With this filling
method, a liquid/liquid interface could be generated and main-
tained in the midportion of the flat part of the cell.

The cell was connected to a four-electrode potentiostat,
designed and built in-house, to allow the imposition of a potential
difference across the ITIES relative to the two reference electrodes
used, with the circuit being completed by current flow through
the two counter electrodes.?? An external input was added to the
computer-controlled potentiostat so that the EPR data could be
collected simultaneously (as dc output from the EPR spectrom-
eter) with the current and signal data recorded as a function of
time during potential step experiments. The two counter elec-
trodes of coiled 0.5-mm-diameter platinum wire were located
outside the thin-layer section (Figure 2b and d) to avoid contami-
nation in the flat part of the cell from any paramagnetic species
produced at the counter electrodes. The two reference electrodes
were 0.5-mm-diameter silver wires, flattened at one end to a
thickness that enabled their insertion into the flat part of the cell
(Figure 2c and €). The inherent high resistivity of the organic
phase, due to the low relative permittivity of the solvent used
(DCE), is exacerbated by the thin-layer cell geometry. Therefore,
to minimize ohmic loss and to improve control over the potential
difference applied between the liquid phases, both silver pseu-
doreference electrodes were positioned in very close proximity
(<5 mm) to the liquid/liquid interface. Furthermore, the portions
of the reference electrodes outside the flat part of the cell were
jacketed in Teflon tubing (Figure 2h) and sealed with silicone
rubber so that they were only in contact with the solutions inside
the flat part of the cell. For purely electrochemical experiments,
a cylindrical cell with an interfacial diameter of 1 cm and two
Luggin capillaries was employed.?

Electrolysis Experiments. Controlled-potential bulk elec-
trolysis experiments were conducted in DCE with 0.1 M n-Bug-
PFs using a two-compartment electrolysis cell similar to that
described previously.! The working and counter electrodes were
platinum mesh and the reference electrode was an Ag/Ag* (0.05
M AgNQs). Typical electrolysis times for a one-electron bulk
reduction or oxidation of a 5 mM solution of analyte was
approximately 30 min. The data for the fraction of electrons
transferred was calculated from

N = Q/nF (1)

where N is the number of moles, Q is the integrated charge
passed, n is the number of electrons, and F is the Faraday
constant. The data were calibrated in order to take into account
the effect of background current on the overall measured charge.

In situ electrochemical EPR experiments were conducted on
5 mM concentration solutions of the analytes in DCE with 0.1 M
n-BusNPF using a three-electrode stationary solution electro-
chemical cell that has been described previously.119

EPR Measurements. Continuous-wave first-derivative X-band
EPR spectra were recorded on a Bruker ER 200D spectrometer
operating with a TE;p, cavity. In all cases the modulation
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Figure 3. Reaction schemes for the potential-induced interfacial
oxidation of TTF (oil phase) by potassium ferricyanide (aqueous
phase) and reduction of TCNQ (oil phase) by potassium ferrocyanide
(aqueous phase).

frequency was 100 kHz, the time constant was 5 ms, and for field
sweep experiments the sweep time was 100 s.

RESULTS AND DISCUSSION
(1) Liquid/Liquid Voltammetric and EPR Studies on

TCNQ and TTF and Their Associated Anion or Cation
Radicals. The two reactions initially selected as model ITIES
electron-transfer systems were the reduction of DCE-phase TCNQ
(to TCNQ™) by aqueous-phase potassium ferrocyanide and the
oxidation of DCE-phase TTF (to TTF**) by aqueous-phase potas-
sium ferricyanide (Figure 3). The liquid/liquid TCNQ/ferrocya-
nide system was previously investigated using electrochemical
means, which have indicated that the charge-transfer process
observed on polarization of the liquid/liquid interface is due to
heterogeneous reduction of TCNQ by the aqueous couple.* A
similar mechanism can be written for the oxidation of TTF by
ferricyanide,?*2 as shown in Figure 3, where A¢; and A¢, denote
a potential difference applied across the water/DCE interface.

