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Abstract: The standard heterogeneous electron-transfer rate constants between substrate gold electrodes
and either ferrocene or pentaaminepyridine ruthenium redox couples attached to the electrode surface by
various lengths of an alkanethiol bridge as a constituent of a mixed self-assembled monolayer were
measured as a function of temperature. The ferrocene was either directly attached to the alkanethiol bridge
or attached through an ester (CO,) linkage. For long bridge lengths (containing more than 11 methylene
groups) the rate constants were measured using either chronoamperometry or cyclic voltammetry; for the
shorter bridges, the indirect laser induced temperature jump technique was employed to measure the rate
constants. Analysis of the distance (bridge length) dependence of the preexponential factors obtained from
an Arrhenius analysis of the rate constant versus temperature data demonstrates a clear limiting behavior
at a surprisingly small value of this preexponential factor (much lower than would be expected on the basis
of aqueous solvent dynamics). This limit is independent of both the identity of the redox couple and the
nature of the linkage of the couple to the bridge, and it is definitely different (smaller) from the limit derived
from an equivalent analysis of the rate constant (versus temperature) data for the interfacial electron-
transfer reaction through oligophenylenevinylene bridges between gold electrodes and ferrocene. There
are a number of possible explanations for this behavior including, for example, the possible effects of bridge
conformational flexibility upon the electron-transfer kinetics. Nevertheless, conventional ideas regarding
electronic coupling through alkane bridges and solvent dynamics are insufficient to explain the results
reported here.

Introduction

the electrode, that distance can be varied as can the chemical

There is a continuing interest in the study of the kinetics of cOMPposition of the bridge, diffusive and convective transport
electron transfer of redox moieties irreversibly attached to metal '€ €liminated as complicating factors, and adsorption, which
surfaces (electrodes) as a part of a stable, organized strircture. €@n seriously complicate studies of solution-based systems, is
There are many reasons for this interest: a significant amount@/S0 eliminated. Consequently, these systems are ideal for the
of the redox moiety is located at a well-defined distance from €xperimental study of the fundamental physical and chemical
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Studies of attached redox systems may also impact the rapidlyrecently been investigatédThe electron-transfer rate constants

developing field of molecular electronié3!3
The electronic coupling (and, consequently, the rate of

observed with these OPV bridges are larger than those observed
with other bridges of comparable length, and the distance

nonadiabatic interfacial electron transfer) between an attacheddependence of the OPV Arrhenius prefactdisif eq 1, where
redox moiety and an electrode is strongly dependent upon theEa is the corresponding Arrhenius activation energy &his

nature and chemical bonding within the bridgeA variety of

the standard rate constant for the electron-transfer reaction) is

bridges have, therefore, been investigated. Li and Weaverexceedingly low {(d In [Aj])/dl ~ 0.06 A™2).

determined the rate of irreversible reduction of cobalt(lll)
complexes attached to gold electrodes by thioalkylcarboxylate
ligands!® However, the interface in the Li and Weaver system

lacked a well-defined (and characterized) structure, and the

compounds investigated in this study did not constitute a

homologous series. To properly characterize the electron-transfe

kinetics of attached redox couples, these systems should be

which exist in self-assembled monolayers (SAMs) and the
bridges should be in a homologous sefie¥.In such mixed

self-assembled monolayer systems (consisting of the tethere(f)
redox moiety and a diluent species both covalently attached to

k= A, exp[-E,/RT] (1)

The unusually small distance dependence observed for the
OPV Arrhenius prefactors indicates that the rate of electron
transfer is not determined by the size of the electronic coupling

‘hetween the ferrocene redox moiety and the gold elecffbde.

i . Furthermore, the magnitudes of these prefactors are at least an
part of a well-defined and organized structure such as those

order of magnitude lower than the rate expected for aqueous
solvent dynamics (at 28C). This suggests that some other
rocess limits the rate. Because this process may involve the
ridge, it would be of interest to investigate other bridges to
see if (and where) the Arrhenius prefactors limit.

the surface of the electrode) the dependence of the rate constants Some of us have already observed an indication that the

(kep on the molecular length of the bridgé for putatively

single-step, long-distance electron-transfer reactions may be

conveniently studied and the exponential decay constAnts (
—(d In [ked)/dI) for the distance dependencies of these reactions
determined. A number of studies from our laboratories (inves-
tigating both ferrocen§22 and pentaaminepyridine ru-
theniun?3-28 redox couples attached to the bridge through a
variety of functional groups) have determined that 1.0 A2

for electron transfer through saturated alkane bridges which were
part of SAMs. For self-assembled monolayers containing In the present study
ferrocene attached to gold electrodes through unsaturated ’

oligophenyleneethynylene (OPE) bridge, we have repgfted
values ranging from-0.4 to ~0.6 A-111.14.29

Because the low barrier to rotation of the phenylene rings in
the OPE bridge may result in incomplete conjugation of these
bridges, interfacial electron transfer of ferrocene through the
much more rigid oligophenylenevinylene (OPV) bridges has
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E;

Arrhenius prefactors for the electron transfer of ferrocene
attached to an alkanethiol bridge through an ester group limit
at short alkane chain lengthsAccordingly, we have employed

the unique capabilities of the indirect laser induced temperature
jump (ILIT) techniqué”32-35 to measure, as a function of
temperature and the length of the bridge, the electron-transfer
rate constants of ferrocene directly attached to alkanethiol
bridges and pentaaminepyridine ruthenium redox centers whose
alkanethiol bridges contain an amide QONHCH,") linkage.

rate data were measured for these redox
couple/bridge combinations at shorter bridge lengths than studied
previously, and most importantly, the rate data at all bridge
lengths studied here have not been previctig§determined
over a range of temperatures. Both the oxidized and reduced
forms of the ruthenium redox center are charge¢® and-+2,
respectively) so that hydrophobic interactions with the film
might be expected to be smaller than with the ferrocene couple.
Additionally, because the ILIT response is a change in the open
circuit potential, uncompensated solution resistance has no effect
on measured standard rate constants.

