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Scanning Electrochemical Microscopy. 59. Effect of Defects and
Structure on Electron Transfer through Self-Assembled Monolayers
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Electron transfer (ET) rate kinetics througfalkanethiol self-assembled monolayers (SAMs) of alkanethiols of
different chain lengths [Me(CpLSH;n= 8, 10, 11, 15] on Au and Hg surfaces and ferrocene (Fc)-terminated SAMs
(poly-norbornylogous and HS(GH,CONHCHFc) on Au were studied using cyclic voltammetry and scanning
electrochemical microscopy (SECM). The SECM results allow determination of the ET kinetics of solution-phase
Ru(NH)3 2 through the alkanethiol SAMs on Au and Hg. A model using the potential dependence of the measured
rate constants is proposed to compensate for the pinhole contribution. Extrapolated vatyesmfRu(NHs)s3 2+
using the model follow the expected exponential de¢his(0.9) for different chain lengths. For a Fc-terminated
poly-norbornyl SAM, the standard rate constant of direct tunneliigs(189+4 31 s1) is in the same order as the
ke value of HS(CH);,CONHCH,Fc. In blocking and Fc SAMs, the rates of ET are demonstrated to follow Butler
Volmer kinetics with transfer coefficientsof 0.5. Lower values of are treated as a result of the pinhole contribution.

The normalized rates of ET are 3 orders of magnitude higher for Fc-terminated than for blocking monolayers. Scanning
electron microscopy imaging of Pd nanopatrticles electrochemically deposited in pinholes of blocking SAMs was used
to confirm the presence of pinholes.

Introduction In one approach to ET measurements of solution species with

Long-range electron transfer (ET) has been widely studied in SAMS. the molecules self-assembled on the surface of a metal
chemical and biological systems. The effect of the linking group (€-9-+ Au Or Hg) via a thiol group, with the terminal end of the
(or bridge) that separates the electron acceptor and donor sitedn0lécule being agroup thatis not electrochemically active (e.g.,
on ET is of fundamental interest in chemistry, as ET rates appear,a methyl or carboxyl gro;J+p). The rati?f ET to aredox mgdlator
to be a function of the structure and composition of the bridge. I Solution (e.g., Ru(Nk)s™" or Fe(CNj*") through the blocking
This topic is also of interest for potential applications, for example, SAM was then measured. The rate constants at given potentials

in surface passivation and molecular electronics. Numerous (Kv) were used to determine the standard rate consk&nt)(

electrochemical experiments have been carried out to study theat E” for the redox mediator, and the transfer coefficientfor

effects of bridge composition on ET through self-assembled different SAM thicknesses and structures. In such studies,

monolayers (SAMs) of alkanethiols, which spontaneously form deviations of the potential dependencekqf (represented by
highly ordered monolayers on Au and Hg surfab@SAMs o) from the expected value 6f0.5 have often been observed,

allow a high degree of distance control, which can be varied with and attempts have bgen made to explgin this deviatior_l thgoreti-
a resolution of about one bond lengthi.5 A per Ch group)? cally 87However, an important uncertainty in such studies is the
The chemical composition of the bridge can also be varied to "€€d 10 assume defect- or pinhole-free SAMs since ET occurring
determine the ET dependence on structure. Investigations of&t Such sites will provide a parallel path that is faster than that
monolayers (e.g., of alkanethiols) have been described in a numbefhrough the monolayer itself. As discussed next, pinholes can
of papers and reviews?and ET through these SAMs has been contribute to the electrochemical measurement and result in
measured by chronoamperometry (G&)cyclic voltammetry ~ Inaccurate kinetic data. .