A preliminary experiment consisted of the ex situ variation of
A¢ through control of the partitioning of a common ion. The
resultant Nernst—Donnan equilibrium is given by

W , _ AW ,0 ﬂ ai(o)
Ajp=Ag ¢ +nF Inai(w)

@

where the superscript represents the standard interfacial potential
difference induced by the partitioning of the common ion, i. In
this case, the ion used was the tetraphenylarsonium cation, present
as its tetrakis(4-chlorophenyl)borate salt in the DCE phase, and
as its chloride salt in the aqueous phase. It was noted by Solomon
and Bard,?* that adjustment of the relative concentrations of the
salts can be used to drive the interfacial TCNQ/ferrocyanide
electron transfer “uphill” because the difference in the standard
reduction potentials of the TCNQ and ferrocyanide couples (—0.19
V) is overcome by the interfacial potential difference induced by
equal activities of the TPhAs™ (—0.36 V). Accordingly, a solution
of 0.2 mM TCNQ and 10 mM TPhAs*TPBCI~ in DCE was shaken
with an aqueous solution of 1 mM potassium ferrocyanide and
10 mM TPhAs*CI~. An immediate color change from yellow-
green to deep blue-green was observed in the organic phase and
on transfer to the silica EPR cell, a single-line EPR signal with a
peak-to-peak line width (AHp,) of 0.5 mT was detected, which
appears to be typical of TCNQ™* radical in DCE.
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Soc., Faraday Trans. 1994, 90, 2517. (c) Solomon T.; Bard, A. J. J. Phys.
Chem. 1995, 99, 17487.
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Figure 4. EPR spectra obtained in DCE by (a) in situ electrolysis
in an electrochemical EPR cell (see Experimental Section) of 4.9 mM
TCNQ with 0.1 M n-BusNPFs. EPR modulation amplitude, 0.02 mT.
(b) Exhaustive electrolysis of a 5.3 mM solution of TCNQ with 0.1 M
n-BusNPFg in a controlled-potential electrolysis cell, and then the
solution transferred into a silica flat cell for EPR measurements. EPR
modulation amplitude, 0.01 mT. (c) The same solution in (b) that was
diluted with DCE by a factor of 50 to give 0.1 mM TCNQ—* and 2 mM
n-BusNPFg. EPR modulation amplitude, 0.05 mT. (d) In situ elec-
trolysis in a liquid/liquid electrochemical-EPR cell, by polarization of
the water/DCE interface of 5.4 mM TCNQ with 50 mM BTPPA*-
TCPB—. EPR modulation amplitude, 0.05 mT. (e) In situ electrolysis
in an electrochemical EPR cell (see Experimental Section) of 5.4 mM
TTF with 0.1 M n-BusNPFe. EPR modulation amplitude, 0.05 mT. (f)
In situ electrolysis in a liquid/liquid electrochemical EPR cell by
polarization of the water/DCE interface of 5 mM TTF with 50 mM
BTPPATTCPB~. EPR modulation amplitude, 0.05 mT.

Lines a—d of Figure 4 illustrate the EPR spectra that were
obtained for TCNQ™ in DCE under various experimental condi-
tions using different generation methods and different concentra-
tions of TCNQ. The spectrum in Figure 4a is of TCNQ™ that
was generated electrochemically from a 5 mM solution of TCNQ
(0.1 M n-BuyNPF) using an in situ stationary solution electro-
chemical EPR cell (see Experimental Section) where there is only
a partial conversion of the TCNQ to TCNQ™. The spectrum in
Figure 4b is of 5 mM TCNQ™ (0.1 M n-Bus;NPFg) that was
generated from TCNQ in a controlled-potential electrolysis cell
(see Experimental Section) so that there was >99% TCNQ™
(compared to TCNQ). Figure 4c is the spectrum of TCNQ™ that
was obtained when the solution from Figure 4b was diluted to
give a concentration of 0.1 mM TCNQ™* (2 MM n-BusNPFg). The
insensitivity of the line width of the EPR signals to the concentra-
tion of TCNQ™ and ratio of TCNQ to TCNQ™ suggests that the
line broadening is possibly due to strong ion pairing between
TCNQ™ and the supporting electrolyte cation in the low relative
permittivity medium causing anisotropic slow rotation. There was
no evidence of a precipitate forming in any of the experiments
illustrated in Figure 4a—c; thus exchange narrowing from a solid
radical is an unlikely explanation for the broad lines. Similar to
TCNQ™, the TTF* radical cation gave a single-line EPR spectrum
(AHgp = 0.3 mT) when electrolyzed in an in situ stationary solution
electrochemical EPR cell (Figure 4e).

