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The cyclic voltammetric behavior of 1,3-diferrocenyl-2-buten-1-one (abbreviatBéeB), a novel molecule

with two electrochemically nonequivalent redox centers, was investigated by the thin-layer method, a simple
protocol reported recently for studying electron transfer reactions at liquid/liquid interfaces. The bimolecular
rate constants for the two-step electron transfer reactions beffeemiin the organic phase and [Fe(GN)

located in the adjacent aqueous phase were obtained simultaneously at a single interface. The observed clear
dependence of the rate constants on the overall driving force (dominated by the apparent formal potentials of
the ferrocenyl groups ilDFcB) is consistent with previous studies and qualitatively in agreement with the
conventional ButlerVolmer treatment. The results demonstrate the feasibility of using molecules containing
multiple redox centers to study the correlation between the thermodynamic driving force and electron transfer

kinetics at liquid/liquid interfaces.

1. Introduction this fundamental questidhl® The overall driving force is
composed of the difference between the formal potentials of

The interface between two immiscible electrolyte solutions : : :
. > the two redox couples in their respective phasesA&fl, the
(ITIES) has been proposed as a simple model for understandinge 5 anj potential difference at the liquid/liquid interfat&he

membrane chemistry, particularly for examining electron transfer value of A% can be easily changed by adjusting the concen-
processes occurring in living organisms between redox centersy.vion of the potential-determining ion (e.g., [GIO, an ion

: : . o
Iofca’lcqed n medlafof different FI)'I(')IlEg“iS In rel_tr(()jspe_ct, th_le studyh that moves across the liquid/liquid interface); therefore, studies
of charge transfer across as relied primarily on the ¢ o qriving force dependence of electron transfer kinetics

deve!opment of ex%enmental approaches to cor_lstruct andac:ross an ITIES have been largely focused on the modulation
polarize the interfac&3 An early work by Samec et al. in 1977, of A% at the interfacéc7289ceAn alternative approach to

which |_nﬂr O?U dcer:j the conchept of da four-ﬂgctrofds pﬁtentl?stgti change the overall driving force is the use of different redox
essentially led the way to the modern studies of both interfacial ., ,jeg either in the aqueous ptdeor in the organic phasé.

structures and charge .transfer.regtl:tions across ITIES. SChi.ff rir‘Shi and Anson have recently reported a simultaneous evaluation
and Girault have contr |bu_ted S|g_n|f|_ca_ntly to the understanding of electron transfer rate constants of a reactant (e.g., [Fg[CIN)

of electron transfer kinetics at liquidiquid interfaces based in aqueous phase with a pair of redox co-reactants (two
on conlventlozal e_le<:|tro<_:hem|cal mgggc\i/ls.the 19303’ sOcI;an-h hydrophobic ferrocene derivatives) at a single interféce.
ning electrochemical microscopy ( ) was adapted to the Although this is an elegant experiment that eliminated many

study of charge ”a”SfeF processes by Bard and ofhéras uncontrollable factors, its limitations are still obvious: it is not
one of the newest experimental methods, SECM resolves many

f the difficulti iated with traditional el hemical easy to keep the concentrations of the two redox co-reactants
of the difficulties associated with traditional electrochemical ., ynq organic phase identical, and their diffusion coefficients
methods including the IR drop, charging current, and distinction ; .

. may also differ substantially.
between electron transfer and ion transfer proceé8désverthe-

e - - In the present paper, we describe a novel electron transfer
less, the limitations of SECM include the construction of the . . o B
apparatus and the necessity to simulate the kinetic parametersys'tem in which 1,3-diferrocenyl-2-buten-1-0 B), ana.f

by comparison of experimental and theoretical dat&Recently, Unsaturated ketone with two electrochemically nonequivalent