Arrhenius prefactors were determined for the redox couple/
bridge combinations studied here from the temperature depend-
encies of the respectiv@. When these prefactors are combined
with those measured for ferrocene attached to the alkanethiol
bridge through an ester linkage at both short and long bridge
lengths, a clear limiting behavior is observed with the limit being
independent of both the identity of the redox couple and the
nature of the linkage to the alkane portion of the bridge,
suggesting that factors other than electronic coupling or solvent
dynamics may be rate limiting and that these rate-limiting
phenomena are associated with the bridge. The suggestion that
the reactions studied here are “gated” proce€séswill be
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introduced, and possible technological implications for the appropriate length (HS(Ch.CHs, wherem = n — 1). The total

results reported here will also be discussed. concentration of thiol in these coating solutions was approximately 1.0
) ) x 1072 M, and the mole fraction of the redox-active thiol was varied
Experimental Section to give different concentrations of the redox couple in the monolayer.

The ILIT Technique. The ILIT apparatus, cell, electrodes, and The eIectrers remaingd in these coating solutions for approximately
experimental techniques have all been described in detail else-16 N (ovemight), were rinsed in neat ethanol (or ethanol and hexane),
wherel”:3234 Briefly, in the ILIT technique, a short~10 ns in the were _drled in a stream of argon, and were attached to the_ ILIT cell
present apparatus) laser pulse impinges onto the backside of a-thin ( containing the 1.0 or 0.10 M HClaqueous electrolyte solution.
um in this work) gold film electrode which has been vapor deposited ~ Procedures for the syntheses of the 8-mercaptoctanoic acid, the
over a 500 A thick layer of titanium vapor deposited on a quartz disk. 6-mercaptohexanoic acid, the dibutanoic acid disufffdend the [(4-

The microcrystallites comprising the gold electrode surface have a aminomethylpyridine)Ru(NEjs]** (Ru(4-AMP)) are all described
uniform 111 orientatioR? The absorbed laser energy is rapidly (within ~ €lsewherg®414For the ruthenium redox couple, mixed self-assembled
~1 ps) degraded into heat which quickly (withind ns) diffuses monolayers were prepared by placing a cleaned gold film electrode
through the gold film and causes a small change42C) in the into a 1.0x 1072 M solution of the mercaptocarboxylic acid (or the
temperature of the electrode/electrolyte solution interface at the front dibutanoic disulfide) in ethanol. The electrode remained in this first
side of the gold film. This change in temperature disturbs the interfacial coating solution for between 16 and 36 h. After deposition of the
equilibrium and effects a change in the open circuit potential of the carboxylic acid terminated monolayer, the electrode was removed from
electrode, which is the quantity measured. In the presence of a redoxthis coating solution, rinsed in a succession of ethanol and water, and
couple, the time dependence of this change in the open circuit potentialplaced in 10 mL of a second coating solution containing 0.15 g of
is a function of the decay of the thermal perturbation and the rate of KNOs, 0.15 g of EDC (1-[3-(dimethylamino)propyl]-3-ethylcarbodi-
electron transfer between the electrode and the redox moieties. imide hydrochloride), and between>7 103 and 9x 10°* g of Ru-

The open circuit potential (ILIT) transients were fitt8* (4-AMP). This second coating solution containeet 03 M Na,;HPQ,

adjusted to a pH between 7.0 and 8.0 witfi"By and was deoxygenated
AV(t) = AATH(1) + B,km(Ei)f‘e—Kn(t—z) AT*(7) dr ) with argon before use. The electrode remained in the second coating
0 solution for between 6 and 15 min, forming amide links between the

Ru(4-AMP) and the pendartCOOH functional groups. The electrode
was then removed from the second coating solution, rinsed in a
succession of water and ethanol, and placed back into the first coating
solution for between 6 and 10 min. After this time in the first coating
solution, the electrode was rinsed in ethanol, dried in a stream of argon,
and attached to the ILIT cell as before. For this redox couple, the
electrolyte solution was 0.5 M NaF (pH adjusted to ca. 4.8 with 1.0 M
HCIO,).

In this paper we also report chronoamperometric measurements of
the electron rate constants (as a function of temperature) of long-
chained, ester-linked ferrocengtalkanethiols (HS(Ck,OC(O)Fc,
wheren = 12 and 18). The experimental methods used in these

whereAV(t) is the change in the open circuit potential as a function of
time, A" is the amplitude of the (initial) thermal respon$,is the
amplitude of the electron-transfer relaxation, &¢E) (= k) is the
measured (experimental) rate constant)($or this relaxation at the
initial (applied) potential ). AT*(7) in eq 2 is the convolution of the
temperature perturbation at the electrode/electrolyte interface and the
instrument response function divided by the interfacial temperature
change AT that would be produced if all of the absorbed heat were
uniformly distributed in the electrode and none of this heat were lost
to either the quartz disk or the electrolyte soluttéff:Standard electron-
transfer rate constantk®( the rate constant at the formal potentiat'j

of the redox couple) were obtained from fits of plotskafversusE;

toss measurements are fully described in refs 16 and 45, and the synthesis
of these ester-linked ferrocene-terminated alkanethiols is described in
Vw(Ei)UZI 1+ w(Ei)]z ref 45. For the cyclic voltammetry exp(_erime_nt on monolayers containing
k(E) = k°:L = = ?3) Fc(CHy)16SH, the methods are described in ref 18.
+ o i)l, yo(E) Aldrich alkanethiols, Baker Ultrex ultrapure HCJQAldrich 99.99%

pure NaF, Mallinckrodt reagent grade KhQAaper absolute ethyl
alcohol, and Baker reagent grade,NRO, and HPO, were all used
y=N F2/RTQ- ) as received. The gold film electrodes used in this work were cleaned
T fim in an argon ion plasma before use. Cyclic voltammograms of the SAMs
investigated in this work were taken before each ILIT experiment on
a BAS 100BW electrochemical analyzer, and a saturated sodium
o(E;) = exp[F/RT)(E, - E)] (5) calomel reference electrode (SSCE) was used in all experiments. Water
was purified in a Millipore Mill-Q Plus system.
In eqgs 4 and 5F is the Faraday constarR is the ideal gas constant, Relevant Electron-Transfer Theory. An important aspect of our
Tis the absolute temperatuié; is the number of redox species attached study is the temperature dependence of the standard electron-transfer
to the electrode (mol), an@sim is the double-layer capacitance of the  rate constank®. As we have done previouskto accomplish a simple

where

and

electrode/electrolyte interface (F). ValuesyohndE® may be derived and consistent analysis of the temperature dependenieafer the
from either the fit ofky, VS E; to eqs 3 and 5 or the cyclic voltammogram  entire range of (bridge length) investigateld,these data were fit to
(CV) for a SAM containing one of the attached redox couples. eq 1. If the electronic couplingHa,) between the redox moiety and

Materials and Methods. The syntheses of the directly linked
ferrocenyln-alkanethiols (Fc(CknSH, wheren =5, 6, 8, 9, 11, and (40) The formation and the exchange kinetics of the adsorbed sfieéiess

16) are described elsewhéfé?For the ILIT experiments, mixed self- well as the position of the X-ray photoelectron spectroscopy 2p peak of
bled | taining th d db the adsorbed sulftfrdemonstrate that both thiols and disulfides react with
assembled monolayers containing these compounds were prepared by goid surfaces to form the same species.

placing a cleaned gold film electrode into an ethanol solution containing (41) Bain, C. D.; Troughton, E. B.; Tao, Y.-T.; Evall, J.; Whitesides, G. M.;

At ; ; f Nuzzo, R. G.J. Am. Chem. Socl989 111, 321. See the Supporting
the redox-active thiol and an alkanethiol diluent molecule of the Information accompanying this reference for the synthetic procedure.