(CV),5° impedance spectroscopyi! potentiometryt? and The effect of defects and pinholes has been treated as an

scanning electrochemical microscopy (SECR)4 ultramicroelectrode (UME) arral. Reports in the literature
describe methods for detecting pinholes on SAMs either by
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amplifying their effects (chemical amplificati&hand polymer /OMe OMe

decoratio#’) or by directly measuring them with a high-resolution R OMe A

microscopy technique (e.g., scanning tunneling microscopy R S

(STM)!8 and shear force-SECMY.These studies have allowed
one to observe different types of defects on derivatized Au(111)
electrodes, including pinholes{3 nm diameter), and even with
methods known to decrease defect density, it appears to b
impossible to produce a defect-free SAM. For example, a study
of SAMs on evaporated Au electrodes found a minimum pinhole
density of 500 pinholes/cfrdespite the rigorous conditions of
their experiment3® A study of the effect of annealing SAMs
with physisorbed methylene blue (MB) concluded that the E
for MB reduction was predominantly through pinhof&g!

PNB: R=CONHCH,Fc

eFigure 1. Structure of the thiol-ferrocenyl functionalized poly-
norbornylogous bridge PNBB.

data based on the measurei$ proposed. The variability in our
measurements and of literature data is discussed in terms of the
T pinhole contribution. Scanning electron microscopy (SEM) of
electrodeposited Pd nanoparticles provides independent evidence

An alternative approach is to use electroactive SAMs, which
feature a redox moiety (e.g., ferrocene or ruthenium bipyridine)
bound to the terminal end of the alkylthiol, with the other, linking,
end attached to the surfaces of metal electrodesavé atom.
Studies of these molecules are usually carried out with the
electroactive thiols diluted in a mixed SAM with nonelectroactive
thiols3 In electroactive SAMs, the redox moiety is located at

of the presence of pinholes on a SAM.

Experimental Procedures

Materials. Alkanethiols (GH10SH, GiH2:SH, G2H2sSH, and
Ci16H33SH, Aldrich) were used as received. Ru(N¢Cl, (99.9%,
Alfa Aesar) and Ru(Nk)sCl; (99%, Strem Chemicals) were used
as received. All other chemicals used were analytical-reagent grade.
Water (18 M2 cm) was obtained from a Milli-Q purification system

well-defined distances from the electrode, and the pinhole pl’Oblem(Mi”ipore)_ The poly-norbornylous compounds used, shown in Figure

is largely eliminated. The electronic coupling (and consequently,

1, blocking PNB and ferrocene-terminated PNB, were prepared as

the rate of ET) between an attached redox moiety and an electrodepreviously reported®

has been shown to depend strongly on the nature of chemical

bonding within the bridgé? by measurements of ET rates with
transient techniques such as chronoamperotheand CV
(following changes in the peak potential with scan rétedfter
evaluation of the coveragé, rate constants of electroactive

SAMs provide a straightforward way to measure the rate constant

of tunneling through the monolayétr(in s71). Since tunneling
to the redox moiety is a function of the electrode potential, a
standard rate constant for the tunneling can be obtaikfedn(
s1) with a corresponding value far.

Electrochemical experiments on SAMs are usually carried
out with Au electrodes, either fabricated from end cut wires, or

vapor deposited on a substrate (e.g., glass or Si), or with single-

crystal electrodes. In general, the surface of the Au is not

atomically smooth over areas larger than a few hundred square ,qq 5 1

SECM tips were Pt in glass disk electrodes watlof 12.5um
and RG (RG is the ratio of the insulating glagsto that of the metal
electrodes, so RG=r4/a) ~3—5 fabricated as previously descriBéd
from 25um diameter Pt wire (Goodfellow). These tips were polished
with 0.05xm alumina before each experiment. Gold coated silicon
wafers (Aldrich) with a 1000 A thick gold layer were secured to the
bottom of a Teflon cell with an O-ring that defined the electrode area
as 0.272 crh In experiments of SAMs on Hg, triply distilled Hg
(Bethlehem Apparatus) was used to form an electrode @2emm
diameter Pt electrode (CH Instruments) recessed in a well of a Teflon
cell (Hg area is~0.57 cn?).

