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Dense monolayers of [Os(bppy(p3p)F", where bpy is 2,2bipyridyl, py is pyridine, and p3p is

4,4-trimethylenedipyridine, have been formed by spontaneous adsorption onto clean platinum microelectrodes.
Three well-defined waves, corresponding to osmium- and bipyridyl-based redox reactions, are observed in cyclic
voltammetry of these monolayers, where the supporting electrolyte is tetrabutylammonium tetrafluoroborate
(TBABF,) dissolved in acetonitrile. These reactions correspond to the charge stdfes, 2+/1+, and /0,
respectively. Chronoamperometry, conducted on a microsecond time scale, has been used to measure the
heterogeneous electron transfer rate conskésit!, for all three redox processes. For concentrations of TBABF

above 0.1 M, heterogeneous electron transfer is characterized by a single unimolecular rate constant. Standard

heterogeneous electron transfer rate const&ftdave been evaluated by extrapolating Tafel plots of rs
overpotentialy, to zero driving force to yield values of (48 0.3) x 10* s, (2.54+ 0.2) x 1 s%, and (3.3
+ 0.3) x 10* s71 for K342+, K°2+/1+, and K140, respectively. For large values pf these Tafel plots are curved

for all three redox reactions, and while those corresponding to metal-based electron transfer are asymmetric with
respect tay, those corresponding to ligand-based reactions are symmetric. Temperature-resolved measurements

of k reveal that the electrochemical activation enthalpht}, decreases from 434 2.8 kJ mot for the 3+/2+
reaction to 25.8 1.9 kJ mof? for the 14-/0 process. Probing the temperature dependence of the formal potential
gives the reaction entropy\S¢°. The reaction entropy depends on the state of charge of the monolayer with
values of 212+ 18, 119+ 9, and 41+ 5 J moi! K~1 being observed for the432+, 2+/1+, and /0, redox
transformations, respectively. The electronic transmission coeffigigngescribing the probability of electron

transfer once the nuclear transition state has been reached, is considerably less than unity for all three redox

processes. Howeverg is larger for the bipyridyl-based reductions, (240.9) x 1075, than for the metal-based

reaction, (1.5t 0.7) x 1078, This large difference in electronic transmission coefficients may be a consequence
of the redox potentials of the bridging ligand and the remote redox sites being comparable, so that the electronic
states of the bridging ligand contribute to the electron tunneling pathway.

Introduction and for investigating the role of ionic interactions in dictating

Exploring the degree and mechanism of electronic interaction electrochemical responss.

between remote redox centers and an underlying electrode .Ho.vvev'er, redox aqtlve compon.e.n.ts can al_sp be L.'SEd as
surface on which they are adsorbed has been the subject of man{?"1d9ing ligands, offering the possibility of significant virtual
experimental and theoretical investigatiénBarticular attention ~ cUPling (superexchange) if the redox potentials of the bridge

has been focused on self-assembled ferroeafi@nethiol and rem?;[e redox cebnteth Zre s.lmﬂ:;uElechonl ”af.‘fsfﬁr \IiISM o
systems in which a redox inactive alkane chain acts as a bridgingSUperexC ange may be the dominant mechanism it the

ligand between the remote redox centers and the electrode®! 1€ Pridge is close in energy to the donor and acceptor. This

surface? The highly ordered structure of these self-assembled pathway predomina_tes because the closeness_ of _the bridge and
monolayers makes them useful model systems for probing redox center energies acts to reduce the activation barrier to
fundamental issues such as the dependence of the heterogeneoﬁéedr.on tungehng.h Hov(\;ever, for Iqr}g-rafnge'delectrog transfer
electron transfer rate on the reaction free enét@ffihe electron ~ 'eactions where the redox potentials of bridge and reacting

transfer distancéand the molecular structure of the interface  SPEcies are very different, through-space electron transfer
pathways may become important.

® Abstract published im\dvance ACS Abstract#pril 15, 1996.
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Scheme 1 interface. However, the values wof observed for the ligand-

/ based electron transfer reactions are more than an order of
ﬂ — /3 magnitude larger than those observed for the metal-based
N/ N @N§ reaction. These investigations suggest that two-state models

QN—\'S‘/NED that consider just the donor and acceptor may not account for
? important factors that influence the rate of heterogeneous
_N electron transfer across metal/monolayer interfaces.
N | Experimental Section
(CH,)3 Materials. The surface active complex, [Os(bayy(p3p)F+, was

prepared from [Os(bpyEI(p3p)F" which was synthesized as described

~ ‘ previously*¢ 74 mg (0.1 mmol) of [Os(bpyLI(p3p)F+ was placed in
SN 40 cn? of methanol and refluxed for 10 min to ensure complete

dissolution. A solution of 20 mg (0.25 mmol) of pyridine dissolved
. S . T in 5 cn?® of methanol and 50 cfrof water were added, and the solution
This c_ontnbutlor_] reports an investigation into these effects | < refluxed for 15 h. After approximately 202 h the color of the
for osmium-containing monolayers that are spontaneously sojytion changed from red-brown to dark green. The progress of the
adsorbed onto platinum microelectrodes. These immobilized reaction was monitored using HPLC and cyclic voltammetry. After
monolayers have been formed by including d-bjpyridyl type the reaction was complete, the volume was reduced to®Sgrotary
bridging ligand within the coordination shell of the osmium evaporation. Ammonium hexafluorophosphate+96, Aldrich) was
Comp|ex_1e,8 One pyridine is bound to the central metal while then added, and the dark green product was collected by filtration and
the other is available for adsorption onto clean platinum surfaces. washed with diethyl ether. The product was recrystallized from aqueous
The monolayer of interest here is [Os(bgy)(p3p)F* (Scheme methanol to give dark g_reen-bla_ck crystals, yield 68 mg, 87%._ The
1), where bpy is 2/2bipyridyl, py is pyridine, and p3p is colmplex was characterized using IR, BVis, NMR, and cyclic
4,4-trimethylenedipyridine. For simplicity, it is labeled here Vo'iammeiry' Electrochemical cell ¢ tional desi d
as [py(p3p)]. Abfuma and co-workers have probed the electron bparatus. =lectrochemical cetis were of conventional design an

e were thermostated withii#0.2 °C using a Julabo F10-HC refrigerated
transfer characteristics and solvent dependence of the formalgjrc jating bath. All potentials are quoted with respect to a BAS

potential, for redox active self-assembling monolayers based aog/agCl gel-filled reference electrode, the potential of which was 35
on similar osmium complexés. We have also probed the  mVv more positive than that of the saturated calomel electrode (SCE).
kinetics of heterogeneous electron transfer associated with theCyclic voltammetry was performed using an EG&G Model 273
O3+ redox reaction within a family of these monolayers using potentiostat/galvanostat and a conventional three-electrode cell. Al
high-speed chronoamperomei?f. solutions were degassed using nitrogen, and a blanket of nitrogen was

I : intained over the solution during all experiments.
Here, we focus on how the proximity of the bridge energy M@ i )
P y 9 gy In high-speed chronoamperometfya custom built function genera-

levels to the formal potential of the adsorbed redox centers . . .