Shi and Anson reported a related but less complex a rOaChferrocenyl substituents$ 16 serves as the redox complex in the
i -P - P pp organic phase. The remarkable features of the thin-layer method
by depositing a thin layer of an organic solvent on the electrode

surface to examine the electron transfer process between themvented by Shi and Ansdi, particularly its simplicity of

. ; o operation and the requirement of very small amounts of
thin layer and the adjacent aqueous solufiohhis simple ke it suitable f dv. The k d f
methodology of thin-layer electrochemistry has been readily reactants, make It suitable for our study. T ¢ key advantage o
adopted by other research arouns for related stUdida this system is that it permits an examination of the electron

ph . yh lation b group h Il th d . transfer kinetics and its effect on the overall driving forces by

.W at is the correlation between the overall thermodynamic comparing the rate constants determined for the two redox
driving force and electron transfer kinetics across an ITIES?

Previ . o h biained i Ui centers on the same reactant at a single interface (while
revious investigations have obtained inconclusive answers tomaintaining the Galvani potential differend&$ constant).

We focused our research on (a) the thin-layer voltammetric
. *T.‘I’ "‘;\homg’?esi’onde”ce should be addressed. Fax: (604) 291-3765.phahavior of DFcB and its comparison with solution electro-
-mall: nzyu@siu.ca. . . .
T Simony,:raser University. chemistry; (b) evaluan_on of the blmole_cular rate constants for
* Acadia University. electron transfer reactions betweleRcB in the organic phase
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and [Fe(CN3]*~ in the aqueous phase; and (c) comparison of 4
the experimental results obtained with different supporting s (A) Il
electrolytes in the aqueous phase (i.e., variation of the formal |
potential of [Fe(CNj]*"). oL
2. Experimental Section %: 1
Chemicals. Potassium ferrocyanide(ll) hydrate (99-9%) Zof
was obtained from Aldrich; sodium perchlorate {9%) from
Caledon Laboratories Ltd; sodium chloride (99%) from BDH 1
Chemicals Canada Ltd; tetraethylammonium perchlorate (TEAP) Py
from Eastman Kodak Co; and hydrochloric acid (37%) from
Fisher Scientific. All above chemicals were used as received. 3 L L L L L
Nitrobenzene NB) (99.5+%) was obtained from Fluka, 02 00 02 04 06 08
purified by washing with dilute acid (0.1 M HCI) and base (0.1 E (V) vs. AglAgCI
NaOH) solutions, and saturated with deionized wal#fcB 20
was synthesized in our laboratory by treating acetylferrocene
with SiCl, in ethanol, and the compound was purified by column v
chromatography® The identity and purity ofDFcB were 10k
confirmed byH NMR spectroscopy, melting point, and X-ray
diffraction13-16 i 5
Apparatus and Procedures.A conventional glass cell was =,k
used for the electrochemical measurements. The working -
electrode is a cylindrical edge-plane graphite (EPG) rod that 5
was sealed with heat shrink tubing with a 0.422ay@ometric
exposure area. It was polished with 600-grit sand paper, then 10~
washed and sonicated in deionized water. After the electrode 15 ] ] ] ] |
surface was carefully dried with a heat gun, a dropNgf (1.0 02 00 02 04 06 08
uL) was gently applied. The solvent spread spontaneously over E (V) vs. Ag|AgCI

the. hydrophobic surface to form a thin layer24 um thick, as Figure 1. (A) Cyclic voltammogram recorded at a graphite electrode
estimated from the volume of tHeB and the Su,rface area of covered with 1.QcL of nitrobenzeneNB) containing 0.11 mMDFcB.

the electrode). An AAgCI|3 M NaCl and a Pt wire were used  The supporting electrolyte was 0.1 M tetraethylammonium perchlorate
as reference and counter electrode, respectively. The working,(TEAP) in theNB phase; 0.1 M NaC# 0.1 M NaCIQ, in the aqueous
reference, and counter electrodes were carefully placed in thephase. The scan rate was 10 mV/s. (B) Cyclic voltammograms recorded
aqueous phase containing appropriate supporting electrolytesat a bare graphite electrode in 1.0 mM [Fe(¢N). Supporting

and presaturated withB.° Cyclic voltammetry was performed ~ €lectrolytes: 0.1 M NaCk 0.1 M NaCIQ (solid line), 0.1 M HCI+

with an Autolab Electrochemical Analyzer (PGSTAT30, Eco 0.1 MNaClQ (dashed line). The scan rate was 5 mv/s.