SAM Preparation. Gold substrates were cleaned by cycling
between-0.35 and 1.4 V versus Ag/AgClin 0.5 MJ80O, at a scan
rate,v, of 0.1V s tuntil reproducible scans were recorded (typically
40 cycles). To prepare SAMs 0fgB10SH, G1H23SH, GoHzsSH,
and GgH33SH, the gold substrate was incubated at room temperature
mMethanolic solution of the thiol overnight. Electroactive

nanometers, and even in the case of single crystals, step edgegams were prepared in two steps. In the first step, the monolayer
and domain boundaries are observed. Mercury, however, isof PNB was prepared with a solution of 1 mM PNB and 20 mM
atomically smooth, and the literature of electrochemical studies 1-undecanethiol in DMF for 30 min. The same procedure was
with SAMs on Hg has been reviewétl Recently, a direct  followed for HS(CH)1.CONHCH.Fc using EtOH as the solvent
comparison of the results for the same electroactive moiety and C11 as the diluent thiol. In the second step, after washing with
between the rate constants for electroactive monolayers andcopious amounts of the solvent and drying under a stream of argon
through an inert monolayer to a solution species has been©r nitrogen, the mixed SAMS were annealed by incubation in 1 mM

reportec?*

In this paper, we present a SECM study of ET as a function
of electrochemical potential. Blocking monolayers of alkanethiols
and electroactive monolayers of linear and norbornylous (NB)
bridge systems are presented. The pinhole contribution for ET

1-undecanethiol in EtOH, at least overnight, and for up to 1 week.
SAMs were tested by comparing the CVs of Ru@ 2+ before
and after modification of the electrodes looking for a current decrease
of at least 95%.

SECM and CV Experiments. Electrochemical experiments
including CV and SECM were carried out using a CHI-900A or B

to the solution species is addressed, and a model to correct theSECM (CH Instruments) employing a three-electrode cell with gold
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working electrode, platinum wire counter electrode, and Ag/AgCl
(3 M KClI) as the reference electrode. All potentials are reported
with respect to this reference unless otherwise stated. Ry)¢NH
solutions were purged with Ar before measurements and kept under
an Ar blanket. For Ru(NgJe?" experiments, a home-built SECM
was used with the stage and the cell inside an Ar filled glove box
to prevent air oxidatiod’

Kinetic measurements were performed as previously repdrted
with the tip held at a potential for a diffusion-limited current at the
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633
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Figure 2. Cyclic voltammograms of 1 mM Ru(N§3*, 0.1 M

NaH,PO, buffer, pH 7.0 (N saturated) at (a) bare gold electrode and
(b) C16/Au.v = 0.05V st andA = 0.283 cm.
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Figure 3. Approach curve in 1 mM Ru(NgJs®" at the surface of
C16/Au with Egyps= 0 V vs Ag/AgCI showing the best fit of the
experimental data to the theoretical curve of negative feedtiagk (
= —0.35 V). Tip of 25um diameter Pt disk, supporting electrolyte
0.1 M NaHPO4 adjusted to pH 7.0.

tip. The tip was located above the center of the substrate and the

was moved toward the surface to monitor the current as a function
of position (an approach curve). Approach curves with the substrate

atan open circuit generally fit the theory for pure negative feedback,
which corresponds to an insulating surface blocking diffusion of the

redox mediator generated at the tip. This allowed determination of

the substrate position relative to the tip coordinates Q). When

a sufficient overpotential was applied to the substrate, the approach

n
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Figure 4. Approach curve in 1 mM Ru(NgJe>" toward a C12-
modified Au electrode at substrate potentials of (a) 0.0 V, (b) 0.1
V, (c) 0.3V, (d) 0.4V, (e) 0.5V, and (f) 0.6 V vs Ag/AgCI. All
other conditions as in Figure 3.
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Figure 5. Standard rate constantkly., corrected for pinhole
contribution as a function of SAM thickness. Bars represent intervals
for 95% confidence. Fitting parameters: kity,. = —0.8d — 4.73;