(42) Biebuyck, H. A.; Whitesides, G. M.angmuir1993 9, 1766.

(37) Brunschwig, B. S.; Sutin, NI. Am. Chem. Sod.989 111, 7454, (43) Biebuyck, H. A.; Bain, C. D.; Whitesides, G. Mangmuir1994 10, 1825.
(38) Hoffman, B. M.; Ratner, M. A.; Wallin, S. AAdv. Chem. Ser199Q 226, (44) Finklea, H. O.; Hanshew, D. [J. Electroanal. Chem1993 347, 327.

125. (45) Chidsey, C. E. D.; Bertozzi, C. R.; Putzinski, T. M.; Mujsce, A . MAmM.
(39) Creager, S. E.; Rowe, G. K. Electroanal. Chem1994 370, 203. Chem. Soc199Q 112 4301.
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Table 1. Standard Electron-Transfer Rate Constants (k°) at T = 25 °C, Activation Energies (Ea), Reorganization Energies (1app),>* and
Arrhenius Preexponential Factors (A,) Measured Using ILIT for Mixed Monolayers Containing Either the Ferrocene or Ruthenium Redox
Couple

E°/mV
couple ne 1A diluent vs SSCE kofs—t ExdleV AappcleV In[A/s ™Y
Fc 5 6.5 HS(CH)4CHs 192 (1.6 0.1) x 107 0.16+0.01 0.66+ 0.03 22.96 0.77
Fc 6 7.8 HS(CH)sCHs 154 (2.4£0.1) x 108 0.20+£ 0.01 0.78+ 0.04 22.30+ 0.79
Fc 8 10.3 HS(Ch);CHs 154 (4.4£0.2) x 1P 0.25+0.01 1.00+ 0.04 22.6%0.78
Fc 9 116 HS(CH)sCHs 215 (1.3+ 0.1) x 10P 0.24+ 0.01 0.97+ 0.02 21.19+ 0.64
Fc 11 14.1 HS(CH10CHs 186 1.2+ 0.1) x 10¢ 0.24+0.01 0.97+ 0.05 18.81+ 0.84
Ru 3 7.6 [S(CH)sCOH]2 23 (5.44 0.3) x 10° 0.18+ 0.01 0.74+ 0.04 22.65+ 0.82
Ru 5 10.1 HS(CH)sCOH 22 (8.9+ 0.4) x 10P 0.21+0.01 0.84+ 0.02 21.82+ 0.65
Ru 7 12.6 HS(Ch);COH 45 (4.3+£0.2) x 1® 0.21+0.01 0.82+ 0.04 20.9%+ 0.79
Ru 10 16.4 HS(CH)10COH 40 (3.5+£0.2) x 1¢° 0.22+0.01 0.88+ 0.02 16.70+ 0.62

aFc refers to the directly linked ferrocene couple, and Ru refers to (pyridine)R)§NHNumber of methylene groups in the alkanethiol constituent of
the bridge (note that for Ru the linkage contains an extra @dup).¢ The bridge lengthl] for the directly linked (DL) or ester-linked (EL) ferrocene is
the shortest distance between the carbon attached to the sulfur and the linked carbon of the cyclopentadienédnmigef the cyclopentadiene carbon
is attached to the sulfur); the bridge lengthfor the ruthenium couples is between the carbon attached to the sulfur and the C4 carbon of the pyridine (
= 0 when the C4 is attached to the sulfur). The alkane chains are assumed to be aflAranenius activation energy (see the textReorganization
energy obtained from the Arrhenius analy$igsee the text).

Table 2. Activation Energies (Ea), Reorganization Energies (Aapp),>* and Arrhenius Preexponential Factors (A,) Measured Using Either
Chronoamperometry (CA) or Cyclic Voltammetry (CV) for Mixed Monolayers Containing Either the Ester-Linked or Directly Linked Ferrocene
Redox Couple

linkage? n 1A diluent technique EadleV AapptleV In[Al/s™Y
EL 12 17.7 HS(CH)11.CHs CA 0.24+0.01 0.96+ 0.04 13.91+ 0.88
EL 18 25.2 HS(CH)17/CHz CA 0.234+0.01 0.95+ 0.06 7.20+ 0.80
DL 16 20.4 HS(CH)15CH3 Ccv 0.24+ 0.02 0.95+ 0.09 12.70+ 0.90

aEL refers to the ester-linked and DL refers to the directly linked ferrocene redox céuplenber of methylene groups in the alkanethiol constituent
of the bridge £ See footnotes in Table 1.9 Arrhenius activation energy (see the tetReorganization energy obtained from the Arrhenius an&y/&se
the text).

the electrode is weak (i.e., the interfacial electron-transfer reaction is _&S T4

j
nonadiabatic), the Arrhenius preexponential factor and activation energy % € T € ©)
are well approximated B4’
and where subscripts I, Il, and Il denote the aqueous solution, the
An,NA — 27[3/2Hab2pm/h (6) film, and the electrode, respectivelyjs the thickness of the filnd is

the distance of the redox moiety (assumed to be in the solution) from
the film/solution interfacea is the cavity radius=d in our calculations),

Ae is the change in charge associated with the redox reaction (1
electronic charge for our systems), and superscripts “op” and “s” denote
optical and static values of the dielectric constan{for the aliphatics

we assume that = 2.1 A+ | cos(30), wherel is the distance specified
where the subscript “NA” specifically identifies these quantities for a i Taples 1 and 2.) Additionally, as the coupling strength increases,
nonadiabatic reactiopn is the density of electronic states in the metal g, s Jowered and the relationship betweEq and 4 becomes more
electrodeh is Planck’s contant, andlis the reorganization energy for  complicated, i.¢95

the electron-transfer reaction. In principleis a free energy and,

therefore, is a sum of enthalpic and entropic terms. However, we will 1 Hab2
present data supporting the argument that, in the present study, the Ep= 1 Hap+ 1
entropic component of is always negligibly small so that the activation

energy of a purely nonadiabatic reactionHif, < 1, see eq 10 below) Results and Discussion

is always given by eq 7.