Chemie BV, Netherlands) in a Faraday cage. All measurementSSCHEME 1

were repeated at least three times to ensure reproducibility.

Step |
. . o) (o)
3. Results and Discussion g “

- e
1,3-Diferrocenyl-2-buten-1-on®EcB), the bifunctional re- Fe Fe Fe' Fe
dox molecule used for our interfacial electron transfer studies, = = Yt =~ =

is the self-condensation product of acetylferrocEné® It is Step Il

readily prepared by the treatment of commercially available o o)

acetylferrocene with SiGlin anhydrous ethandf. Q/K)k@ ©)\)K©
The thin-layer protocol invented by Shi and Ansn,e., Fo' Fo <2

the method of coating an electrode with a thin layer of organic — = te ¥ L=

solution, has been adopted successfully to the examination of

the electrochemical behavior of hydrophobic redox com- Fc' is formed, which leads to the oxidation of the second

plexes!?17Figure 1A shows the cyclic voltammogram of 0.11 ferrocenyl group to the dication, FEOCH=C(CHg)Fc", at a

mM DFcB in the NB layer coated on a graphite electrode; the more positive potential. The apparent formal potentials of the

aqueous phase contains only supporting electrolytes (0.1 M NaCltwo ferrocenyl groups, as calculated frdfj; = (1/2)(Epa +

and 0.1 M NaClQ). Little change is observed on repeated E,), are 405 and 580 mV, respectively, with respect to an

potential scans, indicating that the partitioning @FcB into Ag|AgCI|3 M NaCl reference electrode in the aqueous phase.

the aqueous phase is negligiBfeThe appearance of two pairs  The difference between the tw\E = 175 mV) is close to

of well-defined, nearly symmetrical redox peaks demonstrates that reported for the solution electrochemistryDicB (AE =

that DFcB undergoes two consecutive oxidation/reduction 348—-183= 165 mV, i.e., 183 and 348 mV vs Ayg™ for the

processes under potential control (Scheme 1). This is consistentwo ferrocenyl groups)® Such a large formal potential differ-

with the voltammetric behavior @FcB in acetonitrile solution, ence is of great interest for the study of electron transfer kinetics

for which two pairs of diffusing oxidation/reduction peaks were across an ITIES, as it provides a unique opportunity for easy

evident!® The observed electrochemical inequality shows strong modulation of the overall driving force for interfacial electron

intramolecular electronic communication between the two transfer reactions (see discussion below).

ferrocenyl moietied® When one of them is oxidized, the As mentioned above, the thermodynamic driving force is

strongly electron-withdrawing monocation FcCO€8(CHs)- composed of the difference between the formal potentials of
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TABLE 1: Bimolecular Rate Constants for Cross-Phase Electron Transfer Reactions between DFcB and [Fe(CGi\) in
Adjoining NB/H ;O Phases

supporting ENo Ee overall driving Ket
electrolyte in HO (m\Aa (mV)P force (MVYf Ked' (cmstM-be
| 0.1 M NaCIlQ; + 0.1 M NaCl 200 405 205 2.9 10 2.8
1] 0.1 M NaClO; + 0.1 M NaCl 200 583 383 3.6 108 3.2
| 0.1 M NaClQ, + 0.1 M HCI 348 406 58 9.6 1.5
1] 0.1 M NaClO, + 0.1 M HCI 348 579 231 8.k 10° 6.4