R? = 0.83. Experimental conditions as in Figure 3.

and the confidence intervals were calculated. Note that with the
Ru(NHg)e" solution, the tip reduces the species to Rugh#,
while the substrate oxidizes Ru(NJ)g+ back to the 3- state. Thus,

the overpotential increases in the positive potential direction. On the
other hand, in the experiments with Ru(§ki+ solutions, the tip
oxidizes the mediator to Ru(Ng#3*, while the substrate reduces it
back to the Ru(NR)¢?" state. In the latter case, the overpotential
increases in the negative potential direction.

Kinetic rate constants for electroactive monolayers were obtained
with three different concentrations of Ru(Nef" (c°) to extract the
rate constant. The measured rate conskantequalsk.s, at a given
potential is

curves deviated from the negative feedback equation as the substrate
and tip current became dominated by the kinetics of ET at the
substrate. Approach curves were collected as a function of potential
until the curves were indistinguishable from those for the pure positive wherek; is the tunneling rate constadt* is the surface coverage
feedback equation (conductive substrate), which indicates that theof the electroactive SAM, and’ is the concentration of the redox
tip and substrate current were limited by diffusion of the redox mediatork; versus the overpotential was fit to the Buttarolmer
couple in the tip-substrate gap. This procedure was carried out at equation to obtaitker anda.

the same region on the substrate to obtain one famikt vélues
as a function ok, as described next. Theequals 0 position was Results and Discussion

kept approximately constant through the fitting of kinetically . .

controlled curves and was used to compensate for any drift. The data SAMs of Alkaneth|ols.As shown earhei‘,“SEQM has several
were fit to the kinetic theory to obtain the ET rate constant at each @dvantagesinthe measurement of redox kinetics through SAMs.
potentiaL For b|ocking m0n0|ayers’ the rate ConstaMQQUajs Iltisa Steady'state teChanue, SO COI’]tI’IbutIOﬂS from d0ub|e |ayer
kwL) obtained at one region of the substrate were fit to the Butler ~ capacitive charging are eliminated. Furthermore, SECM measures
Volmer equation to obtain botkPy. anda the redox mediator in a feedback loop; thus, any background
processes that could occur on the surface (e.g., substrate oxidation
or HT reduction) will not contribute to the faradaic current
measured by the tip that is used for the measurements. These two

This procedure was repeated for the blocking monolayer experimentsfeatures are key, as will be discussed later, because ET processes
with a Ru(NH)e>* solution on three different regions of the substrate, at pinholes can contribute to the kinetic measurements. In addition,

Koyt = keT* € @)

ke = K’w exp[—af(E — E%)] (1)
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Table 1. Rate Constants for Ru(NH)s>"*" Couple via Oxidation of the 2+ Form at the n-Alkanethiol SAM-Covered Au Surface?

uncorrected®y. corrected®y.
SAM (cmis) uncorrected. (cm/sp Opinkpin
c9 (2+ 1) x 104 0.15+ 0.02 (6+2) x 10°° (8+1)x 1073
Cc11 (3.8 0.7)x 105 0.1740.02 (1.5+1) x 10°° (2+1)x 102
c12 (1.2+£0.2)x 104 0.094 0.02 (1.54 3) x 10710 (9+4)x 104

a Averages of three measurements and a confidence level of 96%rected by assuming a constant pinhole current, see text.