Because of image charge effects, the valuel afecreases with Figure 1 shows cyclic voltammograms for both the directly
decreasing distance between the electrode and the redox moiety adinked ferrocene rf = 11; see Table 1) and ruthenium
predicted by Marcu$ for systems involving a metal electrode and  ((pyridine)Ru(NH)s3™2", n = 10; see Table 1) redox couples
solvent. Liu and Newtoff extended Marcus’ treatment to include each attached to a Au electrode. The cyclic voltammograms
systems involving a metal electrode, a film (e.g., a SAM), and solvent. shown in Figure 1 are representative of all those observed in

and

Eana = A4 7

(10)

The relevant expression is the present studif and they indicate that the monolayers
fabricated here are all densely packed and contain a minority
(1 1 (A_e)z_ @_@ (A_e)2+ component of nearly isolated and identical redox moieties. The

- P €] 2a P ad average formal potential&{’) of these redox couples measured

from the cyclic voltammograms are given in the fifth column

= [€ERHOR)" @) G (2

Gl - oy @ —ep [d+n

(8) (46) Morgan, J. D.; Wolynes, P. G. Phys. Chem1987, 91, 874.
(47) (a) Marcus, R. AJ. Chem. Phys1965 43, 679. (b) For simplicity, the
definition of Ayna in eq 6 omits a factor of order unity.
(48) Liu, Y.-P.; Newton, M. D.J. Phys. Chem1994 98, 7162.
)
)

(49) Brunschwig, B. S.; Sutin, NCoord. Chem. Re 1999 187, 223.
where (50) Sutin, N.Prog. Inorg. Chem1983 30, 441.
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Figure 1. Cyclic voltammograms of both directly linked ferroceme= 05 - T T T T T
11; see Table 1) and ruthenium ((pyridine)Ru@Hin = 10; see Table 1) -50 0 50 100 150 200
redox couples attached to Au electrodes. Solid line (right-hand ordinate):
ferrocene redox couple, HS(GHGCHs diluent, T = 20 °C, FNr = 1.08 x t /ns
1076 C (see eq 4). Dashed line (left-hand ordinate): ruthenium redox couple, Figure 2. ILIT responses from Au electrodes coated with mixed monolayers
HS(CH)10CO:H diluent, T = 27 °C, FNt = 1.05 x 1075 C (see eq 4). containing either the directly linked ferrocene or the ruthenium redox

moieties.O: mixed monolayer made from HS(G)d(77°-CsHs)Fe(°CsHs)

- . . and HS(CH)sCHjs (diluent) atE; = 150 mV vs SSCE. The solid line through
of Table 1 as a function of the length of the bridge attaching these p(oint)s5 is ;(fit of th)ese data to eq 2, resulting\iec 3.4 mV, B’ :g

the couple to the Au electrode surface. The experimental error —1.6 mv, andkn = 3.5 x 107 s A: mixed monolayer made from a
for all of the formal potentials reported in Table 1440 mV. monolayer of dibutanoic disulfide ([S(GHCOOHL)* reacted with Ru-
The full-widths at half-maximum (fwhm) of the cyclic volta- ~ (4-AMP) to give a monolayer consisting 6f S(CH)sCONHCHpyRu-

114 3 mV for the directly linked f (NH3)532+ and —S(CH,)3COOH atE; = 25 mV vs SSCE. The solid line
mmograms are myv ior the _|rec y linked terrocene through these points is a fit of these data to eq 2, resultily s —0.21
couple and 10& 6 mV for the ruthenium couple. These fwhm mv, B = +1.3 mV, andk, = 4.4 x 107 s™1. The dotted lines represent
values are a little larger than the theoretically expected value the responses which would be observed if there were no relaxation of the
of 91 mV at 25°C. The variation irE* is slightly greater for ILIT signal caused by electron transfer between the electrodes and the redox

. . couples.

the directly linked ferrocene redox couples than for the P
ruthenium redox couples, possibly indicating that the more 8
hydrophobic (neutral) ferrocene may be interacting more
strongly with the film than the hydrophilic charged ruthenium 7 1
moieties. As we shall see, there is no correlation between this
variation inE® and the measurekf values. 6

Examples of the open circuit (ILIT) responses observed in ™
this work are shown in Figure 2. Both of the ILIT transients = 5]
shown in this figure are well fit by eq 2 as are all of the =
transients observed in the present study. At long timest (for w 41

X

s

1/km), all of the ILIT responsesAV(t)) measured in the present
study track on the interfacial temperature perturbation and
approach 0 as an assymptétd=urthermore, Figure 3 demon-
strates that values of the experimental rate conskafiE{(); see 2
eq 2) evaluated as a function of the initial potentig]) (are

well fit by egs 3-5. Values ofy and E*" obtained from fits 1
such as those shown in Figure 3 are very close (typically, within

+10% fory and+10 mV for E*') to the values obtained from 0
the cyclic voltammogram®. This equivalence of the values of

y determined by cyclic voltammetry and ILIT means that both E; IV vs SSCE

techniques are sampling the same redox popula#fons. Figure 3. kq as a function off; for the ruthenium ((pyridine)Ru(Nks)
The sixth column of Table 1 gives the standard rate constants€dox Cc}uple_attacfgd to hAu el?gtrlz_)deshwith ,—;1] brr1idge where3 (Sl:]e tfhe f
o o . . . captlon or Flgure O: the solid line tl roug these pomts is the fit o
(k°) at 25°C for the d|_rectly linked ferrocene and ruthenium  these data to egs 3 and 5, resultingef = 25 mV vs SSCEy = 5.7 (see
redox couples determined from plots such as those shown ineq 4; they calculated from the cyclic voltammogram of this monolayer is
Figure 3. The measured rate constants are always well fit by 5.9), andk® = 5.5 x 10° s%. a: the solid line through these points is the
the expected potential dependence (eg5)3and standard rate  fit of these data to egs 3 and 5, resultingsfi = 25 mV vs SSCEy = 12
. A . (see eq 4; the calculated from the cyclic voltammogram of this monolayer
constants repo.rted in Table 1 are glways |ndepf3ndemt (fe., is also 12), and® = 5.4 x 10° sL.
the concentration of the redox moiety in the mixed monolayer;
see Figure 3). These observations confirm that the ILIT transient concentration of electrolyte (0.10 or 1.0 M HG)Oas no effect