2 Formal potential of the [Fe(CNf/4~ couple in the aqueous phasedpparent formal potential of th®FcB?* (Il) and the DFcB* (1)
couple in the NB thin layer: Calculated fromEys — Ep/ 5. d Equilibrium constant of the cross-phase reaction:Klg = F[Ez — Ej/oJ/RT.
¢ Calculated from eqs-13. The values ok reported herein were reproducible withif.0%. The potentials quoted are relative to anéo(_g:ns
M NacCl reference electrode.

the two redox couples in their respective phases Al the

Galvani potential difference at the liquid/liquid interfatén 10 mM
the thin layer measurements, the potentials for the two ferrocenyl 8 mM
groups (obtained from Figure 1A) are the apparent formal 6mM
potentials ofDFcB in the organic phasesg = E* + Al¢. = 4 mM
The magnitude ofAj¢ accounts for the difference between <

these values and those determined by conventional solution = 2mM

electrochemistry? When a redox couple with a formal potential
of E,‘f(zo is placed in the aqueous phase (e.g., [Fe@ENy ),
the overall driving force for the interfacial electron transfer will
be EY 5 — Exg. In our studiesDFcB is the oxidant (in theNB
phase) and K-e(CN} is the reductant (in the aqueous phase). -5
The selection of [Fe(CN)*4~ as the redox couple in the
aqueous phase was based on the following considerations: (1) E (V) vs. Ag|AgCI
as a standard outer-sphere redox couple, its formal potential is 14 0 mM
more negative than the formal potentials of both ferrocenyl 12 (B) P
groups ofDFcB; (2) by taking advantage of the pH dependence ,\g :m
of its formal potential, it is possible to alter the thermodynamic
driving force for cross-phase electron transfer, which allows a
complementary experiment. As shown in Figure 1B, the cyclic
voltammogram of 1.0 mM [Fe(CNJ/*~ shifts significantly when
one of the supporting electrolytes is changed from 0.1 M NaCl
to 0.1 M HCI. The apparent formal potentials of the two
ferrocenyl groups obFcB in the NB phase and of [Fe(CN)*~
in two different supporting electrolytes are listed in Table 1.

When we added [Fe(Chf~ to the aqueous phase and coated 2L 1 11 1 |
the working electrode with aNB thin layer containindFcB, 00 02 04 06 08 10
the currentpotential responses changed from those shown in E (V) vs. AglAgCI
Figure 1A (without [Fe(CNj*~ in the aqueous phase) to those Figure 2. Current-potential curves recorded at a graphite electrode
shown in Figure 2. In particular, the reversible peaks corre- coated with 1.0uL NB containing 2.20x 1072 mM DFcB, with
sponding to the oxidation/reduction BfFcB in the NB layer [Fe(CNt)_s]“‘ iI” tthel ettqugous phase T]t different gi”&emé%il‘ina The

; i _ pporting electrolytes in aqueous phase were 0.
e e g foment vere ooserV R (8)'and 01 11 G 1 ity (0 the suporig

. . electrolyte inNB phase was 0.1 M TEAP. The scan rate was 5 mV/s.

concentration oDFcB in the NB layer constant at 22M).
The two plateau currents in each of the currgudtential curves reactant confined to the thin lay&;d
shown in Figure 2 indicate that the electron transfer at the NB/
H.0O interface occurs in two consecutive steps, corresponding 1 1,1
to the oxidation of the first and the second ferrocenyl group ?bs_ G + I_et (1)
(Scheme 1). These curves are similar to those reported by Shi
and Ansof¥® for a thin layer ofNB containing both decameth- i which iy andi are defined as
ylferrocene (DMFc) and 1;1,3-tetrakis(2-methyl-2-hexyl)-

00 02 04 06 08 1.0

2mM

ferrocene (MHFc) as co-reactants. In our study, the two electron _ NFAGzDys

transfer processes occur on te@memolecule, thereby sim- Ig= s (2)

plifying the comparison of the rate constants (see below).

