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KINETICS OF MEDIATED ELECTRON TRANSFER BETWEEN VIOLOGEN
GROUPS IN A SELF-ASSEMBLED MONOLAYER AND METAL COMPLEXES IN
SOLUTION

Thomas Schneider, Shauna Hiley, and Daniel A. Buttry*
Department of Chemistry
University of Wyoming
Laramie, WY 82071-3838

Abstract

The kinetics of the thermodynamically downhill outer-sphere electron transfer
between viologen redox groups embedded within several different types of self-assembled
monolayers (SAM’s) on Au electrodes and RU(NH3)63+ in solution are examined. These
cationic SAM’s are shown to be very good barriers for blocking direct access of the cationic

metal complex to the underlying electrode, thus forcing e!ectron exchange between the metal

complex and the electrode to occur by virtue of mediation through the viologen redox groups.

This allows measurement of the rate constant for the electron exchange cross reaction (kcrg)
between the one-electron reduced form of the embedded viologen (V*) and Ru(NH3)63+.
When the viologen redox group is "buried" within the SAM (i.e. has an alkyl or fluorocarbon
chain or a cholesteryl moiety between it and the solution), the observed cross reaction rate
constants seem to be primarily influenced by the degree of defectiveness of the monolayer,
making quantitative discussion of the rate constants difficult. For the case of a SAM which
has a pendent viologen group directly exposed to the solution (i.e. present at the
monolayer/solution interface rather than "buried” within the hydrocarbon layer of the SAM),
the system is more well-behaved, making it possible to give a quantitative comparison
‘between the experimentally observed rate constant, kg, and that calculated from Marcus
theory using the known *alues of the seif-exchange rate constants for these two redox
couples, kerg th. These values are: kerg = 1 x 10° M1 571 and Kersth = 1% 107 M 151, The
rather large difference between these values is primarily attributed to a distance dependence
of the electron transfer rate constant for the SAM system due to the presence of a methyl
group intervening between the viologen redox group in the SAM and the ruthenium complex
in solution. Other possible origins of the depressed rate in the SAM are also discussed. To
cui knowledge, this study represents the first application of Marcus theory to electron

exchange cross reactions in monolayer systems.

Tor




Introduction

One of the driving forces for the large and growing body of work on self-assembled
monolayers (SAM’s) (1) is their potential for use in studies of electron transfer kinetics at
‘highly structured interfaces. Several groups have applied SAM technology to this problem.
For example, Chidsey (2) and Finklea and coworkers (3) have both used SAM methodology
to produce interfacial structures in which redox groups are held at fixed distances from the
electrode surface, thereby allowing for the determination of electron transfer rate constants at
well-defined distances and/or as a function of distance. These elegant experiments are
especially relevant given the high degree of current interest in understanding those factors

which influence the rates of long range electron transfer (4).

Our group has developed a series of self-assembling viologen derivatives which bear
thiol or disulfide functionalities at the ends of long alkyl chains. These functionalities allow
for these molecules to be covalently anchored to Au and Ag surfaces to form stable SAM’s
which are essentially irreversibly adsorbed. These SAM structures have been used to address
questions related to the coupling between ionic motion in and out of the monolayer and the
transfer of electrons between the redox groups in the monolayer and the underlying electrode
(5), as well as the influence of the position of the redox group within the monolayer structure
‘on its redox properties (6). As part of a continuing effort to understand interfacial electron
transfer in such systems, we describe here a series of experiments in which these viologen
derivatives are used as mediators to transfer electrons between the underlying electrode and
redox couples present in solution. As will be discussed further below, the expeiimental
conditions employed allow one to extract the rate constant for the electron exchange cross
reaction between the viologen group (embedded in the SAM) and the redox species in
solution. Comparison of these experimentally obtained rate constants with theoretical
predictions from Marcus theory reveals that cross reaction which occurs in these

self-assembled monolayers is essentially the same as that which would occur in solution.
Experimental

All chemicals used in synthesis and electrochemical experiments were of reagent
grade or better. Water was purified by a Millipore purification train and was used for all

electrolyte solutions.

Synthesis:




All of the derivatives were synthesized according to the general route shown in
Scheme 1. The methyi terminated derivatives (vide infra) were all prepared as thiols, while
the other derivatives were prepared as dislufides. Significant differences in behavior were
observed for these two types of anchoring groups which will be discussed in a future

publication.

N-(methyl)-N’-(10-mercaptodecyl)-4,4’-bipyrdinium iodide bromide (1V10SH) was
synthesized by the following precedure. Methyl iodide was reacted with 4,4’-dipyridyl in a
0.9 to 1 ratio for 3 hours in acetone at reflux. The precipitate was collected and washed with
-acetone 3 times to remove unreacted starting materials. NMR revealed pure
N-(methyl)-4,4’-bipyridinium iodide. The second alkyl chain was attached by dissolving this
product in DMF and reacting it with a 1:1 molar ratio of 10-bromo-1-decyl thioacetate for 36
hours near reflux. The precipatate was collected, washed 3 times with acetonitrile, and
characterized by NMR. The thioacetate was cleaved to the thiol by dissolving in 50 mL of
dry, cold, degassed methanol, then adding 5 mL of acetyl chloride. While stirring, the
solution was allowed to warm to room temperature for 3 hours under N5 purge. The solid
was isolated by evaporation of the solvent and other materials.