. tor—potentiostat, with a rise time of less than 10 ns, was used to apply
affects the electron tunneling pathway. The_se ad_so_rbed mFmo'potential steps of variable pulse width and amplitude directly to a two-
layers are excellent model systems for probing this issue sincegjectrode cell. A Pt foil and an Ag/AgCI reference electrode were
they undergo both metal- and bypyridyl-based electron transfer combined to form a counter electrode. The foil lowered the resistance
reactions. The redox potentials for these metal- and ligand- and provided a high-frequency path.
based processes are separated by at least 2.0 V, and while the Microelectrodes were fabricated from platinum microwires (Good-
redox potential of the metal-based oxidation is far from that of fellow Metals Ltd.) of radii between 1 and 28n by sealing them in
the bridging ligand, the bipyridyl-based reductions are within soft glass using a procedure described previotf8lyMicrodisk

0.3 V of the half-wave potential for the reduction of the electrodes were exposed by removing excess glass using 600 grit emery
uncomplexed bridging ligand. paper followed by successive polishing with 12.5, 5, 1, 0.3, and
L 0.05 um alumina. The polishing material was removed between
The kinetic aspects of heterogeneo_us el_ectron transfer to thes"?:hanges of particle size by sonicating the electrodes in deionized water
three redox couples have been studied via chronoamperometrytor 4t least 5 min. The polished electrodes were electrochemically
conducted on a microsecond time scale. These responses argieaned by cycling in 0.1 M HClgbetween potential limits chosen to
remarkably well-behaved over a wide range of time scales, first oxidize and then to reduce the surface of the platinum electrode.
temperatures, and potentials allowing molecular bridge effects, Excessive cycling was avoided to minimize the extent of surface
in particular mediating electronic states of the bridging ligand roughening. Finally, the electrode was cycled betwe€n300 and
(superexchange), on distant charge tunneling to be investigated0.900 V in agueous 0.1 M NaClQuntil hydrogen desorption was

The free energies of activation are different for each of the complete.

. . S The real or microscopic surface area of the electrodes was found by
three redox couples, emphasizing the importance of cons|der|ngcalculating the charge under the oxide or hydrogen adsorption

differences in reaction energetics when attempting to evaluate jesorption peaks. Typically, the surface roughness factor was between

the degree of donor/acceptor electronic coupling from rate data.1 3 and 1.6. Obtaining the real, as opposed to the projected or
The electronic transmission coefficientg, describing the  geometric, surface area of the electrodes is important if the area
probability of electron transfer once the transition state has beenoccupied per molecule is to be accurately measured.

reached, are all considerably less than unity suggesting a The cell time constants, measured in blank electrolyte solution, were
nonadiabatic reaction involving weak electronic interaction between 0.05 and as depending on the electrode radius and the

between the electronic manifolds on the two sides of the supporting electrolyte concentration. The interfacial kinetics were
measured only at times greater than aboufl8 times the cell time

constant. This condition was satisfied by selecting a microelectrode
of appropriate radius. The electrode radius is an important variable,
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demonstrated that the full width at half-maximum (fwhm) is
sensitive to the degree of interaction between the adsorfates.
As the potential is scanned, the reduced (R) and oxidized (O)
forms of the redox couple coexist neat’. Where there are
no lateral interactions between surface-confined redox centers,
or where the interactions between O and O, R and R, and O
Y = v = B W and R are large but similar to one another, a fwhm of 90.6 mV
E/Volt is expected for a reaction involving the transfer of a single
electron. Therefore, while the overall electrochemical response
of these monolayers is close to ideal, our experimental observa-
tion of a fwhm of between 95 and 110 mV does not allow us
to reach a definite conclusion as to the degree of lateral
interactions in these assemblies.

Figure 1. Cyclic voltammogram of a spontaneously adsorbed  The peak height and peak area of the wave centered at 0.680

3p)] monolayer. The scan rate is 50 V/s, the surface coverage is
g%’(g fc);ﬂ s Tha Supporting electroyte is 0.1 M TBABFg V do not change by more than 15% when cycled repeatedly

50nA

in acetonitrile. The radius of the platinum microelectrode isu% over a 5 hperiod at temperatures up to 4G, indicating that
The cathodic currents are up, and the anodic currents are down. Thethe monolayers are thermally stable. In contrast to the behavior
complex is in the [py(p3pjf form between+0.400 and—1.200 V. observed for the metal-based redox reaction, repeated cycling
The initial potential was 1.000 V. at slow scan rates causes the waves corresponding to the ligand-

based reduction reactions to become increasingly less well-
not only for ensuring fast double layer charging but also to ensure that defined and causes the total charge to decrease. Moreover,
the ef'f_e(_:ts (l)f uncompensated resistance on the measured rate constan§o,2+/3+ shifts in a positive potential direction. These observa-
are minima’. tions suggest that heterogeneous electron transfer to give the

Spontaneously adsorbed monolayers were formesitu using a neutral monolayer is followed by a chemical reaction. The half-
100 um solution of the metal complex in the electrolyte solution of Y y ’

interest. Unless otherwise stated, all electrochemical measurementdifé Of this following chemical reaction depends strongly on the
were performed with this concentration of [Os(bgyXp3p)E* in purity of the solvent, particularly its water content, but is on
solution. A low concentration of the surface active complex in solution the order of 700 ms in dry acetonitrile. Therefore, to out run
improved the stability of the monolayers when exposed to organic this following chemical reaction only scan rates greater than
solvents, yet minimized the diffusional contribution to the overall 1 \//s were used to characterize the bpy-based reductions.

current in chronoamperometry or cyclic voltammetry. The faradaic charge associated with converting the monolayer

A nonisothermal cell, where the reference electrode was isolated o .
from the main compartment by a salt bridge and held at room from the 2+ to the 3t oxidation states has been estimated from

temperature, was used for the temperature-resolved experiments. Théinder the wave centered at 0.680 V. This charge, together with
nonisothermal salt bridge contained saturated KCI since it has a low the real surface area of the electrode, has been used to calculate