Voltammetric experiments were next carried out with the four-
electrode potentiostat using the cylindrical cell containing both
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Figure 5. A linear sweep voltammogram obtained at a sweep rate
of 0.024 V s~ on the polarization of the interface between DCE,
containing TCNQ (0.87 mM) and BTPPA TPBCI (10 mM), and water
containing KsFe(CN)g (0.4 M), KsFe(CN)g (10 mM), and Li,SO4 (1
M). The aqueous reference electrode was Ag,SO4/Ag while the
organic reference electrode was Ag/AgCl/agueous LiCl (10 mM) with
BTPPA CI (1 mM). Pt wires were used as counter electrodes in both
phases.

potassium ferrocyanide and potassium ferricyanide in the aqueous
phase along with TCNQ dissolved in DCE. Figure 5 shows a
linear sweep voltammogram obtained for the reduction of oil-phase
TCNQ at the water/DCE interface by aqueous potassium ferro-
cyanide. The voltammetric wave shown in Figure 5 is consistent
with a one-electron reduction of TCNQ to TCNQ™ limited by the
diffusion of TCNQ to the interface % (the aqueous phase contains
an excess of both potassium ferrocyanide and ferricyanide). The
half-wave potential of the TCNQ* ion transfer from DCE to water
is 0.2 V more positive than the electron transfer from ferrocyanide
to TCNQ.?*® Therefore, care was taken to remain outside the
potential region where ion transfer occurred during potential step
experiments. Similar voltammetric behavior was found for the
oxidation at the ITIES of organic phase TTF by aqueous potassium
ferricyanide.

The voltammetric experiments were then repeated with the
flat liquid/liquid cell with the EPR data being recorded simulta-
neously (see experimental section for more details). Figure 4d
and Figure 4f show the EPR spectra that were obtained during
the reduction of TCNQ and oxidation of TTF, respectively, in the
liquid/liquid electrochemical EPR cell. In both cases the signals
obtained had very similar line widths to the signals obtained from
conventional electrolysis experiments which, in the absence of
hyperfine structure, is good evidence that the radicals are TCNQ*
and TTF*. Figure 6 shows the raw EPR and current data obtained
from potential step experiments on the TTF/ferricyanide system
under different time regimes, with the interval between the
potential steps ranging fromt=2stot=10s. The EPR data
were obtained by overmodulating the signal response for TTF**
and holding the magnetic field at a constant value corresponding
to the maximum signal intensity. In each case, a reducing
potential difference was first applied across the water/DCE
interface for several seconds in order to convert any TTF** present
at the interface back to neutral TTF by heterogeneous electron
transfer from the aqueous phase. Figure 6 shows that the
application of an oxidizing potential difference (A¢y, from t = 0)
led to an immediate increase in the positive current flowing which
then began to decay with time as would be expected for a charge-
transfer reaction governed by diffusion of the reactants, while
simultaneously the EPR signal rose continually over the time
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Figure 6. EPR and current data recorded simultaneously during
the oxidation and reduction of TTF or TTF**, respectively, obtained
using the liquid/liquid four-electrode flat electrochemical cell shown
in Figure 2 during potential step (chronoamperometry) experiments.
The organic phase (DCE) contained 5 mM TTF and 50 mM BTPPA™*-
TCPB—. The aqueous phase contained 30 mM K4[Fe(CN)s], 30 mM
K3[Fe(CN)g], and 0.1 M Li,SO.. The potential difference imposed to
induce oxidation of TTF was +0.3 V (A¢1), while this process was
reversed using a potential difference of —0.3 V (A¢»), vs the Ag wire
reference electrodes. Plots a—c represent different time scales for
the experiments. The EPR data were obtained by overmodulating
and recording the signal intensity at a constant magnetic field
corresponding to a maximum absorbance. EPR modulation amplitude,
0.5 mT.

frame of the experiment, due to an increase in concentration of
TTF*. Conversely, when a reducing potential difference (A¢,)
was applied across the water/DCE interface, a large negative
current was initially observed, which subsequently fell with time,
while concomitantly the EPR signal decreased in intensity due to
the interfacial reduction of TTF* back to TTF.