N-(methyl)-N’-(12-mercaptododecy!)-4,4’-bipyridinium iodide bromide (1V12SH)
was prepared in a similar manner to 1V10SH, using 12-bromo-1-dodecyl thioacetate rather
than 10-bromo-1-decyl thioacetate.

N-(methyl)-N’~(16-mercaptohexadecyl)-4,4 -bipyridinium iodide bromide (1V16SH)
was prepared in a similar manner to 1V10SH.

Bis[N-(n-decyl)-N’-(10-mercaptodecyl)-4,4’-bypridinium] disulfide dibromide
(10V108S-)y was prepared as previously reported (5).

Bis[N-(cholesteryl)-N’-(5-mercaptopentyl)-4,4’bipyridium] disulfide tosylate iodide
(ChoVsS-)y Cholesteryl p-toluene sulfonate (Sigma Chemical) was reacted with
4,4’-dipyridyl at a 0.8 to 1.0 molar ratio in a minimal amount of a 50/50 mixture of acetone
and acetoniiniic. Afic: efluaing for 48 h die precipitate was fltereC and rinsed with acetcic.
NMR revealed pure product (N-(cholesteryl)-4,4’-bipyridinium p-toluene sulfonate).
Attachment of the second alkyl chain was achieved by reaction with a five molar excess of

1,5-diiodopentane for 2 days under nitrogen in DMF. The solvent was removed and the




product was washed with ether to remove excess 1,5-diiodopentane. Production of the
thiouronium salt was achieved by reaction with a 5 molar excess of thiourea in DMF under
nitrogen for 3 days. Solvent was again removed and the product’s structure and purity were
characterized by NMR. Cleavage of the thiouronium salt to produce the thiol was achieved
by reaction with a 3:1 molar excess of Proton Sponge (Aldrich Chemical) in DMF under
nitrogen. After 3.5 hours, 10% HCI was added dropwise until a pH of 4.0 was obtained.
Solvent was then removed leaving the ChoV5SH and excess Proton Sponge which was
extracted by washing with 1% HCL 3 times.

Bis[N-(n-1H,1H,2H,2H-perfluorododecyl)-N’-(5-mercaptopentyl)-4, 4’-bipyridinium]
disulfide diiodide (F10H2VS5S-), was prepared by the following procedure.
1-iodo-1H,1H,2H,2H-perfluorododecane (PCR) was reacted at reflux with 4,4’-dipyridyl at a
1.0 to 1.0 molar ratio in acetone. After 3 days the precipitate was filtered and purified by
Soxhlet extraction with high boiling petroleum ether. NMR revealed a pure product
(N«(n-1H,1H,2H,2H-perfluorododecyl)-4,4’-bipyridinium iodide). Attachment of the second
alky! chain was achieved by reaction with a 5 molar excess of 1,5-diiodopentane in
acetonitrile for 24 h. The precipitate was collected and washed with acetonitrile. NMR
revealed pure product. The thiouronium salt was prepared by reacting this material with a 5
molar excess of thiourea in DMF under nitrogen for 24 h, after which the solvent was
removed. The product was washed with acetone 3 times to remove excess thiourea and
characterized by NMR. The thiouronium salt was cleaved to produce the thiol by stirring and
modest heating in ethanol for 4 hours with a slightly less than 1 molar ratio of bicarbonate.
Upon cooling the thiol precipitated and was collected and washed with cold ethanol.

Electrochemical measurements were made using a locally built potentiostat with an
analog ramp generator or a BAS 1000. A standard H-cell was used for all electrochemical
experiments and cleaned in hot nitric acid for 12 h prior to use. A SSCE was used as the
reference electrode, to which all potentials are referenced. The counter electrode was a
platinum wire. The thin film gold working electrodes (with geometrical areas of (.34 cmz)
were prepared by vapor deposition onto quartz substrates (AT-cut, chemically polished single
crystal quartz wafers from Valpey-Fisher). Prior to Au deposition, an adhesion layer of
3-mercaptopropyl trimethoxysilane was deposited onto the quartz surface, using the method
described by Majda (7). These Au electrodes had an effective surface roughness of 1.2
measured by iodine chemisorption (8). All calculations of surface coverage are corrected for
this surface roughness. The use of AT-cut quartz substrates for electrode preparation allowed
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the use of an electrochemical quartz crystal microbalance (EQCM) to simultaneously monitor
electrochemical processes and mass changes at the electrode surface. The instrumentation
used for this has been described elsewhere, as have the considerations pertaining to its use to
measure mass changes in monolayer samples (9). Solutions were thoroughly purged with Ar
prior to the electrochemical measurements. This was especially critical in the present study