However, we note that the pairs of reactants exchanging et = NFAKC\eCri0 3

electrons across théB/water interface are still not identical at

the two redox stages (Scheme 1). wheren is the number of electrons transferr&ds the Faraday
The measured steady-state cathodic plateau cutigggtis constantA is the area of the liquid/liquid interface (geometric

jointly controlled by the rate of the cross-phase electron transfer area of the working electrode@g is the concentratiorDyg
reactions at the liquid/liquid interface and the diffusion of the is the diffusion coefficient of the reactant MB, and¢ is the
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20 12 driving force leads to a faster electron transfer at the interface,
(A) 10 -(B) which is consistent with the results of previous investigatifs
15 n /"/*—- For example, Shi and Anson have observed a clear dependence
of the bimolecular electron transfer rate constants on the overall
driving force when using either [DMF¢]Jor [ZnTPP} (ZnTPP
p/((o_“' = zinc tetraphenylporphyrin) in the organic phase and different
reducing agents in the aqueous ph¥s€or the [ZnTPP}

system, the overall driving force was varied fren60 to+505
mV, and the reported rate constants increased from 0.8 to 1.8

HA)
|
I (uA)

o N M O
I

ol 1t 1 111
0246 8101214

Chiyo (M) cm st M~L Ding et al’d accumulated a comprehensive set of
0.25 05 data to demonstrate the correlation by using the redox couples
020 -(C) ' [RU(CN)J* ", [Mo(CN)g>"*~, [Fe(CN)]3~, [W(CN)gl*™~,
- ors L - 0.4 _[Fe(EDTA)]"Z‘, [RU(NH3)5]3+/2+, [Co(Sep)]‘+/2+, and \B 2+
< 3 03 in the aqueous phase and 5,10,15,20-tetrapherty|23H-
= 010 = 02 porphyrin zinc (ZnPor) in the organic phase; they observed that
- 005 04 the electr_o_n transfer rate constant increases upon increased
N N overall <_1Ir|vmg force up to 700 mV. I_:qrthermon_a, the observed
0.0 01 02 03 04 05 0.0 01 02 03 04 05 porrelatlon .betlweel'vet and overall dlrlvmg force in our system
1/C,y o (MM 11C,, o (MM is also qualitatively in agreement W|_th t_h_e conv_ent|onal Butler
H0 H0 Volmer treatment, although more significant differences should

Figure 3. Cathodic plateau currents from Figure 2 as a function of be expected®?! The much smaller sensitivity to driving force
the concentration of [Fe(CRl}~. The supporting electrolytes in the  than predicted theoretically has been also reported by Shi and
aqueous phase were 0.1 M Na€0.1 M NaClQ, (A) and 0.1 M HCI Anson at arNB/water interface using other reactant pairs, for

+ 0.1 M NaClQ (B), respectively. Panels (C) and (D) plot the \ pichy the sharpness of the interface was proposed as a
reciprocal plateau currents as a function of the reciprocal concentrations Lo
contributing factof¢

of [Fe(CN)]*, corresponding to the data shown in (A) and (B),

respectively. In all cases, the plateau currents for stFtB*0) are It should be noted that in the presence of 0.1 M HCI as part
represented by open circles, and those for stePRoB**'*) by solid of the supporting electrolytie increases more substantially with
circles. increasing driving force than with 0.1 M NacCl, although in both

_ systems the changes are in the expected direction based on
thickness of the\B layer coated on the electrode. The term of Bytier—\Volmer theory?® The origin of the variations in the
ia stands for the current contribution limited by the diffusion of ' pehaviors observed for the two electrolytes remains to be fully
the reactant between the electrode surface and the liquid/liquidynderstood, but possible differences in the self-exchange rate
interface, ande indicates the current contribution caused by constants of ferrocenyl groups may be considered. This is due
cross-phase electron transfer reaction. Rhis the rate constant g the fact that in addition to the thermodynamic driving force
(cm st M) for the cross-phase electron transfer reaction.  of the reaction values déy also depend on the self-exchange