The EPR cavity is spatially discriminating; thus, the position
of the radical species in the cavity is critical in determining the
signal intensity. For this reason, the liquid/liquid interface was
positioned as close to the center of the TE;, cavity as possible,
where there is the greatest sensitivity. If the diffusion coefficient
of the radical ions is estimated to be 5 x 1078 cm? s71, then in the
time scale of the experiments illustrated in Figure 6, the distance
diffused by the radicals is insufficient for the cos? sensitivity of
the cavity to be important (in 60 s the radical ions will diffuse
<0.1 mm? from the interface). In addition, providing the time
frame of the experiment is relatively short (<1—2 min), natural
convection does not come into effect, which would otherwise result



in a distortion of the relative signal intensity.?> Therefore, because
all experiments were conducted on a short time scale (<60 s),
the intensities of the EPR signals shown in Figure 6 are directly
proportional to the concentration of the radical species present.
Figure 6 also shows that EPR data with a reasonable signal-to-
noise ratio could be obtained at time scales down to approximately
2 s (Figure 6c), although with signal-averaging techniques, shorter
time periods would undoubtedly be possible. Use of higher
concentrations of parent molecules would allow greater sensitivity
for shorter time-scale experiments. With the present experimental
arrangement, concentrations of parent molecules can be decreased
to approximately 0.1 mM and still maintain adequate signal-to-
noise EPR transient data, at least for the longer time-scale
experiments (10 < t/s < 60—120).

The transient signal response can be quantitatively analyzed
because the normalized EPR signal (S) is proportional to the total
radical concentration (Cy,q) at short times (<1—2 min). For large
changes in Cy,4, EPR line-broadening effects must be taken into
consideration. This proportionality can thus be extended to S and
the total charge passed (Q) across the interface;

> = LM de @

SO z rad F z rad F

where Sy is the signal that would be obtained if 1 mol of radical
were located at the cavity center, z.,4 is the charge on the radical
ion formed, Q is the total charge passed, iq is the diffusion-limited
current, 7 is the duration of the radical generating potential pulse,
and F is the Faraday constant. The charge passed as a function
of time may be found by integrating the Cottrell equation with
respect to time under diffusion-only conditions,?

. _nFADYC
iq(t) = Y2412 4)

where C in eq 4 is the bulk concentration of the analyte. Hence
the transient signal response may be found by combining eq 3
and the integrated form of eq 4.

Figure 7 shows the EPR data obtained from the experiments
illustrated in Figure 6 which have been analyzed in a way
analogous to chronocoulometric data. The EPR signal intensity
data (S) corresponding to the oxidation of TTF to TTF* is plotted
as a function of t ¥2while the signal intensity data for the reduction
of TTF* to TTF is plotted as a function of © [@ = t/2 — (t —
7)/2].77328 The graphs in Figure 7 show that the analyzed data
agree very well with theory as the plots are linear, have very
similar slopes, and intercept close to zero signal intensity. The
ordinate axis intercept (S-intercept) and the slopes of the graphs
are given in Figure 7. The observation that the S vs © plots (for
TTF*™ + le- — TTF) intercept the ordinate axis close to zero
EPR signal intensity for TTF™ (and TCNQ™) suggests that the
EPR transient data are not complicated by ion transfer of TCNQ™*

(25) Goldberg, 1. B.; Bard, A. J. J. Phys. Chem. 1971, 75, 3281.

(26) Caottrell, F. G. Z. Phys. Chem. 1902, 42, 385.

(27) Bard A. J.; Faulkner, L. R. Electrochemical Methods; Wiley: New York,
1980: (a) p 603; (b) p 205; (c) p 218.