due to the rapidity of the reaction between oxygen and V¥,

The following proceedure was used to prepare stable, self-assembled monolayers of
these compounds. A saturated solution of the viologen was prepared in either methanol or
ethanol. One or two drops of this saturated solution were added to 10 to 15 ml of 0.1 M NaCl
electrolyte. To periodically (ca. every 3-5 hours) assay the surface coverage using cyclic
voltammetry, the coating solution was removed and the monolayer was rinsed with 95%
-ethanol prior to transfer to a solution of pure supporting electrolyte. Typical coating times
ranged from 2 to 24 h. Following this coating procedure, the SAM’s were exposed to an
ethanol solution containing a straight chain alkyl thiol of the appropriate iength to "seal" the
inner alkyl chain region of the monolayer, thereby preventing penetration of the solution
phase redox reagent through the monolayer to gain direct access to the electrode. The length
of this alkyl thiol was chosen so as to match the length of the inner chain of the viologen
derivative (e.g. dodecane thiol to "seal" the 1V12SH monolayer). This process has been
shown to produce high quality SAM’s which can be used to hold pendent redox groups at
well-defined distances from the underlying electrode surface (2,3). However, in the present
case its sole purpose is to prevent direct communication between the electrode and the
solution phase redox reagent, thereby forcing electron exchange between the solution phase
redox couple and the electrode to occur by virtue of mediation through the viologen redox
moieties within the SAM. This set of procedures was found to give fairly reproducible
surface coverages which are near the saturation limit, based on parallel orientation of the long
axis of the viologen ring system with respect to the surface normal. This orientation is
‘consistent with the observed surface coverages and projected geometrical area of the
viologen in the "end on" orientation. It is also in agreement with spectroscopic
determinations of orientation based on the surface selection rules using infrared reflection

absorption spectroscopy and surface enhanced Raman spectroscopy (10).

Results and Discussion
A. Kinetic Model
These viologen SAM’s have previously been demonstrated to exhibit the




well-defined, chemically and electrochemically reversible redox responses of the viologen

1edox moiety (5,6), as represented by the following equation:
V23 S e <eem> vt o+ e aem> v

where V2* represents the fully oxidized form of the viologen group, V* the one-electron
reduced form, and VO the fully reduced form. The exact potentials at which these redox
processes occur depend on the nature of the counterion of the viologen group in the
monolayer (5,6) and the position of the viologen group within the monolayer (6), but they fall
in the range of -0.35 to -0.50 V for the first reduction and -0.70 to -0.90 V for the second
reduction. For the purposes of the present discussion, we focus our attention on the first
reduction, which produces the one-electron reduced cation radical, v*. As will be
demonstrated below, the electron exchange between V* and Ru(NH3)63+ is
thermodynamically downhill by around 0.25 V, so that production of VT within the SAM
(e.g. during a cyclic voltammetric (CV) experiment) in the presence of Ru(NI—I3)63+ in

solution leads to electron exchange according to the following equation:

Kers
vt 4 Ru(NH3)g3* > V2t 4 Ru(NH3)g2t (2)

provided that the two reagents can gain access to one another and that the rate for the process
is sufficient to allow its observation on the time scale of the CV experiment.

The electrochemical determination of kerg for this situation is somewhat complicaed
by the possible influence of other kinetic processes on the overall rate of electron flow from
the electrode, through the viologen SAM, and into the Ru(NH3)63Jr redox reagent in
solution. Figure 1 shows a diagram of the electrode/SAM/solution interfacial region along
with schematic descriptions of these other processes, where kg (with units of s‘l) represents
the rate constant for the heterogeneous electron transfer between the electrode and the
viologen redox group and kg (With units of m-1 s'1) represents the rate constant for the
electron transfer between V* and Ru(NH3)63+. Keeping in mind that an electrochemical
determination of k¢rg requires measurements of currents associated with passage of electrons
between the electrode and Ru(NH3)63+ by virtue of mediation by the viologen redox group,
we switch our attention to the currents for each of these processes, namely ig and i¢ys,

respectively. These kinetic currents will bear the following relationship to the overall,




observed current, ighg:

l/lobs 1/lq + l/lch (3)

as is always observed for kinetic processes which occur in series. This relationship is similar
to one previously used to evaluate cross reaction rate constants between polymer-bound
redox couples and redox species in solution (11).

The following two equations give the steady state formulations of the two kinetic
currents described above in equation 3. These formulations are quite useful in identifying
those quantities which influence the two rate processes of interest. The two currents are given
by:

I

nFAkgT (4)

i

n F A kers T [Ru(NH3)6>*] )

Icrs

where n is the number of electrons transferred (n=1 in the present cases), F is the Faraday
constant, A is the electrode area, and I' is the surface coverage of the viologen redox moiety.
Consideration of these two equations suggests that there may be conditions under which
either ig or icrg individually limit (and therefore can be equated with) the overall observed
current. For example, at high concentrations of Ru(NH3)63+, small values of kg, or large
values of kg, the observed kinetic current will be limited by the heterogeneous electron
transfer process, leading to the case in which ighg = ig. Conversely, at low concentrations of
Ru(NH3)63+, large values of kg, or small values of k¢, the observed kinetic current will be
limited by the cross reaction rate, leading to the case igpg = icps. This latter case is of interest
here, for it provides a direct measure of the rate constant for the cross reaction between the
immobilized redox group and that in solution. The proper formulation of i¢pg for a
non-steady-state, CV experiment and the manner in which kg is extracted from the data wiil
be presented below.

There is some uncertainty as to how anion motion in and out of the monolayer during
these electron transfer events (5,6) will influence the apparent values of the rate constants, kg
and kerg. We will return to this point below, but note for the moment that it has been shown

(12) that under conditions in which ion motion is conicerted with (or coupled to) electron
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transfer reactions, the apparent rate constant for the electron exchange processes of interest

can be influenced by the rate process associated with the inion mo*ion.