Values of iongneasured at different concentrations of rate constants of the two reactafitsUnfortunately, self-
[Fe(CN)]*~ with different supporting electrolytes (from Figures  exchange rate constants for the ferrocenyl groupdRdB in
2A and 2B) are plotted in Figures 3A and 3B, respectively. It NB are not available at this stage.
is clear that with increasing concentration of [Fe(€JN) the The question of why in our system the kinetic data of electron
observed_ plateau currents for both electron tran_sfer_ steps increasg ansfer at liquid/liquid interfaces (Table 1) do not exhibit any
monotonically until they become concentration-independent, gimple reactivity pattern such as might be anticipated theoreti-
which is limited by the rate of diffusion oDFcB across the  qly remains perplexing and deserves further experimental and
thin layer ofNB. The selection of appropriate reactant concen- thagretical study. Besides the different trends observed in the
trations in the two adjacent phases to minimize the effect of o electrolyte systems, for thBFcB2+ redox couple the
mass transfer on the measured currents has been discuss%nge of concentrations of [Fe(Cly to obtain reproducible
previously>We found that low concentrations DIFcB in NB data for interfacial electron transfer is limited, particularly for
(10-304M) and high concentrations of [Fe(Cdf)” (> 1.0 mM) the acidic supporting electrolyte system. We also did not obtain
are required in order to obta_ln steady-state plateau currents forenough information (particular at higher driving force) for our
the present system. According to eqs 1 and 3, a plotigisl/  yeqox couples to examine the applicability of Marcus’ thed#f.
versus 1,0 should be linear, and the bimolecular rate constant yiensive studies to tackle these problems and the search for
for the cross-phase electron transfer reactidas, can be  giher novel molecules containing multiple redox centers (e.g.,
obtained from the slope of the fitting line. Shown in Figures 1,1-disubstituted oligomeric ferrocerf@sfor cross-phase elec-

3C and 3D are two of these plots, corresponding to the dataon transfer studies are currently underway in our laboratory.
displayed in Figures 3A and 3B, respectively. Thus obtained

rate constants for the two ele_ctron_transfer steps in two different 4. Conclusions
supporting electrolytes are listed in Table 1.

Unlike the reported dependences of cross-phase electron A new system has been proposed for the study of cross-phase
transfer rate constants (increase, decrease, or no chafigey < electron transfer reactions at liquid/liquid interfaces, in which
on the Galvani potential differena®, reasonably consistent DFcB, an o, f-unsaturated ketone with two electrochemically
results have been obtained for redox couples with widely nonequivalent ferrocenyl substituents, was chosen as redox
differing formal potentials in the adjoining phas€§ce As couple in the organic phase. The thin-layer protocol has been
shown in Table 1, the observed correlation between the overall shown not only to give a more distinct voltammetric response
driving force and the bimolecular electron transfer rate constantsthan conventional solution chemistry for bifunctional molecules
agrees with the general trend reported previously. Under both but also to provide a simple way to evaluate the bimolecular
neutral and acidic conditions, an increase of the thermodynamicrate constants for two-step cross-phase electron transfer pro-
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cesses. Because these processes are associated with the two (8) (a) Zhang, J.; Unwin, P. Rl. Phys. Chem. 200Q 104, 2341~
redox centers on the same reactant molecule at a single interfaceZ3¢ ™ 4(% Zhang, J; Barker, A. L.; Unwin, P. 8. Electroanal. Chem.
the new system permits a reliable examination of the dependence (9) () Shi, C.. Anson, F. CAnal. Chem1998 70, 3114-3118. (b)

of the cross-phase electron transfer kinetics on the overall shj, C.; Anson, F. CJ. Phys. Chem. B998 102, 9850-9854. (c) Shi, C.;

thermodynamic driving forces.
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