resistance and the salt remains soluble at the lowest temperaturethe surface coverage, or the number of moles of [Os(pyy)
employed €5 °C). The high electrolyte concentration and the design (p3p)E" per square centimeter. The limiting surface coverage,
of the bridge minimize any systematic error in the reported temperature ', was (9.54 0.8) x 107! mol cn1?, corresponding to an
effects onE” due to changes in the liquid junction potential with  grea occupied per molecule of 175 17 A2. When the
temperaturé? additional contributions to the molecular volume are considered,
Results and Discussion e.g., a solvent shell or a counterion, this area of occupation is
consistent with that expected for a close packed monolayer in
which the radius of the metal complex§.7 A)® rather than
the length of the bridging ligand dictates the surface coverage.
This area of occupation is smaller than that found for adsorbed
> SR
acetonitrile. The formal potentialg’, are 0.680,-1.340, and [(?)ls(l})py)g(frl]([?[?;p)r dcfo mp(;exes,e 324(,)0 A2) but |s£+|nd|st|r:gu§g-
—1.540 V and correspond to the metal-based'3$ redox able from that foun ora_ sorbed [ .S(bﬂVBp)z] complexe
reaction and successive ligand-based reductions, respecfively. _ The effect of the applied potential on the redox composition
The corresponding formal potentials for a solution-phase model ©f the monolayer has been probed using chronocoulorifetty”
compound, [Os(bpy)?*, are identical within 30 mV. This PIots_ofIn([Ox][Red]) VS potentlal_for the metal-pased oxidation
experimental voltammetric response is consistent in all respects2nd ligand-based reductlon' reactions were all linear for absolute
with that expected for an electrochemically reversible reaction ©Verpotentialsy (= E/: E) less than 0.070 V. The slopes
involving a surface-confined speci&s.For example, the peak ~ OPserved for the OS2 redox reaction and the two ligand-
shapes are independent of scan raegt least over the range ~ Pased reduction are 55 3, 51+ 5, and 50+ 6 mV/decade,
1-50 V/s, and the peak height scales linearly with the scan respc_actlvely. These slopes are |nd|st|ngL{|shabIe from those
rate unlike thev2 dependence expected for a freely diffusing predlqted for o.ne-.electron transfer reactions by the Nerst
species. Therefore, it appears that the osmium complex adsorb&duations’” confirming that the thermodynamic aspects  of
onto the surface of a platinum microelectrode to give an electron transfer at these metal/monolayer interfaces are nearly

electroactive film. Brown and Anson, as well as Laviron, have déal under the experimental conditions employed.

General Electrochemical Properties. Figure 1 shows a
representative cyclic voltammogram for a spontaneously ad-
sorbed [py(p3p)] monolayer, where the supporting electrolyte
is 0.1 M tetrabutylammonium tetrafluoroborate (TBAB

(12) Yee, E. L.; Cave, R. J.; Guyer, K. L.; Tyma, P. D.; Weaver, M. J. (15) (a) Goodwin, H. A.; Kepert, D. L.; Patrick, J. M.; Skelton, B. W.;

Am Chem Soc 1979 101, 1131. White, A. H. Aust J. Chem 1984 37, 1817. (b) Ferguson, J. E;
(13) (a) Griffith, W. P. In Comprehensie Coordination Chemistry Love, J. L.; Robinson, W. Tlnorg. Chem 1972 11, 1662. (c)
Wilkinson, G., Ed.; Pergamon: Oxford, England, 1987; Vol. 4, Chapter Rillema, D. P.; Jones, D. S.; Levy, H. Al. Chem Soc, Chem
46. (b) Sullivan, B. P.; Conrad, D.; Meyer, T.ldorg. Chem 1985 Commun 1979 849.
24, 3640. (c) Tokel-Takvoryan, N. E.; Hemmingway, R. W.; Bard, (16) (a) Forster, R. Langmuir1995 11, 2247. (b) Forster, R. J.; Vos, J.
A. J.J. Am Chem Soc 1973 95, 6582. G. Langmuir1994 10, 4330.
(14) (a) Laviron, EJ. Electroanal Chem 1974 52, 395. (b) Brown, A. (17) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundamentals

P.; Anson, F. CAnal. Chem 1977, 49, 1589. and ApplicationsWiley: New York, 1980.
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For supporting electrolyte concentrations above 0.1 M, the
peak heights and shapes observed in cyclic voltammetry are
independent of the electrolyte concentration. Below this
electrolyte concentration, distortions in the voltammetric re-

sponse are observed, particularly at high scan rates. These

deviations from ideality are consistent witk drop effects due

to the relatively low conductivity of the electrolyte solutigh.
Significantly, the formal potentials of all three redox processes
investigated are constant within 25 mV as the supporting
electrolyte concentration is varied from 0.1 to 1.0 M. TE&t

is independent of the supporting electrolyte concentrations, apart

from liquid junction potential effects, suggests either that the

same numbers of ions are paired with the oxidized and reduced

forms of each of the redox couplésor that significant ion
pairing does not occur where TBABHs the supporting
electrolyte.

Interfacial Capacitance. Probing the double layer capaci-
tanceCy gives an insight into the change in interfacial charge
distribution that accompanies monolayer formation, the relative
perfection of the monolayer, and perhaps its thickd@sidere,
small amplitude potential step chronoamperometry has been

Inorganic Chemistry, Vol. 35, No. 11, 1998397
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Figure 2. Dependence of the total interfacial capacitance for a
spontaneously adsorbed [py(p3p)] monolayer on the logarithm of the
supporting electrolyte concentration. From top to bottom, on the right-
hand side, the capacitances were determined using a small amplitude

used to measure the interfacial capacitance as the electrolyteyotential step centered on 0.0661.500, and-1.800 V, respectively.

concentration was systematically varied. The pulse amplitude
AE was 25 mV, which is sufficiently small to allow the

the potentials at the plane of electron transfer and in the bulk

measured capacitance to be regarded as an approximate difsojution, respectively. The quantity is given by (h°z2e¥

ferential capacitanc¥. Stepping the potential in a region where
the redox composition did not change, i.e., far fr&™, gave
only single exponential current decays due to double layer
charging. When the potential was stepped in a region close to
E°', two time-resolved first order decays were observed that
correspond to double layer charging and the faradaic reaction,
respectively (vide infra). These data can be used to obtain the
resistanceR, and the total interfacial capacitan€&, according

to the following relatiorr?

i(t) = (AE/R) exp(-t/RC;) (1)

(esoLneoksT))Y2, wherene is the number concentration of the
ions in solutiont”

In the absence of specific adsorption of the electrolyte ions,
only the diffuse layer capacitance is considered to depend on
the potential or the concentration of supporting electrolyte.
Therefore, the relative importance of that component may be
probed by systematically varying the supporting electrolyte
concentration and measuring the total capacitance. Figure 2
shows the approximate differential capacitance, determined at
potentials of 0.000,-1.500, and—1.800 V, as a function of
the logarithm of the supporting electrolyte concentration. The
charge on the monolayer at these potentialstis 2+, and O,

For the monolayer-coated interfaces considered here, therespectively. Figure 2 shows that at each of the three potentials
reciprocal of the total interfacial capacitance can be repfese”tedinvestigated, the double layer capacitance increases approxi-

by the sum of the reciprocal capacitances of the filg,Cand
the diffuse layer, g% d

Cr '=Cym "+ Cy 2
Chim = €o€fiim/d €))
Cait = €0€soLnk COShEEPper — dson)/2KsT] (4)

wheree is the permittivity of free spacesim andeson are
the film and solution dielectric constants, respectivelis the
monolayer thicknesg is the charge number of the electrolyte
ion, e is the absolute electronic chargg, is the Boltzmann
constantT is the absolute temperature, apxekt andgsoLn are

(18) (a) Creager, S. E.; Rowe, G. Knal. Chim Acta1991 246, 233. (b)
Nagamura, T.; Sakai, KChem Phys Lett 1987 141, 553. (c)
Nagamura, T.; Sakai, KJ. Chem Soc, Faraday Trans 1988 84,
3529.
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1991, 310, 335. (b) Smith, C. P.; White, H. $nal. Chem 1992 64,
2398. (c) Creager, S. E.; Weber, Kangmuir 1993 9, 844. (d)
Andreu, R.; Fawcett, W. RJ. Phys Chem 1994 98, 12753. (e)
Bryant, M. A.; Crooks, R. MLangmuir1993 9, 385. (f) Porter, M.
D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. OI. Am Chem Soc
1987 109 3559. (g) Nuzzo, R. G.; Allara, O. L1. Am Chem Soc
1983 105, 4481.