B. Determination of kg

The kinetic sciieme discussed above makes it clear that in order to prope:ly evaluate
the situation which prevails under a given set of experimental conditions, it is necessary to
have at least a qualitative estimate of the values of kg for the SAM’s used in the cross
reaction experiments. Determination of these values of kg for several SAM types was done
using procedures similar to those previously employed by Chidsey (2), Finklea and
coworkers (3), and Hong and Mallouk (13). The kinetic responses of the "sealec" SAM’s
were probed using rapid scan CV experiments, and the separations of the anodic (Ep,a) and
cathodic (Ep,c) peak potentials as a function of scan rate were used to calculat: the values of
ks. The theory for this method has been discussed by Laviron (14). For these experiments,
since the value of kg is of interest, there was no Ru(NH3)63+ present in solution.

Figure 2 shows an example of the increase in peak separation (for the first reduction)
with increasing scan rate for 1V10SH, and Figure 3 shows a plot of Ep 4 and Ep, ¢ versus log

v, where v is the scan rate in V sl

, also for 1V10SH. Proper analysis (14) of these data gives
the values of kg for both the cathodic (kg ¢) and anodic (ks 5) electron transfers, as well as the
transfer coefficients for both directions (a and 1-a, respectively). These values are given in
Table 1 for several different viologen SAM’s. The transfer cocfficients are clearly too small,
a phenomenon which h:.s been attributed to defectiveness in the monolayer (13,15). This
makes the quantitative use of these rate constants for evaluation of the distance dependence
(between electrode and redox group) of electron transfer rates problematic at best, and this
type of analysis is not included here for that reason. Nevertheless, the values given in Table 1
are not unreasonable in comparison to those reported by Chidsey (2) and Finklea and
coworkers (3) for ferrocene and a ruthenium pentaamine pyridine complex, respectively,
immobilized at the exterior o{ ulkyl thiol SAM’s. Further, these data clearly show that the
rate of transferriag electrons from the electr>de to the viologen redox groups within the SAM
is quite fast, suggesting that conditions can be found in which the cross reaction rate constant

limits the overall current.

C. Determination of K¢y
With at least a qualitative knowledge of the kinetic currents expected for the
heterogeneous electron transfer reaction between the electrode and the viologen group




10
embedded within the SAM, we now proceed to measurements of the cross reaction rate
constant. Figure 4 shows the consequences of adding Ru(NH1)gCl3 to the solution prior to a
CV scan over the first reduction wave. There are several salient features of this figure. First,
the difference in the formal potentials of these two redox couples (for V2+/+, El = .045V
and for Ru(NH3)53+/2*, L= -0.20) is readily apparent, and indicates that the cross reaction
between them ~hould be downhill by 0.25 V in the present case. Second, in the presence of
the viologen SAM, the lack of any discernible current at the potential at which Ru(NH3)63*
would be reduced at a bare electrode strongly suggests that this cationic metal complex
cannot permeate the cationic SAM to gain direct access to the underlying electrode. Third, in
the presence of Ru(NH3)g3™ the reduction peak for the V2*/* couple is shifted to
.considerably more positive potentials than in the absence of Ru(NH3)63+, and it is also made
completely irreversible. Taken together, these observations suggest that Ru(NH3)63"” is
reduced by reaction with V* according to equation 2, and is not reduced by gaining electrons
from the electrode directly.

The steady state kinetic treatment described above is quite straightforward, and
should apply to the case of measurement of the kinetics for i.terfacial reactions using rotating
disk voltammetry, as previously described by Anson (11b) and Murray and coworkers
(11a,16). The simplicity of this steady state treatment prompted us to attempt to extract k.rg
from rotating disk experiments. However, the monolayers were not sufficiently stable under
these conditions to allow for reliable extraction of ki:.ctic values from the experimental data.
The instability seemed to be related to passage of large currents through the SAM during the
mediation. Since the monolayers appeared more stable toward repeated CV experiments at
more modest currents, an alternative procedure was employed for measuring kerg which is
based on a kinetic scheme originally developed by Andrieux and Saveant {17) for reaction
between an immobilized catalyst and a redox reagent in solution. Their model, which applies
to pote-.tiodynamic, not steady state, conditions, is pertinent to the present case because all of
the current which flows to Ru(NH:;)(,3+ is mediated by the v2+/+ couple, which, therefore,
acts essentially as 3 redox catalyst. Basically, the model allows direct calculation of t/.c
apparent rate constant for the mediation process, kohs, from the shift in the peak potential for
the mediated wave during a CV experiment according to the following equation:

Ep,med = EOV - 0.78(RT/F) + (RT/F)In{kohsTADRuFUW/RT)2}  (6)

where Ep med is the peak potential for the mediated current, E®y is the formal potential for
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the V2+/+ redox couple, DRy, is the diffusion coefficient of Ru(NH3)g>*, and the other
quantities have already been defined. Note that we identify the experimentally observed rate

constant as kophg because it could, in principle, contain contributions from kepg and/or k.