is, in fact, caused by an electron-transfer relaxation. The upon the standard rate constants (or Arrhenius activation

m
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24 of the “even-odd effect” in thek® data reported in ref 21. The
22 rutheniumk® data shown in Figure 4 are not well fitted by either
the solid or dashed line in this figure.
20 Furthermore, for the various bridges investigated in the
18 1 present study, the standard rate constants measured by ILIT are
- 16 uniformly larger than those measured by ac voltammetry (for
& 14 directly linked ferrocene with bridges containing either 9 or 11
2 methylene grougd or for the ruthenium redox couple with
E 121 bridges containing 6, 8, or 11 methylene grdp£ne possible
10 - explanation for these differences is that the redox monolayers
g | investigated in the present study exhibit a heterogeneous
distributiort82628.52.5%f electron-transfer rate constants. How-
®1 ever, the observation that thevalues determined by cyclic
44 voltammetry and ILIT (eqs 35) are the same tends to argue
5 | against the existence of a distribution of rate constants in the
monolayers investigated in the present study.
° O 2 4 6 8 10 12 14 16 18 20 22 Figure 5a shows Arrhenius plots of the temperature depen-
A dence ofk°® for both a directly linked ferrocene (whose bridge
£/ contains six methylene groups) and a ruthenium (whose bridge

Figure 4. Natural logarithm of the standard electron-transfer rate constant contains eight methylene groups) redox moiety. The seventh

(k°) at 25°C for both the directly linked ferrocen©f and the ruthenium ; ; ; ot
(pyricine)RU(NHYs, v) redox couple versuis! is defined in footnote of and eighth columns of Table 1 contain the Arrhenius activation

Table 1. The solid line describes the (least-squares) linear fit to the directly €nergies Ea, calculated agg times the slope of the Arrhenius
linked data (see the text). The dashed line is taken from Figure 1, ref 14, plot) and the apparent reorganization enét@¥.,, calculated
and represents the (least-squares) fit to the HSJEMC(0)(7°CsHs)Fe- using eq 7) determined from plots such as those shown in Figure
(7°CsHs) (ester-linked ferrocene) rate constant data. The error bars for all 5. Fi 5b sh the Arrheni lots det ined (by ch
of the data plotted in this figure are smaller than the size of the points (see ~* igure shows the r.r enius plots determined (by ¢ r_o-
Table 1). noamperometry) for ester-linked ferrocene redox couples which
_ _ _were attached to Au electrodes by bridges containing 12 and

energies or preexponential factors) measured for ferrocene. This) g methylene groups. Table 2 contains the activation energies
observation verifies the clalm made in the. Introduction t.hat,. and apparent reorganization energies measured for monolayers
because the ILIT response is a change in the open circuit mage with these ester-linked ferrocene compounds as well as
pote_znt|al, it is unaffected by uncompensatc_ed solution resistance.those measured (using cyclic voltammetry) for the directly

Figure 4 shows plots of Irk® (determined by the ILIT  |inked compound whose bridge contains 16 methylene groups.

technique at 25C) versusl, wherel is the shortest distance For bridges containing more than seven methylene groups,
between the carbon attached to the sulfur and the attached Carb°ﬂ1e values of reorganization energy) deduced from Arrhe-

Of. th_? rt()aldolx C_?Eple to Wh'f‘? the brlfdge t'S attaCh?f(.j (;efg f.(t).OtnOtenius analyses of the kinetic data (measured as a function of
¢in Table 1). The parametenow refers to a specific definition temperature) for both the ester-linked and directly linked

of th? brldge_leng_th. Nc_)te that t_h|s definition bfalthough a ferrocene monolayer redox components are all the same within
sen5|b_le choice, is e”““?'y arbitrary. Also note tha;, for the experimental error (see Tables 1 and 2 and Table 3 in ref 17)
'r:gthenlljlm Iredox ctogpld, mO(l:IL:des Fh? flenﬂ:g c;f8thie :I;nlia;ge. and the values of,,p are all (also within experimental error)
\gure = also contains a data point for IKe ( S equivalent to the outer sphere reorganization energy of ferrocene
determined by cyclic voltamme# ofdlrectly I".]k.ed ferrocene calculated using Marcus theory (modified to take the image
attached to the Au electrode by a bridge containing 16 methyleneCharge effects into accoufitsee egs 8 and 9 and the solid and

groups. As a comparison, the dashed line in Figure 4 is the dashed lines in Figure 6). For the ruthenium couple and bridges

(I;aett;st;jsqfuars SZj linear f': t.o.the;;ter-llﬂk:ad ferrockhe;at? containing 6, 8, and 11 methylene groups, all the valuesgpf
plotted (for bridges containing methylene groups deter- 56 within the range estimated for the (essentially outer sphere)

.mllr;gd bylbofth ;hlilL'lrL agdtchronogn:psroqwhe;[;]y tEChE'q(;Jﬁs) reorganization energy of the electrochemical reaction of the
in Figure 1 of ref 14. (The data associated wi IS dashed i€ . ihenium hexaammine coupleAs has been observed previ-

are not shown in Figure 4) Note that there is very littie ously for the ester-linked ferrocefeand ferrocene attached to
dlffergnce between this dashed line and_ the solid Ilnoe fitted to Au electrodes by OPV bridgés, there is a clear (beyond
the dlreptly linked ferrqcene d.ata. That ﬁ;f(:_(d In K )/Eﬂl) experimental error; see Figure 6) decreasgjrior the shorter
det.ermlned f“’m the directly Imked.data IS 0'&.40'06 A, bridges for both the ruthenium and directly linked ferrocene
Wﬁ'lle B (_je'_[ermlne_d from the ester-l|n!<ed data_ is 0-89.02 redox couples. At least for the longer bridges studied, therefore,
A2 A similar equivalence (as a function of bridge length) has the Arrhenius analysis performed here provides results which

a:sotbeetn ob?erveil n a ctomtpa[)l%]ct)betwe(:n the standgrd | dare consistent with theoretical expectations and previous
electron-transier rate constants between terrocene Oan 90 experimental results for the (outer sphere) reorganization
measured (using an ac voltammetry technija¢T = 25 °C)

throth n_alk.ane (directly linked fgrrocene) anualkylcar- (52) Tender, G.; Carter, M. J.; Murray, R. \Knal. Chem1994 66, 3173.
boxamide bridges. However, the directly linked ferrocene data (53) Napper, A. M.; Liu, H.; Waldeck, D. HI. Phys. Chen2001, 105, 7699.