(28) Jeanmaire, D. L.; Van Duyne, R. P. J. Electroanal. Chem. 1975, 66, 235.
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Figure 7. Plots of &2 or © [®@ = £/2 — (t — 7)Y2, where T is the
duration of the forward phase] vs the EPR signal intensity recorded
during potential jump experiments for the oxidation and reduction of
TTF or TTF*, respectively, and obtained using the liquid/liquid four-
electrode flat electrochemical cell shown in Figure 2. The plots shown
in (a—c) represent different time scales for the experiments and
correspond to the raw EPR data shown in Figure 6. The experimental
conditions are identical with those given in Figure 6. In the boxed
insets, y denotes the ordinate axis and x denotes the abscissa.

or TTF* into the aqueous phase. Also, it was noted optically that
the intense colors associated with the organic radical species were
only detected in the organic phase.

An estimation of the lower bound on the rate constant of the
heterogeneous charge-transfer reaction can be made from the S
vs t /2 data (Figure 7) by noting that finite kinetics would cause
a delay in the rise of the signal which would result in a negative
signal axis intercept. Writing the standard chronocoulometric
expression?™ in terms of EPR signal intensity rather than charge
leads to the following expression:

®)

where A is the interfacial area, ks is the pseudo-first-order rate
constant for the “forward” (radical generating process), and the
parameter A is given by
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with ky, representing the rate constant for the reverse process.
Comparison of the gradient and intercept of the S vs t 2 plots
yields the conclusion that k; must be at least 5 x 10~ cm s, the
process being pseudo first order because of the large excess of
the aqueous phase-redox couple. The minimum second-order
interfacial rate constant is thus 200 mol™! cm* s71, as the
concentration of the aqueous-phase species was 0.03 M. This can
be compared with a recent experimental study which found the
rate constant for electron transfer between ferrocene and ferrocene
carboxylate at the ITIES to be 600 mol~* cm#* s71.2°

While the EPR data shown in Figure 6 is undistorted by ochmic
drop effects, the transient voltammetric data show a considerable
departure from ideality because of a combination of the high
resistivity of the organic phase and the restricted electrode
geometry in the flat cell. Figure 8 shows the current—time curves
obtained via potential step experiments in the flat cell which have
been analyzed by plotting current vs t ~/2 according to the Cottrell
expression (see eq 4) for the generation of TCNQ™* via the one-
electron reduction of TCNQ. For the reverse reaction where
TCNQ™ is oxidized back to TCNQ, the current has been plotted
as a function of 6, according to the relation®

1/2
i) =it = DFAD c[ 1 1] @

772 |.(t _ r)l/z /2

where 6 is the quantity in brackets in eq 7. Panels a and b of
Figure 8 show the effect the position of the organic-phase
reference electrode had on the current response for potential step
measurements performed in the flat cell. In Figure 8a, the organic
phase reference electrode was positioned 10 mm from the ITIES,
while the reference electrode—interface separation was 1 mm in
Figure 8b. The plots given in Figure 8b are closer to the response
predicted by the Cottrell equation, although they are still not ideal.
Inspection of Figure 8c shows that a linear current-t ~%/2 response
(in agreement with eq 4) could be obtained when voltammetric
experiments were performed in a cylindrical liquid/liquid cell (see
Experimental Section). Analysis of the gradient of the plots in
Figure 8c allowed an estimation of the diffusion coefficient of
TCNQ (according to eq 4) in DCE of 6.9 x 107 cm? s71, By
comparison, the data recorded using the flat cell required for
compatibility with EPR spectroscopy (Figure 8a and b) showed
nonlinear Cottrell plots and the estimated diffusion coefficients
from these plots were markedly lower than those obtained in the
cylindrical cell. This effect is principally due to the enhanced
resistance imposed by the flat cell geometry causing the faradaic
current to be obscured by a significant charging process, thus
resulting in a lowering of the calculated diffusion coefficient values.
Such effects are common in electrochemical experiments at the
ITIES with experimental data from micrometer-scale liquid/liquid
interfaces retaining a considerable nonfaradaic component,®

(29) Wei, C.; Bard A. J.; Mirkin, M. V. J. Phys. Chem. 1995, 99, 16033.