The Andrieux/Saveant model also predicts that the observed peak current tor a

mediated electron transfer process, igbs,p, Will be given by:
iobs,p = 0496 F v [Ru(NH3)6>+] DRy !/ (Fu/RT)1/2 7

where the quantities are as before. This equation applies when the kinetically limiting current
is icrg (i-e. ig >> icrs, SO igbs = icrg), meaning that the electrode reaction can reduce the
pendent viologen groups much faster than they are oxidized by the Ru(I\IH3)(r,3Jr which is
delivered to the surface by diffusion from solution. The equation shows that the current peak
behaves as for a diffusion process, depending on the square root of scan rate, thc
concentration of the solution phase redox couple, and the square root of its diffusion
coefficient. On the other hand, under condition where the observed current is limited by the
inner electron exchange (i.e. between the electrode and the bound viologen redox couple), ine
peak current should depend on the first power of scan rate, and have no dependence on either
the concentration or diffusion coefficient of Ru(NH3)63+. Given that the two possible
kinetically limiting currents are related as in equation 3, these considerations suggest that a
plot of 1/ipbs, |, versus 1/[Ru(NH3)63*] (at a constant scan rate) should be linear, with a siope
of (0.496 F v DRuUz (Fv/RT)l/z)'l. The intercept of the linear portion of the plot should

give is,p’ the peak current for the ig process at that scan rate.

Figure 5 contains a plot of 1/iphg p versus 1/[Ru(NH3)63+]. The plot clearly shows a
non-zero slope, from which a value of DR, = 1.9 x 1076 cm? 571 can be extracted. This is

2 51 which was independently determined

essentially identical to ihe value of 2.1 x 10% cm
from potential step chronoamperometric experiments. The lineatity of the plot and the very
good agreement between these two values of DR,, argue compellingly that, under the

conditions of the experiments in Figure 5, the kinetically limiting current is i¢crg.

Another test of the relative magn.tides of ig and i¢rg is based on whether the inner
electron exchange rate process is capable of maintaining all of the viologen redox groups
embedded within the SAM in the reduced form throughout tbe mediation process. Since

previous electrochemical quartz crystal niicrobalance (EQCM) studies have demonstrated
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that charge compensating anion expulsion accompanies the reduction of V2* 16 V* in these
systems (5,6), this suggests that one way of addressing this question is to determine the
change in anion population of the SAM during the reduction process in the presence and
-absence of Ru(NH3)(,3+ using the EQCM. Figure 6 shows EQCM results of three separate
CV experiments conducted without Ru(NH_o,)G3 * present (curve A), at a low concentration of
Ru(NH3)g3* (curve B), and at a high concentration of Ru(NH3)g3* (curve C). These results
clearly demonstrate that a net mass loss (frequency increase) occurs during and throughout
the reduction process, with this mass loss being attributed to anion expulsion. The magnitude
of this mass loss is the same in curves A and B, indicating that the number of anions lost is
the same in these two cases. This strongly suggests that essentially all of the viologen redox
groups are maintained in the one-electron reduced state during the mediation process (at low
[Ru(NH3)63+]), implying that the inner electron exchange process is kinetically capable of
supplying electrons faster than they are consumed by the outer cross reaction. On the other
hand, at the higher Ru(NH3)63* concentration used in curve C, the EQCM results reveal that
less anions have been expelled during the reduction process. This is because a fraction of the
population remains in the V2+ state during this scan. This fraction retains its anions, leading
to a net mass loss (anion expulsion) which is smaller than those in curves A and B. This
suggests that at this higher [Ru(NH3)63+], the inner electron exchange process is no longer
‘capable of supplyiug electrons fast enough to maintain all of the viologen redox groups in the
reduced form, leading to simultaneous coexistence of V2+ and V* within the SAM even at
potentials where there would be no VZ+ in the absence of Ru( NH3)53+. Thus, as the
concentration of Ru(NHg,)63+ is increased, kinetic control of the current is delivered to the
inner electron exchange process, as predicted by Equations 3-5, with the relative populations
of V2* and v+ being determined by the relative magnitudes of ig and icrs. These results are
quite interesting in that they show how it is possible to diagnose the kinetic situation which
prevails under a given set of conditions by using the EQCM to monitor the steady state
populations of various species at the electrode surface.

These EQCM results and the plot in Figure 5 constitute clear evidence that ig is larger
than icpg at concentrations of Ru(NH3)63+ in the range of 0.1 - 5.0 mM and scan rates near
50 mV s~ This implies that the observed kinetic currents can be used to calculate ke in
that range of concentrations, so long as the peak current can be shown to depend in the proper
way on [Ru(NH3)53+] and scan rate. Thus, k¢rg values for all of the SAM’s studied were
'obtained from peak shifts at a [Ru(NH3)63+] of 0.5 mM aad scan rate of 50 mV s™1, and are
reported in Table 2, along with the surface coverages of the viologen groups in the "sealed"




SAM’s, their formal potentials, and the peak potentials of the mediated waves. Note that
these cross reaction rate constants have units of M1 s as is appropriate for second order
rate constants.

We return to a discussion of the relative values of these cross reaction rate constants
below, but first it is useful to place these values in context with expectations derived from the
Marcus cross reaction relation. Thus, for the methyl terminated 1V10SH SAM a Marcus
theory estimate of the predicted solution phase cross reaction rate constant, kers ¢h (also
given in Table 2), was calculated using the following relationships (18):

kers th = (k11k22K12f12) /2 8)

where k11 is the self-exchange rate constant for the Ru(NH3)g3*/2* couple (taken as 4 x 103
M-1 571 (19)), ko5 is the self-exchange rate constant for the V2*+/1+ couple (taken as 8 x 100
M1s] (20)), K12 is the equilibrium constant for the process (calculated from the difference
in formal potentials of Ru(NH3)63+ and the embedded viologen group of 0.25 V), and f17 is
given by (18):

log 12 = (log K12)? / 4 log (k11%22/Zhomo?) 9)

where Zpomg is the homogeneous collision frequency (taken to be 1011 M1 s‘l). Use of the
appropriate values in equations 8 and 9 predicts a value of kerg th of 1 x 107 M1 51, Note
that this calculation uses the reported solution phase self-exchange rate constants, but a
driving force calculated from the difference in redox potentials between the ruthenium
complex in solution and the viologen group in the SAM. Since the viologen redox potential in
solution (estimated from the formal potential of dissolved dimethyl viologen of -0.71 V) is so
much more negative, use of these relationships to estimate the cross reaction rate constant in
solution gives a value of 4 x 108 M1 571, considerably larger than the SAM estimate.