H H indicati i H (54) “Apparent” because, for example, large electronic couplings can signifi-
plotted in Figure 4 show no clear indication of a continuation cantly lowerEx (see eq 10).
(55) lwasita, F.; Schmickler, W.; Schultze, J. Bér. Bunsen-Ges. Phys. Chem.

(51) Creager, S. E.; Wooster, T. Anal. Chem1998 70, 4257. 1985 89, 138.
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31 32 3.3 3.4 35 3.6 37 Figure 6. Ratio Ea/Ea =« (for both the Ru and Fc redox couples, the Ru
103/(T/K) data include results taken from ref 25 and the Fc data include results taken
from ref 17) versus (see footnote in Table 1), wherdEa | =, is computed
from eq 8 atL = . The filled points were measured using ILIT, and the
6 open points were measured using either chronoamperometry or cyclic
(b) voltammetry: ® and O, directly linked Fc;A and A, ester-linked Fcw
5 | andv, Ru couple. The solid line and dashed line are computed using eq 8
with P = 1.78,¢° = 2.3756 ¢; = 78.5,¢; = 2.35%2 ¢ = ¢}, = », a(Fc
4 couple)= 3.40 Al745a(Ru couple)= 3.80 A57 d = a(for both couples),
andL(both couples)= 2.1 A + | cos(30)7 so thatEa - = 0.266 and
0.238 eV for the Fc and Ru couples, respectively. The other two curves
o 37 (--- for the Fc couple ane-- for the Ru couple) are computed using both
‘v egs 8 (fori) and 10 for which the electronic couplingl4y) is computed
~ 24 using eq 13.
X
= . the Ea values) are always independent of the concentration of
- the redox moiety in the monolayer even at these short bridge
01 !engths. (The potential dependenc_e_k.q(Ei) and concentration_
independence ok°® are very sensitive probes for systematic
A errors.) For the present, all we can say is that the observed
decrease irEa (and/app is real (not due to systematic errors)
2 but, as yet, not fully explained (see below).
The other salient parameter which is obtained from an
-3 . . . - . - Arrhenius analysis is the preexponential factor. These Arrhenius
30 81 32 33 34 35 36 37 preexponential factors contain information on the dynamical

103/(T/K) factors (e.g., electronic coupling for a nonadiabatic reaction or,
‘ _ S for example, the solvent longitudinal polarization rate for an

Figure 5. Arthenius plots. (a) Semilogarithmic plots &f vs 1T where adiabatic reaction limited by solvent reorganization) which affect
the values ok° are obtained from ILIT experiments on mixed monolayers .. .
containing either the directly linked ferrocene redox cougipdttached to the kl_netICS (_)f electron transfer. The Values_ determined for
a Au electrode by a bridge, whene= 6, or the ruthenium ((pyridine)Ru-  the directly linked ferrocene and the ruthenium redox couples
(NHz)s) redox couple £) attached to0 a Au electrode by a bridge, where  gre plotted (versuis—defined in footnote in Table 1) in Figure
= 7. (b) Semilogarithmic plots ok® vs LT where the values ok are 7 along with theA, values for the ester-linked ferrocene redox

obtained from chronamperometric experiments on mixed monolayers .
containing the ester-linked ferrocene redox couple attached to a Au electrodeCOUple determined from both chronoamperometry and T

by a bridge, where = 12 () or 18 (v). The error bars for all of the data ~ experiments. (Also see the last columns in Tables 1 and 2.) As
plotted in these figures are equal to or smaller than the size of the points. a comparison, thé,, values determined for ferrocene attached

to Au electrodes by OPV bridg&shave also been plotted in
energies of both redox couples. This consistency also indicatesFigure 7. The first thing to note about the alkanethiol bridge
that the activation entropies of both redox couples are negligibly data in Figure 7 is that the value determinedAgifor all these
small. However, as some of us have pointed out previotisly, data depend solely updnnot upon the identity of the redox
the decrease ifEa (and, consequentlylapy at short bridge couple or the functional group (linkage) to which it is attached.
lengths is too large to be explained by image charge inter- The reason for the equivalence (as a functioh which includes
action$® (see Figure 6). This decreaseBa (anddapp is not the length of the linkage) of thk® data for the directly linked
due to any systematic error associated with the ILIT technique; and ester-linked ferrocene redox couples noted in Figure 4 is
remember that the correct potential dependence (eq 3) of thenow clear. As has been proposed for the carboxamide lirkage,
measured (ILIT) rate constants is always observed (see Figurethe ester linkage behaves essentially as two methylene groups.
3) and the measured standard rate constants (and, consequentlyfhe ruthenium redox couplk€ values (at 25C; see Figure 4)
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- .. - 16 of magnitude different from the limit that would be observed if
35 cqueous longitudinal polarization A4 1 4g it were due to aqueous longitudinal polarizafit(.e., solvent
- 14 dynamics).
30 L 13 At large values of, the alkanethiol bridge data set plotted in
- 12 Figure 7 (for which the fitted value dfis 4.2 x 10* s7%) is
'u\,, 25 f—————— S S Fome S i 1; 3‘: well described by
< L e = A= (42x 10s Y exp[—(LOB A (12)
_— [=2)
8 o
L, T BecausdH,, decays exponentially with distance, eq 12 describes
15 7 | 6 the behavior oA, that would be expected when the electronic
| 5 coupling between the electrode and the redox moiety is
10 |, determined by a superexchange mechanism (i.e., the electron-
| 5 transfer reaction is nonadiabatic). If the density of electronic
5 : : : : : : : states in the Au is assumed to be 0.27 &% eq 6 may then
0 5 10 15 20 25 30 35 be used to obtain
/I A -
H., = (0.76 eV) expf-(0.53 A (13)

Figure 7. Semilogarithmic plots of\, (the Arrhenius preexponential factors
(see eq 1) determined in this work) for the directly linked ferroce®g ( o ) ) ) )
ester-linked ferrocene&, including data taken from ref 17), and ruthenium  If it is assumed that the alkanethiol bridge electronic couplings

((pyridine)Ru(NH)s, v, including data an = 15%) redox couples all e given by eq 13 over the entire range dfvestigated (even
attached to Au electrodes with saturated alkane bridges. The solid line is a h limit 8-10 d 13 b dt lculat
fit of this alkane bridge data to eq 11, resultinglirr 4.2 x 101 s7L, Ban where A, 'mll s), _eqs ) ar‘ m"’EV e use O. calculate
=1.06 AL, andG = 8.0 x 10 and limiting at/(G + 1) = 5.3 x 10° s L, the alkanethiol bridge activation energies as a functidn dhe

As a comparison, thé,, values determined for the ferrocene redox couple results of such a calculation (see Figure 6) demonstrate

attached to Au electrodes with oligophenylenevinylene (OPV) bridges ; ;

also plotted in this figurexX). The dashed line is a fit of these OPV data reasc_mable agreement with the observed behavidi,ohs a

to eq 11, resulting in = 3.3 x 1012 sL, fan = 0.25 AL, andG = 3.4 x functlon.ofl for both the Fc and Ru redox gouplgs. .