(30) Kambara, T. Bull. Chem. Soc. Jpn. 1954, 27, 523.

(31) Kontturi, A.-K.; Kontturi, K.; Murtomaki, L.; Quinn, B.; Cunnane, V. J. J.
Electroanal. Chem. 1997, 424, 69.
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Figure 8. Current recorded during potential jump experiments vs ¢
“20or g [0 = (t— 1)~Y2 — t ~12 where 7 is the duration of the forward
phase] for the reduction and oxidation of TCNQ or TCNQ™*, respec-
tively, at the ITIES. The potential difference imposed to induce
reduction of TCNQ was —0.5 V (A¢1), while this process was reversed
using a potential difference of +0.3 V (A¢,), vs a Ag wire reference
electrode. The data were obtained using the liquid/liquid electro-
chemical EPR cell shown in Figure 2. The organic phase (DCE)
contained 5 mM TCNQ and 50 mM BTPPA*TCPB~. The aqueous
phase contained 30 mM Ka4[Fe(CN)s], 30 mM Ks[Fe(CN)g], and 0.1
M Li,SOg4. In the boxed insets, y denotes the ordinate axis and x
denotes the abscissa. (a) The organic-phase reference electrode was
positioned 10 mm from the liquid/liquid interface. (b) The organic-
phase reference electrode was positioned 1 mm from the liquid/liquid
interface. (c) Data were obtained in a cylindrical “low"-resistance liquid/
liquid cell with an interface diameter of 1 cm. The organic phase (DCE)
contained 0.25 mM TCNQ and 50 mM BTPPATTCPB~. The aqueous
phase contained 30 mM K4[Fe(CN)s], 30 mM Kj3[Fe(CN)g], and 0.1
M Li>SOa.

despite the reduced capacitance of these interfaces. As noted
above, the spectroscopic data is are apparently free of such
distortions and thus present a promising future pathway for the
extraction of kinetic data from electron-transfer experiments at
the ITIES.

(2) Liquid/Liquid Voltammetric and EPR Studies on
TCBQ and TFBQ and Their Associated Anion Radicals.
Having established that transient EPR data obtained in the liquid/
liquid electrochemical EPR cell could be modeled analogously to
chronoamperometric data according to the Cottrell equation,
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Figure 9. A linear sweep voltammogram obtained at a sweep rate
of 0.25 V s! on the polarization of the interface between DCE,
containing TCBQ (0.43 mM) and BTPPA TPBCI (25 mM), and water,
containing K4sFe(CN)g (0.27 M), KsFe(CN)g (0.27 M), and Li,SO4 (0.67
M). The aqueous reference electrode was Ag,SO4/Ag and the organic
reference electrode was Ag/AgCl/aqueous LiCl (10 mM) with BTPPA
Cl (1 mM). Pt wires were used as counter electrodes in both phases.

attention was turned to examining the liquid/liquid electrochemi-
cal EPR behavior of the two quinones, TCBQ and TFBQ, as model
compounds for transmembrane electron transfer in biological
systems. First, liquid/liquid electrochemical experiments were
carried out using the relatively low resistance cylindrical cell
containing an excess of both potassium ferrocyanide and potas-
sium ferricyanide in the aqueous phase over the concentration of
TCBQ dissolved in DCE. Linear sweep voltammetry in this cell
produced a voltammetric wave close to the end of the potential
window which is shown in Figure 9. The voltammetric wave
obtained was consistent with the transfer of a negative charge
from the aqueous phase to the organic phase and thus attributable
to a net one-electron reduction of TCBQ by potassium ferrocya-
nide. Analysis of the dependence of the peak current on sweep
rate (according to eq 8%°) allowed the calculation of a value for
the diffusion coefficient of TCBQ in DCE of 6.1 x 107¢ cm? s7!
(where v in eq 8 is the scan rate).

i, = 0.4463nFAC(nF/RT)"%/*D"? (8)

The half-wave potential of the electron-transfer wave due to
ferrocyanide/TCBQ was 0.06 V less positive than that of the
ferrocyanide/TCNQ system, which corresponds exactly to the
difference in formal reduction potentials quoted for TCBQ!® and
TCNQ?* in DCE.