The value of 107 M~} s° calculated for Kers, th for the SAM cross reaction is
considerably larger than any of the experimental k¢g values given in Table 2, which range
between 10% M1 571 for the SAM’s with viologen groups embedded within the monolayer
and 105 M1 571 for those which are methyl terminated, thereby placing the viologen group
nearer to the SAM/solution interface. That ke ¢h is so much larger than the kepg values for
the buried SAM’s is probably due to an inability of the Ru(NH3)63+ complex to closely




ﬁ

14
apprcach the buried viologen group because of the steric constraints imposed by the alkyl or
perfluoroalky! chains. This will lead to a small cross reaction rate constant because of the
very strong distance dependence of electron transfer rates (2-4). (As an aside, these data
suggest that it may be possible to use results of this type to determine the distance
dependence of these cross reaction rates, a topic which we are exploring.) An exception to
this behavior for the embedded cases is presented by the derivative bearing a cholesteryl
group at the SAM/solution interface. For this molecule, the cross reaction rate constant
.appears to be quite high. However, we have reason to believe that the monolayers fored
form this species are highly defective, thereby allowing reasonably direct access of
Ru(NH3)63+ to the viologen group. Kaifer and coworkers (21) have recently reported on
similarly defective monolayers formed by reversible adsorption of (non-covalently anchored)
viologen derivatives bearing terminal cholesteryl groups, a finding which corroborates this.

In contrast to the cases in which the viologen group is embedded within the SAM, the
data for the 1V10SH, 1V12SH, and 1V16SH SAM’s should be more comparable to the rate
constant predicted by Marcus theory, given that Ru(NH3)63+ can approach the viologen
redox group within the SAM much more closely. However, in spite of this, the k¢rg values
for all three of these SAM’s are uniformly about two orders of magnitude below K¢y h. This
large difference between the predicted and observed values for the cross reaction rate
constants for the three methyl terminated systems could have several possible origins. First, it
is possible that the kg values are, in fact, not large enough to be neglected in the kinetic
analysis, and are limiting the observed kinetic currents. However, this is unlikely given the
.dependence of the observed kinetic currents on [Ru(NH3)63+] as shown in Figure 5, and the
EQCM results. Second, it is possible that the electrostatic work done in bringing
Ru(NI-Ig)G:"+ up to the surface prior to reduction is depressing the apparent rate constant, in
what would essentially be a kinetic double layer correction for the monolayer system (22).
However, we have explored the dependence of the apparent rates on ionic strength, and find
no dependence in the range 0.1 to 1.0 M, indicating that work terms are not important at the
0.1 M ionic strengths used for these kinetics experiments. Further, past EQCM studies of
these viologen SAM systems indicate that essentially all of the immobilized viologen groups

are electrostatically neutralized by virtue of the presence of charge compensating anions

within the monolayer. Thus, it seems intuitively reasonable that this charge compensation
(which behaves, in the extreme, as ion-pairing (5)) would serve to screen out electrostatic
repulsion between Ru(NH3)63+ and the surface bound viologen groups, thereby minimizing
or even eliminating any electrostatic work associated with bringing Ru(NH 3)63+ up to the
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surface. Third, it is possible that the outer sphere reorganization energies which are almost
certain to dominate the rate constants in the solution self-exchange cases may be
considerably different in the SAM than in solution, which might lead to a rate depression
relative to the solution case. Fourth, there could be subtle distance and/or orientational effects
for the SAM cross reaction which jointly conspire to depress the rate constant below the
Marcus value. Fifth, it is possible that the cross reaction electron transfer event requires
simultaneous motion of ions into or out of the monolayer. In such a situation, the value of
k¢rs might be influenced by the rate constant for the ion motion (12) as discussed above,

leading to an apparent value of kg which is not predictable by the Marcus relations.

There are several considerations relevant to the discussion of the rate of ion motion at
this point. First, EQCM measurements on these SAM’s in absence of redox couples in
solution have consistently demonstrated that anion expulsion is coupled to the injection of
electrons into the monolayer (and vice versa) to maintain charge compensation within the
monolayer. Figure 6 shows that this also occurs during mediation. While these results do not
speak directly to the issue of the possible influence of ion motion on kg, they do suggest the
possibility that anion insertion into the SAM is transiently required in order for the cross
reaction process shown in equation 2 to occur. If this is true, then the coupling of anion
insertion with the cross reaction might lead to a dependence of kqrg On the rate constant for
the ion motion process. A problem with this interpretation is that anion inserticn and
expulsion must also occur during the rapid scan CV experiments designed to elucidate the
values of kg for these SAM?s, yet the kg values obtained in these rapid scan experiments
imply much larger rates for the inner (kg) than the outer (k¢rg) electron transfer processes.
These results speak strongly against anion motion as being rate limiting for the cross
reaction. Second, given that the inner electron transfer rate appears to be so large for these
SAM'’s it does not seem unreasonable to speculate that transient charge compensation during
the cross reaction could be achieved by electron transfer from the electrode to the viologen
redox group rather than anion motion. In this case, there would be no influence of ion motion
on Kcrs. Thus, in the absence of any data directly linking ion motion to the observed rate
constants, we favor the other possibilities discussed above as candidates for the cause of the
relative rate depression in the SAM’s.