(20) Wightman, R. M.; Wipf, D. OElectroanalytical ChemistryBard, A.
J., Ed.; Marcel Dekker: New York, 1989; Vol. 15.

mately linearly with increasing logarithm of the electrolyte
concentration for TBABEF concentrations less than about
0.2 M. This sensitivity indicates that the diffuse layer capaci-
tance contributes to the total interfacial capacitance over this
concentration range. Significantly, the slopes of these plots at
low electrolyte concentration and the limiting value ©f at

high electrolyte concentration are largely independent of the
monolayer’s state of charge. These observations suggest that
the composition of the medium at the electrode/monolayer
interface does not depend on the applied potential, indicating
that the monolayer structure does not change dramatically over
the potential range of 0.000 t61.800 V.

Figure 2 shows that the limiting capacitances at high
electrolyte concentrations are at least-2% uF cnt2. These
data do not allow us to reach a conclusion as to whether this
limiting capacitance represents the film capacitance or the
capacitance of the charges held at the outer Helmholtz plane
after the double layer sets up inside the monolayer. However,
a capacitance of 2225 uF cm2 is considerably larger than
that associated with a solvent free monolad§esuggesting that
the films considered here are solvated, at least at high
concentrations of supporting electrolyte.

Chronoamperometry. For an ideal electrochemical reaction
involving a surface bound species, the faradaic current follow-
ing a potential step that changes the redox composition of
the monolayer exhibits a single exponential decay in time
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30 we use a relatively high supporting electrolyte concentration
(typically =0.2 M). Second, we use smaller electrodes to
y =-0.26x - 11.25 measure at large overpotential. This approach is useful since
-12.6 the resistance increases with decreasing electrode radius but the
134 current decreases as the square of the radius leading to reduced
42 \ ohmic effects for smaller electrodes, e.g., the maximum ohmic
c y=-028x-1256 loss observed at the highest overpotential employed is reduced
-15 ‘ ; from approximately 3000 mV at a 12:6m microelectrode to
2 4 6 8 10 240 mV at a lum microelectrode. Third, and perhaps most
10 Time / us importantly, we extract rate constants only from data obtained
relatively later in the lifetime of the current decay transient,
i.e., when the anticipateiR drop is less than 15 mV.
The linearity of the semilog plot shown in the inset of Figure
3 indicates that heterogeneous electron transfer associated with
reduction of a [py(p3p¥I~ monolayer is a first order process.
0 2 4 6 8 10 For each of the three redox couples investigated, these responses
Time / ps are linear over approximately one and one-half lifetimes for the
Figure 3. Current response for a 12:fn platinum microelectrode ~ €ntire range of overpotentials employed, 50 aMz| < 350
modified with a [py(p3p)] monolayer following a potential step where mV. Deviations from linearity would be expected if substantial
the overpotentialy was —100 mV. The supporting electrolyte is  ohmic drop effects were present. Uncompensated resistance
0.1 M TBABF. in acetonitrile. The inset shows Ixt) vst plots for causes the applied potential, and hence the apparent rate, to
the Faradaic reaction for a 12:4n (top) and a fum (bottom) radius  &\61ye with time. ThereforeR drop would produce negative
platinum microelectrode. deviations in the observed current at short tiffeS hat such
nonidealities are not observed, at least for high concentrations
of supporting electrolyte, is consistent with negligible ohmic
i(t) = kQ exp(—k?) (5) losses. We have further probed the existence of ohmic effects
. . by reducing the radius of the microelectrode. The inset in Figure
wherel_< is the apparent rate constant for the overall reaction 3°spows that the slope of the semilog plot obtained forab
andQ is the total charge passed in the redox transformation. ,|atinym electrode modified with a spontaneously adsorbed [py-
Figure 3 illustrates a typical example of the chronoampero- (53p)] monolayer is indistinguishable from that obtained at a
metric response observed for the®0Ost e” — OS" redox 12 5,m electrode. This observation is consistent with ohmic
reaction of a [py(p3p)] monolayer, where the electrolyte is |psses being negligible under the experimental conditions
0.1 M TBABF, in acetonitrile. In this experiment the potential  emp|oyed.
was stepped from 1.000 to 0.580 V which corresponds to an  Fyrther evidence supporting the predominance of a single rate
overpotentiaby (=E — E*) of —0.100 V. This figure shows  constant at high concentrations of supporting electrolyte is
that on a microsecond time domain two current decays can begptained by examining the intercept of the semilog plot at zero
separated. These responses, which arise from double layetime, As indicated by eq 5, the intercept for a single exponential
charging and faradaic current flow, are time-resolved due 10 gecay is InkQ). Nernst plots of the redox composition as a
the much shorter time constant of double layer charging function of potential (vide supra) confirm that an overpotential
compared to that of the faradaic reaction. In these investiga- of —100 mV decreases the number of oxidized species within
tions, the electron transfer rate constant has been determinednhe monolayer to less than 3% of the total. Therefore, this
only when the time constant of double layer charging is at least potential step effectively causes complete reduction of the film,
5 times shorter than the time constant of the faradaic reaction. gnq the full surface coveragf, can be calculated from the
This condition has been satisfied by carefully selecting the radius jntercept of Figure 3 using the relatign
of the microelectrode.
While fast charging of the electrochemical double layer is I' = Q/(nFA) (6)
undoubtedly important, the effects of ohmic losses must also
be considered” When faradaic and charging currents flow wheren is the number of electrons transferrédis Faraday’'s
through a solution, they generate a potential that acts to weakenconstant, and\ is the real or microscopic electrode area. This
the applied potential by an amouR; wherei is the total current chronoamperometric determination of the charge passed can then
that flows through the solution. This ohmic drop can lead to be compared with the value determined using cyclic voltam-
severe distortions of experimental responses resulting in inac-metry to further test the ideality of the chronoamperometric
curate measurements of the heterogeneous electron transfer rateesponse. We find that the charges passed in these two
As illustrated in Figure 3, the faradaic currents that flow in these independent experiments agree within 10%. This agreement
high-speed chronoamperometric experiments are typically in theindicates that all of the surface-confined molecules are redox
low-microampere range even for 124n radius electrodes. active on a microsecond time scale, i.e., relatively few, if any,
Given that the cell resistance in this experiment is approximately sites are kinetically isolated.
700092, the averagéR drop is less than 35 mV for this system. Potential Dependence ok. Figure 4 illustrates Tafel plots
However, the situation regarding ohmic effects is much more of In k vs overpotentialy, for the 3+/2+ and 2+/1+ redox
demanding when large overpotentials are employed becauseaeactions, where the supporting electrolyte is 0.2 M TBABF
larger faradaic currents flow at short times. For example, the in acetonitrile. This figure shows that, for overpotentials less
currents observed at a 12¢5 modified electrode in a potential ~ than about 200 mV, Ik depends approximately linearly an
step experiment employing a 400 mV overpotential would be The standard heterogeneous electron transfer rate constant,
in the 100¢A range resulting in a massive ohmic loss. We has been determined by linearly extrapolatingklo zero
have used three strategies to minimize the effects of uncom-overpotential. The standard heterogeneous rate constant depends
pensated resistance in the large potential step experiments. Firsipn the redox process being probed, and whilek°a of
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I