1% and limiting atl/(G + 1) = 0.99 x 10 s™1. The dotted line shows the Equation 13 compares remarkably well with a fit (to a single-

A, expected for an interfacial electron-transfer reaction limited by solvent exponential decay as a function Iypfof the absolute values of
o S ;

dynamics?® All of the error bars shown in this figure are at the @mit. Hab for both the directly linked and ester-linked (all-trans)

alkanethiol-bridged ferrocene redox couple calculatedr{fer

16) by Hs§? (using the sequential formula method developed

by Hsu and Marcf), i.e.

are also somewhat different from either the ester-linked or
directly linked ferrocen&® values (at a corresponding value of

I) simply because the activation energies of the ruthenium and
ferrocene couples are somewhat different.

The most important thing to note about the alkanethiol bridge
data plotted in Figure 7 is that, although, at large valuek of
the logarithm ofA, is a linear function of (as expected foA,
values determined by electronic coupling, which is, in turn, the
result of a superexchange mechanism; see efy,@pproaches
a definite limit whenl is small, and this limit is clearly different
(smaller) from that observed for the ferrocene redox couple
attached to Au by OPV bridges. The limiting behavior of both
the alkanethiol bridge and the OPV bridge data sets are well
described by the following steady-state expreséfds:

H,, = (0.24 eV) expf-(0.52 A (14)

The approximate factor of 3 difference in the preexponential
factors in eqs 13 and 14 should not be considered significant
considering the experimental errors involved in the determina-
tion of eq 13 and, most especially, the difficulties involved in
calculating absolute values for electronic couplifgat large
values ofl, therefore, the behavior of the alkanethiol bridge
data plotted in Figure 7 is entirely consistent with a nonadiabatic
(superexchange) electron-transfer process which is, surprisingly,
independent of the chemical nature (pentaaminepyridine ruthe-
— _ _ = nium or ferrocene) of the redox couple. (Remember that our
In[AdJ = Infl] ﬁA“I In[1 + G exp( ﬁAnl)] (11) definition of I, although reasonable, is arbitrary so that, for
example, ifl were extended all the way to the Fe and Ru metal
centers, thé\, data might not overlap. However, the ferrocene
and ruthenium redox coupleéy, values would still limit at the
same magnitude @,.) At small values of for both alkanethiol-
tethered redox couples and both linkages of the ferrocene redox
couple, the behavior g%, is suggestive of an adiabatic electron-

wherefa, is the exponential decay constant fgrand the limit

is determined byl/(G + 1). From least-squares fits to eq 11
(the solid and dashed curves in Figure 7), the alkanethiol bridge
data set limits atA, = 5.3 x 10° s7! and the OPV data set
limits at A, = 0.99 x 10* s™1. (The physical significance of
the parameter is described by eq 12 below, and the physical
significance of the paramet& depends on the details of the  (s9) The temperature dependence of the reciprocal of a solvent's longitudinal
mechanism that is responsible for the tumover in the dependence  [elaxation time {) may be deserbed by &/ = & el kel "or

of A, uponl.) Not only are these limits approximately a factor ev.

of 19 different from each other, but they are also both orders (60) Eisenberg, D.; Kauzmann, Whe Structure and Properties of Water

Oxford University Press: New York, 1969.
(61) Barthel, J.; Bachhuber, K.; Buchner, R.; HetzenaueGlitm. Phys. Lett.

(56) Billmeyer, F. W., JrTextbook of Polymer Sciencihn Wiley: New York, 1990 165,369.

1962; p 502. (62) Royea, W. J.; Fajardo, A. M.; Lewis, N. $. Phys. Chem. B997, 101,
(57) Elson, C. M.; ltzkovitch, I. J.; McKenney, J.; Page, JCan. J. Chem 11152.

1975 53, 2922. (63) Hsu, C.-PJ. Electroanal. Chem1997, 438, 27.
(58) Hynes, J. TJ. Phys. Chem1985 90, 3701. (64) Hsu, C.-P.; Marcus, R. Al. Chem. Phys1997, 106, 584.
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transfer reaction, but an adiabatic electron-transfer reaction proposal must remain only a possibility. Furthermore, increased
whose rate is not controlled (limited) by solvent dynamics. monolayer disorder in very thin alkanethiol SAMs does not
The behavior of the alkanethiol preexponential factégg (  provide a reason for the OPV preexponential factor limit, which
at small values of might still be indicative of an interfacial  is also shown in Figure 7.
electron-transfer reaction whose rate is controlled by solvent (2) When A, limits, the kinetics of the electron-transfer
dynamics if this reaction has a large negative activation entropy, reaction is no longer controlled by the electronic coupling but
i.e., a “tight” transition staté* We have already commented by the dynamics of a slow (bridge) structural change ac-
that the behavior dEa (andZapp at long bridge lengths indicates  companying the electron transfer its&lf 476 These dynamics
that the activation entropies of both redox couples are negligibly should be different for different types of bridges, which,
small. Also, chemically, the ferrocene and pentaaminepyridine therefore, can explain the different limiting values/Af seen
ruthenium redox couples are very different (e.g., the ruthenium with the OPV and alkanethiol bridges. In simplest terms, an
redox moiety is a--3/+2 couple and ferrocene is#l/0 couple).  unreactive conformer of the bridge converts to a reactive
Any activation entropies for these two couples might be conformer, andd, is, consequently, limited by the rate of this
expected to be very differeft,and the limits forA, might be conversion. This proposed conformational conversion is (at least
expected to be very different. Because this is not the case andforma"y) equivalent to a “gating” mechanis#r.38.74-76 There