We consider now the distance and/or orientation dependence argument. Given that the
predicted solution phase cross reaction rate constant is well below the diffusion controlled
value of ca. 1011 M1 571 it is anticipated that in solution the two reaction partners are able
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to freely sample a wide range of possible orientations prior to the actual electron transfer
event. Thus, during the many collisions which would take place in a particuiar encounter
between Ru(NH;;)G3+ and V*, the metal complex would likely find itself gaining direct
access to the ring system of the viologen species several times. However, in the SAM cross
reaction experiment the ruthenium complex is constrained to approach only as close as will
be allowed by van der Waals contact with the terminal methy] group of the viologen
derivative, a distance of ca. 4-5 A (23). If the solution phase cross reaction rate constant
pertains to the case of closest contact of the ruthenium complex directly with the aromatic
ring system, then we can estimate the predicted change in the rate constant caused by the
interposition of the methyl group in the traditional way using (3,4,18):

k = ko e Pr (10)

where k is the rate constant at closest contact (i.e. the cross reaction rate constant predicted
above using the Marcus cross reaction relation, Equation 8), k is the rate constant at some
farther distance, r, and p is a decay constant. For non-protein systems with covalently linked
spacers, B is in the range of ca. 0.7 - 0.9 A-1 (4). Using the ranges of values for § and r and
taking kg =1 x 107 M1 s’l, one arrives at a range of values for k of (1 - 6) x 10° M- 11,
Thus, this distance dependence correction seems to account for nearly all of the discrepancy
between kerg and kerg th. Given the typical accuracy of rate constant measurements of this
type (ca. a factor of 2) and the level of agreement between theory and experiment generally
obtained by Marcus theory calculations (within an order of magnitude), additional discussion

of remaining discrepancies would seem inappropriate.

Conclusions

While outer-sphere electron mediation from redox groups within adsorbed
monolayers to solution phase redox reagents has been reported previously (21,24), to our
knowledge this study represents the first detailed application of Marcus theory to electron
exchange cross reaction kinetics in monolayer systems. This study has demonstrated that, by
judicious choice of reaction conditions and careful construction of the appropriate SAM
system, it is possible to extract electron exchange cross reaction rate constants from relatively
straightforward electrochemical measurements. Further, in the present case, these rate
constants compare very favorably with those predicted using the Marcus cross reaction
relation (18). Thus, the methods described here should be of general value in determining
cross reaction rate constants for a fairly wide variety of redox reagents, given that one of the
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reaction partners can be immobilized within an appropriate SAM structure.

Given the wide applicability of the kinetic approach described here, it is worthwhile
examining the range of rate constants which can be extracted from such an analysis. This is
most easily done by converting the cross reaction rate constant, ks, into an effective
heterogeneous electron transfer rate constant, kg eff, by multiplying it times the viologen
redox group surface coverage, I' (11a):

ks,eff cms 1) = kers (cm3 mol'l 51y T (molem™) (11)

where the units of the various quantities are given in parentheses. Note that since this
effective heterogeneous rate constant has units of cm s'l, it can be directly compared to the
heterogeneous collision frequency of ca. 104 cms] (17,18), which represents the value of
the largest heterogeneous rate constant that can be measured (i.e. the interfacial diffusion
controlled rate constant). Taking a reasonable value for an experimentally tractable surface
coverage of 10-19 mol cm™2, one predicts that the maximum value of k¢rg Which can be
measured by these methods is near the homogeneous diffusion controlled limit of ca. 1011

M 151, Given this rate constant, Equation 6 predicts a shift of the mediated wave of ca. 400
mV, which represents the maximum possible potential shift. On the other hand, measurement
of very low rate constants (e.g. below 103 m-1 s'l) will be difficult due to the very small
shifts in the peak potential of the mediated wave from the formal potential of the redox

catalyst within the SAM.

It is remarkable that these considerations predict that second order rate constants
approaching the diffusion controlied value can be measured by this method, especially given
the level of difficulty usually associated with measurement of such rapid processes. A
significant factor contributing to this conclusion is that large currents need not be passed to
measure these large rate constants. Usually, electrochemical measurement of large
heterogeneous electron transfer rate constants is accomplished with rapid potential
perturbations (fast scan rates, potential steps, high frequencies, etc.) which frequently lead to
large currents and all of the experimental problems associated with large current
measurements (such as resistive potential drops (22)). In contrast, the present method
generates the kinetic information by virtue of a large potential shift. Thus, since large
currents need not be passed, the associated experimental problems are alleviated. However,

there are several caveats to these conclusions. First, the rate constant for the inner electron



exchange process between the immobilized redox group and the electrode, kg, must be
sufficiently fast so that it does not present kinetic limitations of its own. Given the relative
scarcity of quantitative information on rate constants for immobilized redox species, it is
difficult to make generalizations about this point. Second, the monolayer structure containing
one of the partners in the cross reaction must present an effective barrier for the solution
phase redox reagent, even under conditions of the extremely large driving forces which will
-be required to generate these large rate constants. In other words, when the electrode
overpotential is sufficiently large, the solution phase reagent may be oxidized or reduced
simply by tunneling directly through the SAM, without the benefit of mediation by the
immobilized redox group. These two factors will probably provide upper limits on the values
of rate constants that can be measured by the method described in this study, however, in the
absence of more quantitative information on these processes it is difficult to make predictions

of these upper limits.