[
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Redox Reactions within Adsorbed Monolayers Inorganic Chemistry, Vol. 35, No. 11, 1998399

18 Table 1. Dependence of the Standard Heterogeneous Rate
Constantk®, on the Supporting Electrolyte Concentration for Metal-
17 and Ligand-Based Electron Transfer Reactions within [py(p3p)]
— Monolayers
‘wn 16 [TBABFJ,M 10 %3, S 10%K%4n+, ST 10 K110, S
< 15 0.10 4.4(0.3) 2.1(0.2) 3.0(0.2)
— 0.20 4.8(0.4) 2.2(0.2) 3.2(0.3)
s 14 0.50 4.9(0.3) 2.7(0.1) 3.3(0.2)
0.75 5.1(0.2) 2.6(0.2) 3.4(0.2)
13 1.00 5.2(0.2) 2.8(0.1) 3.3(0.3)
2Numbers in parentheses represent the standard deviations for at
12 least three individual monolayers. Supporting electrolyte is tetrabu-
tylammonium tetrafluoroborate (TBABJF in acetonitrile. All rate
11 constants were determined at 298 K.
10 = t + ‘ ‘ electrolyte decreases the maximum ohmic loss from ap-
06 -04 -02 O 02 04 06 proximately 35 to 25 mV, i.e., it increases the driving force
) for heterogeneous electron transfer by approximately 10 mV
Overpotential / V in 1.0 M TBABF, compared to the situation in 0.1 M TBABF

Figure 4. Tafel plots wherell, o, and ® denote experimental data ~ The variation ink® shown in Table 1 is consistent with this
for the 2+/1+, 3+/2+, and H/0 redox couples, respectively. The slightly increased driving force at high concentrations of
solid lines denote theoretical fits. Thet2l+ and H/0 data are supporting electrolyte. On the basis of these data we conclude

modeled using a through-bond tunneling approach in which the solvent . . . . ) . .
rearganization energies equal 62 and 80 kJ takspectively. The that diffusion/migration of charge-compensating counterions

3+/2+ data are modeled using a through-space tunneling approach indoes not influence the mea.Sl..JI’ed heterogeneous electron
which the solvent reorganization energy is 48 kJ TholThe heavy transfer rate constant and that it is the dynamics of elementary

solid line indicates the behavior expected for metal-based heterogeneouglectron transfer evens that are probed in high-speed chrono-

electron transfer occurring via a through-bond tunneling mechanism. gmperometry.

The supporting electrolyte is 0.2 M TBABk acetonitrile. The errors . .

in the rate constants are approximately equal to the size of the symbols. 11€ dependence of Ik on 7 is clearly nonlinear at large
overpotentials, and the slopes decrease in magnitude with

(4.8+ 0.3) x 10* s 1 is observed for the metal-based-2+ in.crea_lsing overpotential in both the.anodic and. cathodic
reaction, a significantly higher standard rate constant of directions. There are a number of possible explanations for the
(2.5 4+ 0.2) x 10° s is observed for the first ligand-based ~©observed curvature, e.g., double layer effects caused by anion
reduction. The origin of these differences is explored in greater @dsorption at the positive potentials used to probe the oxidation
detail later. This paper is not the first to measure the electron Kinetics of the 2- complex, the oxidation of trace water to form
transfer kinetics of the redox couples within this type of an oxide barrier, or structural imperfections within the mono-
polypyridyl complex. For example, Wightman and co-workers layer. The possibility that the rate data presented here are
probed the heterogeneous electron transfer rate of the structurallyaffected by artifacts cannot be unequivocally ruled out. How-
related ruthenium tripyridyl complex dissolved in acetonitrile €ver, that the semilog current vs time plots remain linear at high
and observed rate constants of 2.5 and 3.4 chfa the 2+/ overpotentials, and over a wide range of time scales, supporting
14+ and H/0 couples, respectiveRt. The electrochemical  electrolyte concentrations, and temperatures suggests that
properties of similar complexes adsorbed on an electrode surfaceparasitic side reactions are negligible.
have also been considered, e.g., Murray and Jernigan probed Simplified models based on the Marcus thégfs that
the rates of electron self-exchange reactions between Os(Ill) consider the effects of solvent reorganization have been
and Os(Il) and between Os(l1) and Os(l) sites within polymeric developed to model heterogeneous electron transfer across
coatings?”> The data reported here confirm the observation of electrode/monolayer interfack&? Chidsey22as well as Finklea
these previous studies that electron transfer occurs very rapidlyet al.1d have independently assembled models describing the
within systems of this type. effects of electron tunneling on the electron transfer rates. For
To probe the influence of counterion availability and double a through-bond tunneling mechanism, these models predict that
layer effects on heterogeneous electron transfer in these systemsafel plots will be symmetric with respect to overpotential. That
we have measured® as the concentration of supporting symmetric Tafel plots are observed for both ligand-based
electrolyte is systematically varied, and Table 1 contains the reductions suggests that electron transfer to the bypyridyl ligands
data. The intermonolayer precision ki is less than 10%  may occur via a through-bond tunneling pathway, perhaps medi-
suggesting that the monolayer structure is highly reproducible ateq by electronic states within the bridging ligand. In contrast,
between different coatlngs.' Table 1 reveals tlp‘alfor the Figure 4 shows that for the @43+ couple larger cathodic than
3+/2+ and 2t/1+ couples increase by approximately 15% anodic heterogeneous electron transfer rate constants are

and 25%, respectively, as the concentration of the supporting ohserved for a given absolute value of the overpotential perhaps
electrolyte is increased from 0.1 to 1.0 M. This observation is suggesting a through-space tunneling process.

consistent with the presence of a small ohmic loss in low

concentrations of supporting electrolyte. The experimental cell we h_ave_ used kalea and Hanshew's model to estimate
resistance decreases from approximately 7600n 0.1 M reorganization energies and hence free energies of activation

+ _ i _ o
TBABF, to approximately 480® in 1.0 M TBABF,. This AG¥, for the metal- and ligand-based redox processes. This is

reduced cell resistance at high concentrations of supportingan |mportant_ objecfuve because the heterogeneous electron
transfer rate is considered to depend on a frequency factor and