The interfacial reduction of TCBQ was repeated in the flat cell
with simultaneous measurement of the EPR spectrum seen on
polarization of the ITIES. A single-line EPR spectrum with AH,,
= 0.12 mT was obtained when sufficiently negative A¢ values were
applied [Figure 10c (ii)]. A spectrum with a very similar AHp,
was also obtained when TCBQ was electrolyzed in a stationary
solution in situ electrochemical EPR cell (see Experimental
Section) [Figure 10c (i)]. The absence of hyperfine structure
could be due either to quadrupolar broadening effects associated
with the four equivalent Cl nuclei (1 = 3/,)% or signal-broadening
effects associated with anisotropic slow tumbling (as observed
for TCNQ—and TTF™). No evidence was obtained of a precipitate
forming; thus an exchange-narrowed solid radical species is

(32) Corvaja, C.; Pasimeni, L.; Brustolon, M. Chem. Phys. 1976, 14, 177—182.
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Figure 10. (a) EPR and current data recorded simultaneously
during the reduction and oxidation of TCBQ or TCBQ™*, respectively,
obtained using the liquid/liquid four-electrode flat electrochemical cell
shown in Figure 2 during potential step (chronoamperometry) experi-
ments. The organic phase contained 1.72 mM TCBQ and 0.1 M n-Buy-
NPFe, and the aqueous phase contained KsFe(CN)s (0.27 M),
KsFe(CN)g (0.27 M), and Li»SO4 (0.67 M). The potential difference
imposed to induce reduction of TCBQ was —0.4 V (A¢1), while this
process was reversed using a potential difference of 0.0 V (A¢»), vs
the Ag wire reference electrodes. (b) Plot of 2 or © [@ = £/2 — (t —
7)¥2 where 7 is the duration of the forward phase] verses the EPR
signal intensity for raw EPR data shown in (a). The EPR data were
obtained by overmodulating and recording the signal intensity at a
constant magnetic field corresponding to a maximum absorbance.
EPR modulation amplitude, 0.2 mT. (c) EPR spectra obtained in DCE
by (i) in situ electrolysis in an electrochemical EPR cell (see
Experimental Section) of 5.0 mM TCBQ with 0.1 M n-BusNPFe.
Modulation amplitude, 0.02 mT. (ii) In situ electrolysis in a liquid/liquid
electrochemical EPR cell by polarization of the water/DCE interface
of 1.72 mM TCBQ with 0.1 M n-BusNPFs. EPR modulation amplitude,
0.02 mT.

unlikely. The EPR spectrum of the neutral radical (TCBQ-H*),
which would be formed if proton transfer accompanied electron
transfer at the ITIES, would clearly contain a proton splitting.
However, the proton splitting may be masked by broadening, so
the formation of TCBQ-H* cannot be ruled out on the basis of the
EPR data alone. However, the net charge observed in the
cylindrical liquid/liquid cell was consistent with one electron being
transferred from the water phase to the oil phase. If TCBQ-H-
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were being formed, then the net charge would be zero because
the water to oil phase proton transfer would balance the electron
transfer. Furthermore, the growth and decay of the EPR signal
during potential jump experiments, when the EPR signal intensity
was monitored at constant field, showed a time dependence similar
to that of TCNQ™ and TTF*. The EPR signal increased in
intensity as a potential difference (A¢;) sufficient to cause the
transfer of an electron from the aqueous-phase ferrocyanide to
the oil-phase TCBQ was applied (Figure 10a). Conversely, when
an oxidizing potential difference (A¢,) sufficient to cause the
transfer of an electron from oil-phase TCBQ™ to the water-phase
ferricyanide was applied, the EPR signal decreased in intensity
(Figure 10a). Analysis of the TCBQ™ transient EPR data in a
manner analogous to the TCNQ™ and TTF* data by plotting the
signal intensity as a function of t/2 or © (Figure 10b) gave plots
that were linear and intercepted close to zero EPR signal intensity.
Therefore, the combination of the electrochemical and spectro-
scopic data implies that the initial product of TCBQ reduction at
the ITIES is the one-electron-reduced product, TCBQ™. The close
similarity between the TCBQ ™, TCNQ™, and TTF™ transient EPR
data obtained during potential jump experiments indicates that
the TCBQ data do not appear to be complicated by ion transfer
of TCBQ™* into the water phase.