the ferrocene/OPV bridgey) limit is larger than the alkanethiol - may be an activation energy associated with this conformational
brldge limit, the rates_, of the interfacial electron-transfer reactions gating of the electron-transfer reactihHowever, for a
studied here and in ref 31 are not controlled by solvent heterogeneous electron-transfer reaction, the electrode potential
dynamics. . o o affects the activation barrier and not the preexponential factor
We emphasize that the alkanethfy limit shown in Figure in a simple Arrhenius model. An electron-transfer mechanism
7 does not depend on either the identity of the redox couple or inyolving conformational gating is, therefore, consistent with
the nature of the linkage which attaches the ferrocene redoxour experimental observations in that the kinetics of the
couple to the alkane chain, and that this limit is considerably conformational reorganization process will not perturb the

different from the OPVA, limit. A process (or processes) potential dependence of the interfacial electron-transfer kinetics.
associated with the alkane chain constituents of the alkanethiol \\.. 4o ot have enough information at present to determine

bridges or the OPV b_rld_ges themselves must, therefore, bethe details of the mechanism (or mechanisms) responsible for
res_pon5|ble_ for these I_|m|ts. There are two sets _of_phenomgnathe entire distance dependencedAgffor both the alkanethiol
which provide a possible explanation for the limits seen in and OPV bridges. Nevertheless, the data obtained in the present

Figure 7. .
) . . . study do suggest a number of further experiments. For example,
(1) The bridge-mediated electronic coupling reaches an upper ,aasurements a%, (as a function of) in a variety of solvents

bound (i.e., limits), and the electron-transfer reaction remains (i.e., as a function of different longitudinal relaxation times)

nonadiabatic so thak, is determined byHa, However, a i tor example, absolutely verify that there is no relationship

number of theoretical studies of the_electronic coupling through between the polarization dynamics of the solvent and Arrhenius
trans-staggered (all-trans) alkane brid§e® have demonstrated preexponential limits such as those shown in Figure 7. Experi-

that the electronic coupling does not limit in the range of alkane ments in organic solvents may also be performed over an

bridge lengths investigated in the present study. Alternatively, extended temperature rantjé? thereby enabling one to better

it is known Fhat the str_uctural order of_alkanethlol SAMs elucidate the details of the electron-transfer mecharifsm.
decreases with decreasing monolayer thickri&&sthat one

aspect of this decrease in structural order is the production of concjusions
gauche defects in the no longer trans-staggered alkane chains
comprising the monolayé?,and that, in theory? gauche defects In summary, we have demonstrated for the electron-transfer
decrease the electronic coupling through an alkane chain. Thisreactions of the ferrocene and the pentaaminepyridine ruthenium
decrease in the structural order of the SAM as the bridge lengthredox couples attached to Au electrodes through alkanethiol
of the alkane chain constituent of the bridge decreases mightbridges which are a part of a self-assembled monolayer that (1)
be responsible for the alkanethiol preexponential factor limit the Arrhenius preexponential factors for the standard rate
shown in Figure 7 as well as be an alternative reason (see Figureconstants of these reactions approach a definite limit at small
6) for the decrease in the activation energies seen at short bridgevalues of the alkanethiol bridge length, (2) this limit is (within
lengths. However, because we cannot be more quantitative, thisexperimental error) independent of both the identity of the redox
couple (ferrocene or ruthenium) and (for ferrocene) the nature
(65) These conclusions are consistent with the observations that the experimentapf the linkage between the redox couple and the alkane chain
Aapp Values seen at long bridge lengths are the same (within experimental . R K .
error) as the anticipated values of the outer sphere reorganization energiesportion of the bridge, and (3) most importantly, this limit is
of the ferrocene and ruthenium redox couples, and that the activation different (Iower) from that observed with the ferrocene redox
entropies of both redox couples are negligibly small. . .
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orders of magnitude smaller than the limit which would be also been investigated as possible candidates for these electronic
expected on the basis of the longitudinal polarization rate of circuit elements-e.g., switche® and field-effect transistor®.
water. Because the metallic electrodbridge— redox couple arrange-
The effect of this limiting behavior of the Arrhenius pre- ments investigated in the present study correspond to gonor
exponential factors on the standard rate constants atC25  spacefr-acceptor structures, it would be of interest to ask
through the alkanethiol and OPV bridges should be emphasized.whether the results reported here are relevant to the construction
For both the directly linked and ester-linked ferrocene/ and understanding of the basic circuit elements needed for a
alkanethiol (bridge) rate constants at this temperature there ismolecular electronic devic8.As an example, the bridge in these
an accidental compensatidrbetween the decrease i and structures may be identified as a molecular scale resistor.
the turnover inA, observed at short bridge lengths. The Recognizing that, for an electrochemical electron-transfer reac-
measured ferrocene (redox couple)/alkanethiol (bridge) ratetion, A, describes the rate of electron transport through the
constants, therefore, continue to vary exponentially with bridge bridge? the resistanceR,) of this resistor is given I}
length at these short bridge lengths. No such “accidental
compensation” exists for the ruthenium (redox couple)/ R = ZkBT/AneZ (15)
alkanethiol (bridge) rate constants at 5 (see Figure 4) and,  |f A, = 7.1 x 10° s (the A, observed for the directly linked
because the electronic coupling through an OPV bridge is muchferrocene redox couple when= 8), Ry = 4.5 x 107 Q. This
stronger than that through an alkanethiol bridge at a particular resistance is considerably less than that which has recently been
length of the bridgé; for the ferrocene (redox couple)/OPV  reported* for the n-octanedithiol single-molecule nanojunction
(bridge) rate constants at 2& (see Table 1 of ref 31). (i.e., (9.0 + 0.5) x 10 Q). The difference between our
As was mentioned in the Introduction, the rapidly increasing calculated resistance and that reported in ref 84 may well have
interest in the development of electronic devices based uponto do with differences in the mechanism (physics) of electron
molecular materials has focused attention upon the physical andrransport between the two types of systems investigi&tids,
chemical parameters controlling the kinetics of electron transfer therefore, important to study a diversity of types of single-
across interfaces between conventional electrodes and thesenolecule junctions to fully understand all aspects of electron
materials It has also long been recogniZédthat single  transport (such as the unexpected limits seen in the Arrhenius

molecule donorspacer-acceptor structures might very well  preexponential factors observed here and in ref 31) in these
be made to perform the basic functions of electronic circuit junctions.
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