(21) Wipf, D. O.; Kristensen, E. W.; Deakin, M. R.; Wightman, R. M.
Anal. Chem 1988 60, 306. (23) (a) Marcus, R. AJ. Chem Phys 1956 24, 966. (b) Marcus, R. A.
(22) Jernigan, J. C.; Murray, R. W. Am Chem Soc 1987 109, 1738. J. Chem Phys 1965 43, 679.
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a Franck-Condon barrier and can be expressetf as mental data for the G$°" couple is obtained whed is
48 kJ motl. An alternative explanation of the asymmetry
K= T KV, EXP— AG*/RT) (7) observed in the Tafel plot for thetZ3+ redox couple is that

the reorganization energy for monolayer oxidation is smaller

whereT, is the nuclear tunneling factokg is the electronic  than that for reduction. However, the through-space tunneling
transmission coefficient, ana,, is the nuclear frequency mechanism is attractive since it accurately models both the
factor?526 We assume that the nuclear tunneling factor is unity @nodic and cathodic branches using a single value of the
and that it is temperature independ&ntErom eq 7, itis evident  féorganization energy. A through-space tunneling mechanism
that the different standard heterogeneous electron transfer ratdor the metal-based electron transfer reaction indicates that there
constants observed for the metal- and ligand-based redox!S insufficient overlap between the delocalized metallic states
reactions could be caused by changes in the free energy of°f the electrode and the spatially localized orbitals of the redox
activation or the preexponential factor. Since the free energy center to allow direct electron transfer. However, while the
of activation,AG*, equall/4, wherel is the total reorganization symmetrical response observed for the first ligand-based reduc-
energy associated with switching the oxidation state of the fion reaction cannot be modeled using the through-space
monolayer, an important objective is to experimentally measure tUnneling approach used for the metal-based reaction, it can be
i simply modeled using a through-bond tunneling model. Sat-
In Finklea’s modek! the heterogeneous electron transfer rate iSfactory agreement between the experimental data and the
constant for electron transfer without through-space tunneling theoretical through-bond estimates is observed for thil2
is given by the integral over energy of the Fermi function of and /0 clouples when the reorganization energies are 62 and
the metaln(€), and the distribution of energy levels for acceptor 80 kJ mot™, respectively. It appears unlikely that the bipyridyl-
or donor states in the monolay&(&), which is assumed to be ~ based redox reactions proceed via a through-bond mechanism
Gaussian. To account for the effects of through-space tunneling, Without involving the aromatic p3p bridging ligand. It is
a rate parameter for electron tunneling at a given energy is perhaps usefpl to consider the effec.t that the large dlﬁgrence is
added. Since these models predict Tafel plots that are symmetridormal potentials for the metal- and ligand-based reactions may
with respect to overpotential for through-bond tunneling, while have on the electron tunnellngsgathway. For the present system,
those for through-space are predicted to be asymmetric, thisthe redox potentials of the &** couple and the p3p bridging
approach can provide an insight into the mechanism of electron!i9and are separated by atleast 2.5 V, while the redox potentials
transfer in these systems. of the p3p and bipyridyl ligands are within 0.3 V of one another.
To fit either the through-space or through-bond tunneling Therefore, since the energies of the bridge LUMO and the
models to the experimental data shown in Figure 4, estimatesPiPyridyl ligands are close in energy, itis possible that a through-
are required for the average barrier height for direct elastic bond superexchange mechanism involving mediating electronic
tunneling through a trapezoidal energy barrigs, the total states within the bridging ligand represents the electron tunneling
reorganization energy associated with switching the redox statePathway for the bipyridyl-based reactions. _ _
of the monolayer, and the preintegral factor. The Marcus approach can provide a theoretical estimate of
The average barrier height for electron tunneling at the reorganization energ§2® In the Marcus modell is
[Os(bpy}Cl(pNp)]- monolayers, where pNp is 4:dipyridyl, considered to be the sum of an inner sphere and outer sphere
1,2-bis(4-pyridyl)ethane, or 44rimethylenedipyridine, has c_omponent. The inner sphere component _descrlbes the distor-
previously been estimated from the distance dependericeidf  tion of bond angles and lengths accompanying electron transfer,
Given that the same bridging ligand is used here, we employ while the outer sphere component reflects solvent reorganization
the same value of the average barrier height to electron €ffects. The outer sphere solvent reorganization enésgys
tunneling, 200 kJ mot, in the present analysis. The total 9iVen by
reorganization energy, dictates the degree of curvature in the _ 2 . 1 1 1
Tafel plots. Therefore4A was chosen so that there was Aos= (AET2)(r " — R )(60p —€& ) (8)

satisfactory agreement between shapes of the theoretical Tafel h is the absolute electronic ch is the radi fth
plots and the experimental data. Finally, the preintegral factor wheree s the absolute electronic charges the radius ot the

was adjusted to give the experimental valu&of In the Finklea metal complex (6.7 A)R. is the reactantimage distancesop

model, the tunneling paramete#, describing the exponential is the optical dielectric constant of acetonitrile and is taken as

decrease in the electron tunneling probability with increasing being _equal to th.e square .Of the refractive index (1'.795)' and

distance, is considered to depend on potential. However, in €SO-N IS thle static dielectric constant (37.5). As discussed
; . , ) o . . o

agreement with reports on other monolayer syst&&ye find prewously,. we have neglgcted Imaging effects_, |I§e "

that the experimentally observed potential dependenkeah in calculating the theoretical solvent reorganization energy.

: : - Equation 8 yields a solvent reorganization energy of 56 kJ
be accurately modeled using a single reorganization energy for 1~ ) .
both anodic and cathodic branches, Afis held constant mol™%, which agrees rathe_r _weII with th? values Qf 48 and
throughout the integration 62 kJ mot? obtained from fitting the data illustrated in Figure

/14 i
Figure 4 shows that satisfactory agreement between Finklea4 for the [py(p3p)f couples, respectively.

and Hanshew’s through-space tunneling model and the experi- _SO“_d state crystallographic data_ln_d|cate_that changmg_the
oxidation state of the metal center within osmium and ruthenium

(24) (a) Weaver, M. JChem Rev. 1992 92, 463. (b) Bagchi, GAnnu polypyridyl complexes does not significantly change either the
Rev. Phys Chem 1989 40, 115. (c) Sutin, NAcc Chem Res 1982 bond lengths or anglé8. Therefore, the inner sphere reorga-
15, 275. . nization energy is negligible, at least for the-/2+ couple in

(25) \(lst)easvlétr"”M'.\lﬂolzgl'e'cr;fgghj?fﬁgé%%%;%;éﬁ'& (?g) ',':'g\‘z,%eft" Jv the solid state. That our experimental reorganization energies
R.; Foss, C. AJ. Electroanal Chem 1989 270, 103. are within 20% of that predicted for outer sphere solvent

(26) Sutin, N.; Brunschwig, B. SACS SympSer. 1982 198 105. reorganization suggests that the activation energy barrier to

(27) (a) Becka, A. M.; Miller, C. JJ. Phys Chem 1992 96, 2657. (b)
XU, 3. Li, HoL: Zhang, Y.J. Phys Chem 1993 97, 11497. (c) heterogeneous electron transfer for the/3+ and 2+/1+