The behavior of TFBQ at the ITIES was also investigated by
in situ liquid/liquid electrochemical EPR experiments. The
reduction potential of TFBQ has been quoted as 50 mV less
positive than that of TCBQ,*® and both molecules display similar
voltammetric behavior in terms of the number of reduction
processes and the stability of their associated radicals formed by
one-electron reduction. One advantage of studying the TFBQ
system over the TCBQ system is that TFBQ contains four
equivalent F nuclei with | = 1/,; thus the EPR spectra of its
associated anion radical are not susceptible to quadrupolar line-
broadening effects. Therefore, this leads to the possibility that
any radicals detected during the reduction of TFBQ could be
unequivocally assigned to TFBQ™ if the hyperfine splitting
constants matched that of the known anion radical. Figure 1la
shows the EPR spectrum that was obtained via reduction of TFBQ
in DCE in a stationary solution electrochemical EPR cell. Figure
11b shows the EPR spectrum that was obtained by reduction of
oil-phase TFBQ at the water/oil interface by water-phase potas-
sium ferrocyanide in the liquid/liquid flat cell. The spectra in
Figure 11a and b are very similar and allow the calculation of the
hyperfine splitting constant for the F atoms of 0.396 mT, which is
in good agreement with published data.®*35 This result provides
further strong evidence that semiquinones are stable at the water/
oil interface. Also, there was no evidence of the monoprotonated
quinone (TFBQ-H*) being formed, which has a distinctive EPR
spectrum.®

(33) Peover, M. E. J. Chem. Soc. 1962, 4540.
(34) Eastman, J. W. Androes, G. M.; Calvin, M. Nature 1962, 1069.
(35) Hudson, A.; Lewis, J. W. J. Chem. Soc. B 1969, 531.
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Figure 11. EPR signals obtained during the electrolysis of TFBQ
in DCE: (a) In situ electrolysis in an electrochemical EPR cell (see
Experimental Section) of 5.2 mM TFBQ with 0.1 M n-BusNPFe.
Modulation amplitude, 0.1 mT. (b) In situ electrolysis in a liquid/liquid
electrochemical EPR cell by polarization of the water/DCE interface
of 7.6 mM TFBQ with 0.1 M n-BusNPFs. EPR modulation amplitude,
0.1 mT.

CONCLUSION
The performance of a simple and robust liquid/liquid electro-

chemical EPR cell has been quantified using TCNQ and TTF in
the oil phase as electron acceptors or donors, respectively, for
the agueous-phase ferricyanide/ferrocynanide redox couple. The
EPR signal intensity (at constant magnetic field) obtained by
applying a A¢ value sufficient to produce the radical anion
(TCNQ™) or cation (TTF**) by one-electron transfer across the
water/DCE interface was found to exhibit Cottrell-type behavior.
The EPR signal decayed or increased in intensity as a function of
time (t < 1 min) after potential difference (A¢) step experiments,
as expected for a diffusion-controlled heterogeneous electron-
transfer reaction. However, the design of the liquid/liquid cell
for optimal spectroscopic performance meant that current data
obtained simultaneously was of limited value due to high ohmic
resistance.

In situ experiments in the liquid/liquid electrochemical EPR
cell have shown that the electron transfer from the water phase
to a quinone (TCBQ and TFBQ) in an oil phase (DCE) results in
a stable radical being formed. The hyperfine splitting in the
TFBQ™ radical provided unambiguous evidence that an unpro-
tonated semiquinone radical was being formed. The behavior of
the quinone molecules following electron transfer at liquid
interfaces has interesting consequences for studies of electron
transfer within biological membranes.
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