The fact that the Marcus model works as well as it does in the present case, given the
distance dependence correction discussed above, suggests that the intrinsic barrier for the
cross reaction is not too different in the SAM than it is in solution. For the V* and
Ru(NH_o,)G3+ reaction partners, this barrier is likely to be dominated by the outer sphere
reorganization energy, Ao, which is influenced by the medium through the static (Dg) and
optical dielectric (Dop) constants (where A, is proportional to (1/Dop - 1/Dg) (18)). In the
present case, the change in medium from solution to the interior of the SAM does not seem to
‘have much influence on the distance corrected rate constant, probably due to the dominance
of 1/Dop over 1/Ds. This is expected for relatively polar media, where the Dgp values are
much smaller than the Dg values. These considerations suggest that, while the intrinsic
electron transfer reactivity of molecules within monolayer structures is relatively unaffected
by the medium, the overall rates of reaction may be very different due to the influence of the
structural features of the monolayer assembly, such as steric congestion, distance effects, etc.
This finding lends strong support to the continuation of studies of the structural features of
these assemblies, since they seem to constitute the primary way in which the reactivity of
interfacial species can be manipulated.
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Figure Captions

1. Schematic of the kinetic situation at the electrode/SAM/solution interface, where n and
m represent the number of methylenes in the inner and outer alkyl chains, respectively,
A’ is the charge compensating anion within the SAM (see text), and Ox and Red are
Ru(NH3)¢>* and Ru(NH3)62", respectively.

2. CVscans of a 1V110SH monolayer with I' = 0.87 x 10710 mol cm™ in 0.1 M NaCl at
scan rates of 1 V571 (upper curve) and 25.6 V 571 (lower curve).

3. Plotof Ep a (upper curve) and Epc (lower curve) versus log scan rate (in V s'l) for the
1V10SH monolayer shown in Figure 2.

4. CV scans for a) 1V10SH monolayer in 0.1 M NaCl with T =3.3 x 1010 mol cm™= at a
scan rate = 100 mV s™1, b) the same monolayer in 0.1 M NaCl + 0.5 mM Ru(NH3)gCl3
at a scan rate = 50 mV s‘l, and c) 2.0 mM Ru(NH3)gCl3 at a bare electrode in 0.1 M
NaCl at a scan rate of 10 mV s™1.

5. Plotof 1/ighg p vs. 1/[Ru(NH3)63+] for a 1V16SH monolayer with I’ = 3.3 x 1010
mol cm™2 under the same conditions as in Figure 4b, except for changing
[Ru(NH3)6>*1.

6.  CV (left) and EQCM (right) scans for a 1V16SH monolayer with T = 3.3 x 10710 mo]
cm™ in 0.1 M NaCl A) scan rate = 200 mV s71, B) scan rate = 100 mV s! and
[Ru(NH3)gCl3] = 0.5 mM, C) scan rate = 100 mV s™! and [Ru(NH3)Cl3] = 30 mM.
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Figure Captions

1. Schematic of the kinetic situation at the electrode/SAM/solution interface, where n and
m represent the number of methylenes in the inner and outer alkyl chains, respectively,
A’ is the charge compensating anion within the SAM (see text), and Ox and Red are
Ru(NH3)6>* and Ru(NH3)g2", respectively.

2. CVscansof a 1V 10SH monolayer with I’ = 0.87 x 10710 mol em™2 in 0.1 M NaCl at
scan rates of 1 V51 (upper curve) and 25.6 V g1 (lower curve).

3. Plotof Ep a (upper curve) and Ep,c (lower curve) versus log scan rate (in V 1) for the
1V10SH monolayer shown in Figure 2.

4.  CV scans for a) 1V1JSH monolayer in 0.1 M NaCl withI" = 3.3 x 10719 mot em™ atu
scan rate = 100 mV s'l, b) the same monolayer in 0.1 M NaCl + 0.5 mM Ru(NH3)Cl3
at a scan rate = 50 mV s, and ¢) 2.0 mM Ru(NH3)gCl3 at a bare electrode in 0.1 M
NaCl at a scan rate of 10 mV s°1,

5. Plot of 1/ighs,p vs. 1/[Ru(NH3)g3*] for a 1V16SH monolayer with I = 3.3 x 10719
mol cm™2 under the same conditions as in F gure 4b, except for changing
[Ru(NH3)6>*].

6.  CV (left) and EQCM (right) scans for a 1V16SH monolayer with " = 3.3 x 1071 mol
cm™2 in 0.1 M NaCl A) scan rate = 200 mV s}, B) scan rate = 100 mV s™! and
[Ru(NH3)6Cl3] = 0.5 mM, C) scan rate = 100 mV 5! and [Ru(NH3)¢Cl3] = 30 mM.
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