Kornyshev, A. A.; Kuznetsov, A. M.; Ulstrup, J. Phys Chem 1994 couples is dominated by solvent reorganization. In contrast,
98, 3832. while the experimental data for the-10 couple are consistent
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Figure 5. Effect of temperature on the cyclic voltammetry of a
[py(p3p)] monolayer in contact with 0.5 M TBABFRn acetonitrile as 0 — —
supporting electrolyte. The temperatures are, from right to tef, 0 2 4 6
10, 25, and 40C. The scan rate is 50 V/s. Both anodic and cathodic 2 2
branches shift equally with changes in temperature. The inset shows ZOx - ZRed

the temperature dependence of the formal potentials normalized with Figure 6. Reaction entropies for [py(p3p)] monolayers (top), solution
respect to thelr_formal potfentlals measured at 298 K. From top to phase [Os(bpy) (middle), and the predictions of the Born model
bottom on the right-hand side the data represent the&38, 2+/1+, (bottom) vs the difference in the square of the charge numbers for the
and H-/0 couples, respectively. oxidized and reduced states. The supporting electrolyte is 0.1 M

. . . . TBABF, in acetonitrile.
with a through-bond tunneling mechanism, the experimental

reorganization energy (80 kJ md) is significantly larger than  observation indicates positive reaction entropies and a higher
that predicted by eq 7 for solvent reorganization alone. This degree of local ordering in the oxidized, than in the reduced,
observation would be consistent with the second ligand-basedstate. As shown in the inset of Figure 5, plots&f vs T are
reduction reaction changing the ©Bpy bond lengths or angles  linear over the temperature rangés to 40 °C, and reaction
or perhaps triggering a structural change within the adsorbed entropies have been calculated from the slopes according to eq
monolayer that acts as an “inner sphere” barrier to heterogeneou®. Experimentally, the magnitude AG.° depends on the redox
electron transfer. process being investigated, with values of 24248, 119+ 9,

We note that the electron transfer dynamics can only be and 41+ 5 J mol! K~1 being observed for the 23+,
probed over a restricted range of overpotentials because of thel+/2+, and 0/# redox couples, respectively.
rapid nature of the process and the interference from double The dielectric continuum theory can provide an estimate of
layer charging effects at times below 100 ns. To eliminate the the reaction entropy via the Born equatf$n,
inherent inaccuray of fitting Tafel plots over a limited potential
range to estimatg, temperature-resolved measurements of the AS.°(Born)=
formal potential and heterogeneous electron transfer rate have _ 2 2_ 2 2
been performed. These measurements independently measure NaAE(@edoNI(Z + 1) — zV(2res) (10)
the electrochemical activation entropy and enthalpy, respec-
tively.

Reaction Entropies. The reaction entropyAS.°, quantifies
the difference in entropy between the reduced and oxidized
forms of the redox couple. IAS.° were very different for the
metal- and ligand-based electron transfer reactions, then it could
explain the differences in the free energy of activation for metal-

whereN, is Avogadro’s numbere is the electronic charges
is the static dielectric constard is the charge on the reduced
form of the redox couple, andis the radius of the complex.
Figure 6 illustrates the dependence of the experimental reaction
entropies and the estimates provided by eq 1o (— Zred).
This figure shows that the experimental reaction entropy is
. . ) indeed quadratically dependent on the ionic charge for this
and Ilgand-ballsg(fjf reactlonfsdsgggested by F'glére 4. Moredovﬂ’monolafer system. yHowpever, eq 10 predicts reactiogn entropies
rST:r(]J(r:%I;e\elfrsa stlerﬁrergt (;)r)t(le datrlloer;estartg\?i d?sn ane i%ccgr?zﬁt ’ot §hat are significantly smaller, and less sensitive to the ionic
portunitil/ to grobe thepfunctional dgpendence of tr?e reactio% charge, than those experimentally observed. To investigate
entropy on the state of charge of the monolder wh_ether th_ese ot_)servatlons are a consequence of_the molec'ules
: being confined within a dense monolayer, the reaction entropies

The reaction entropy has been determined using a noniso- .
thermal cell by measuring the temperature dependence of the 0" the solution phase analog, [Os(bg{#fFs)2, have also been

formal potentials for both metal- and bpy-based electron transfermeasured’ and the data are included in Figure 6. As has been
P ' Py observed previously by Hupp and Weaver for solution-phase

reactions. As discussed by Weaver and co-workers, the . L : - .
temperature dependence of th}:e formal potential can be ex resse{f u(bpy}|"™ in acetonitrile’® the experimental reaction entropies
a 52829 P P P r dissolved polypyridyl complexes tend to be larger than those
predicted by eq 10. However, Figure 6 shows that confining
o _ or the redox centers within a dense supramolecular assembly makes
AS.° = F(oE°'/d 9 . o o
Ske ( R ©) the reaction entropy even more sensitive to the ionic charge.

Figure 5 shows representative temperature-dependent cyclicth;—r;'soﬂ?;r?é\éig?na((:%é)l?bgg rrr?(lnitglg tgrth%a_hzoxzmnﬁzgfgi ?r:e
voltammograms for the two ligand-based reductions. For the P y yer. 9

situations investigated, all three formal potentials shift in a intercept of plots, such as those illustrated in Figure 6, is related

. e S P . to the solvent acceptor number and has been interpreted in terms
ositive potential direction with increasing temperature. This . : )
P P 9 P of disruption of the internal solvent structure by the charged

(28) Hupp, J. T.; Weaver, M. J. Phys Chem 1984 88, 1860. species. That an intercept of zero is observed for the monolayer

(29) Barr, S. W.; Guyer, K. L.; Li, T. T.-T.; Liu, H. Y.; Weaver, M. J.
ElectrochemSoc 1984 131, 1626. (30) Noyes, R. MJ. Am Chem Soc 1962 84, 513.
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system suggests that the effective solvent acceptor number 16

within the film is close to that found in bulk acetonitrile solution.

This conclusion supports the interfacial capacitance data — 15

discussed previously which suggested that the interior of the O y = -442x+ 291

monolayer is highly solvated. The difference between the bound ~ 14

and free systems could be due to steric congestion in the X,

monolayer, which may inhibit complete insertion of charge- c 13

compensating counterions, thus causing increased polarization -

around the redox center and a higher reaction entropy. How- 12

ever, it is interesting to speculate as to the effect of the electric y=-364x+243 .

field in the two situations. In the case of the spontaneously 11

adsorbed monolayer, the close packed structure and perhaps a

lower dielectric constant may cause a higher electric field 10 y= 88139

strength to be experienced by the bound cerfterEhis could

induce greater solvent ordering causing a higher reaction entropy 9 ‘ — '1

to be observed. 3.1 3.3 3.5 3.7
Temperature Dependence ok. The activation enthalpy 103 T /K

extracted from an Arrhenius plot of kavs T-! measured at a
constant potential has been termed “id&akind it is labeled
The heterogeneous electron transfer rate constant was measured at an

+ : . ; .
here aSAH',' For ,a Ijeductlon or cathodic reaction, ,th's overpotential of 100 mV determined at 298 K. From top to bottom,
electrochemical activation enthalpy can be separated into agn the left-hand side, the data are for the/2+, 3+/2+, and H/0
“chemical” activation enthalpy termpAH*, and a contribution  redox couples, respectively. The electrolyte is 0.2 M TBABF
from the “electrical” driving forceocF¢m, where ¢n, is the acetonitrile. The errors in the rate constants are approximately equal
Galvani potential which corresponds to the formal potential of to the size of the symbols.

the reaction under consideration at a given temperature, ac-

Figure 7. Arrhenius plots of Ink vs T* for a [py(p3p)] monolayer.

Table 2. Activation Parameters and Preexponential Factors for

cording to Metal- and Ligand-Based Electron Transfer Reaction within
9In k [py(p3p)] Monolayerd
AH S=-R=5 =AW —oFg,  (11) 2, AW, AGS,  10°AL
8(?) 4 charge kJmol! kJmol* ®kJmol? st 1CPke

3+2+ 48 43.1(2.8) 11.5(0.8) 4.6(1.4) 1.5(0.7)
2+/1+ 62 31.9(2.2) 14.2(1.2) 77.3(8.4) 22.9(8.3)
The temperature dependence of the heterogeneous electront*/0 80 25.8(1.9) 19.8(1.3) 97.9(8.6) 24.4(9.9)
transfer rate has been investigated using temperature-resolved aNumbers in parentheses represent the standard deviations for at
chronoamperometry over the rang&—40 °C. An overpo- least three individual monolayers. Supporting electrolyte is 0.2 M
tential of 100 mV, as determined at 298 K, was used throughout TBABF, in acetonitrile.” Free energy of activation determined from
these experiments, and the resulting currdimhe transients the cathodic ideal electrochemical enthalpies as measured from the

o . - . temperature dependence of the heterogeneous rate constant and the
were similar to those illustrated in Figure 3. The corresponding reacaion entropS,Asf. °Preexponentialgfactor extracted from the

semilog plots were linear over approximately 3 lifetimes, standard heterogeneous electron transfer rate constant A€iig

and the heterogeneous electron transfer rates were evaluated

from the slopes. In a typical set of experiments, the temperaturejmportant test of consistency between these two independent
was systematically varied over a range and then returned to thegproaches. The cathodic free energy of activation has been
initial temperature. The same slopek, and intercept, IIKQ), calculated according to eq £232

were observed within experimental error for the initial and final

transients. This consistency indicates that cycling the temper-
ature does not change the heterogeneous kinetics or the quantity

of material immobilized on the electrode surface. The hetero- _
geneous electron transfer rate increases with increasing tem-2nd Table 2 contains the data. These data show that, for the

perature as anticipated for a thermally activated process. Asthree redox processes investigat€c" andA/4 agree to within
illustrated in Figure 7, Arrhenius plots of kivs T-* are linear 10%. i )

(R? > 0.995) over the temperature rangé to 40°C. Table Preexponential Factor. ThatAG¢* depends on the particular

2 contains the activation enthalpiesH*, obtained from the ~ redox couple being probed is significant. This result emphasizes
slopes of these plots after using the experimental transfer the importance of considering reorganization energy effects
coefficient to correct for the electrical driving force (100 mv) When attempting to use rate data to probe the degree of
according to eq 11. These data indicate that the activation electronic coupling between remote redox sites and the electrode

entha|pies for the -B/2+, 2-}-/1-{-] and H/0 processes are surface. Table 2 contains Values%t(E Ke|’l/n) that have been

AG; = AH,J — Ta AS° (12)

significantly different with values of 43.% 2.8, 31.9+ 2.2, determined using the experimental valued&* andk’. One
and 25.8+ 1.9 kJ mot?, being observed for the metal- and Might expect that the electronic transmission coefficient would
two ligand-based reactions, respectively. be significantly larger for those situations where mediating

In principle, it is possible to use the experimental enthalpies €lectronic states within the bridging ligand play an important
and entropies of activation to calculate free energies of activa- role7|n dictating the overall heterogeneous electron transfer
tion. Comparing these values with the value of the reorganiza- fate’? Therefore, an important aim is to calculatgfrom the

tion energy provided by Finklea and Hanshew’s model is an €xperimental preexponential factor. Where the electron transfer
reaction features a sharp barrier top as expected for weak donor/

(31) (a) Li, T. T.-T.; Guyer, K. L.; Barr, S. W.; Weaver, M.J.Electroanal
Chem 1984 164, 27. (b) Yee, E. L.; Weaver, M. Jnorg. Chem (32) (a) Weaver, M. JJ. Phys Chem 1979 83, 1748. (b) Weaver, M. J.
1980 19, 1077. J. Phys Chem 1976 80, 2645.
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acceptor electronic coupling, a dielectric continuum treatment reactions are negative of the pzc. However, the data presented

predicts that the nuclear frequency factey, is given by eq in Figure 4 suggest that while redox switching of the bpy ligands
132433 proceeds via a through-bond mechanism, through-space electron
tunneling is the dominant pathway for metal-based reactions.
vo=1 ' (AG /(4 7kgT))" (13) These electronic transmission data are consistent with this result

and suggest that a superexchange pathway which is both
where 771 is the inverse longitudinal relaxation time for Symmetry and energy favorable exists for the bpy-based redox
acetonitrile (3.3 pst). This model is most appropriate for reactions.
adiabatic reactions involving short electron transfer distances
and relatively strong electronic coupling between the reactants.
In contrast, the frequency factor for nonadiabatic reactions is  The adsorbed monolayers considered here exhibit nearly ideal
not expected to depend on the relaxation time of the solvent electrochemical responses as the potential, temperature, and
but instead depends on square of the electronic coupling matrixexperimental time scale are varied over a wide range. Chro-
elementH1,. Previous investigations into the effects of solvent noamperometry has been used to probe the rate of heterogeneous
on the heterogeneous electron transfer rates in this system havelectron transfer across the monolayer/microelectrode interface.
demonstrated that, while the electron transfer reaction is This process can be characterized by a single rate constant at
nonadiabatic, the electron transfer dynamics depend stronglyhigh electrolyte concentrations suggesting that heterogeneous
on the longitudinal relaxation time of the solvent. Therefore, electron transfer across these metal/monolayer interfaces is
eq 13 has been used to estimaidor each of the three redox ~ mechanistically uncomplicated. This unusual ideality has
couples investigated. These values have then been used t@llowed the nature of the activation barrier to electron transfer
estimatexe from the experimental preexponential factors. Table and the degree of electronic coupling between the remove redox
2 shows that for both metal-based oxidation and ligand-basedcenters and the microelectrode to be probed in considerable
reduction the electronic transmission coefficients are consider-detail. Measurements of the potential dependence of the
ably less than unity. This observation indicates that there is a heterogeneous electron transfer rate conskaatiggest that for
low probability of electron transfer once the nuclear transition the ligand-based reductions electron transfer occurs via a
state has been attained, suggesting a nonadiabatic reactioithrough-bond tunneling mechanism, while electron transfer to
involving weak coupling between the metallic states of the the metal center proceeds via a through-space tunneling mech-
electrode and the localized orbitals of the redox ce¥fer. anism. These observations are consistent with mediating
However, the magnitude of is distinctly different for the electronic states within the bridging ligand (superexchange)
metal- and ligand-based redox reactions wittincreasing from being important only for the ligand-based reductions where the

Conclusions

(1.54 0.7) x 1076 for the metal-based reaction to (238) x orbital energies of the acceptor sites and the bridging ligand
107% for the first ligand-based reduction reaction. are similar.
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