Table 2. Summary of Kinetic Data for Solution-Phase Ru(NH)s>3" on Alkanethiol-Modified Electrodes

SAM d (A= technique kowL (cm/s) Au Hg a Au(hlk) ref
C9 16 IS 9.21x 1075 0.48 (111) 10
IS 9.35x 10°° 0.49 (210) 10
HO-C11 b 1.4x10° b
Ci12 19.9 potentiometry 2.16 107 c 12
1S 1.08x 107 0.57 (111) 10
IS 2.13x 10° 0.55 (210) 10
SECM 1.0x 10°8 2.4x 10710 0.6 this work
Ci16 25.1 potentiometry 142 10° 12
(1Y) 3.00x 10713 c 8
IS 1.44x% 1077 0.51 (111) 10
IS 2.75x 1077 0.55 (210) 10
HO-C16 cv 6.38x 107° 0.26 evaporated 7
C18 27.7 1S 4.98x 1077 c 11
potentiometry 2.14¢ 10710 12
IS 3.28x 1078 0.49 (111) 10
IS 3.58x 108 0.52 (210) 10

a Calculated according to eq 4 as suggested in réfG3.J. Miller and J. I. Blankman, unpublished results reported in ref 24 for HG(EHH.
¢a is assumed to be 0.5 fé calculations in these reportéCalculated from the data for HO(GHsSH in Figure 3, ref 7¢ Calculated fronkcr
=1.08x 108 Q. 'Ref 7: thermally evaporated Au on Cr/Si, incubated in saturated aqueous HR{EHH+ 50 mM decyltrimethylammonium
bromide at its reflux point. Ref 8: SMDE incubated in 20% (v/v) thiohihexadecane s to 30 min aDCP.k%,. measured in 5 mM Ru(N{kCls
and 0.1 M NaF. Ref 10: electrode incubated in 30 mM thiol in EtOH for 16 h at &R;measured at 25 1 °C, 1 mM Ru(NH)s[ClO4]/0.1
M NaClQ;,. Ref 11: HMDE in 5 mM thiol in EtOH for 30 min at OCR®y. measured in 1 mM Ru(NClz/0.1 M KNO; Eqpp = E”. Ref 12:
HMDE incubated in 5 mM thiol in EtOH for 30 min at OCRSy. measured(t) in Ru(NHs)eCls/Ru(NHs)sCl2/0.1 M KNOs.

the use of an UME as a tip makes fifedrop negligible i is
~1-10 nA), and a wider range of substrate potentials (i.e.,
overpotentials) is available in SECM as compared to CV.

solution are shown in Figure 4. ASs was varied from 0 to 0.6
V versus Ag/AgCl, the rate of Ru(N$js" oxidation through the
SAM increased, and the approach curves changed from negative

CV can be used to judge the bulk electrochemical behavior feedback to positive feedback. The rate constants obtained were

of a SAM-modified substrate. Figure 2 shows typical CV images
of 1 mM Ru(NH)¢" at the surface of a gold substrate before
and after modification with 1-hexadecanethiol (C16). RugyH

fit to eq 1 and &%y value of (1.24 0.2) x 10~* cm/s and an
o value of 0.09 0.02 were obtained. When the incubation time
for forming the SAM was increased to 2 week%,,_ decreased

shows quasi-reversible electrochemical behavior at the bare goldto 3 x 10-°cm/s, andxincreased to 0.11. Similar measurements

electrode. The CV image of Ru(N}3" at the surface of the

were performed for 1-undecanethiol (C11), and 1-nonanethiol

monolayer (Figure 2b) shows, from the decrease in redox current,(C9), and the results are presented in Table 1. Note that the
that the ET between electrode surface and tip-generated Ru-values are small as compared to 0.5 and thakije values do

(NH3)e?" was effectively hindered by the C16 SAM. If the Ru-

not correlate with the number of carbons in the chain (tunneling

(NH3)e2" probe molecules cannot penetrate the monolayer distance). Similar findings have been reported in earlier stifdies.

framework, they can only be oxidized by tunneling through the
C16 layer. Figure 3 shows a SECM approach cuBtgg —0.35
V vs Ag/AgCl) to a C16/Au sample at a substrate potenka],
of 0 V vs Ag/AgCI. The feedback from the substrate due to ET

We propose that some contribution of species that reacts at
pinholesin the film affects these results and causes an anomalously
small value obrand is consistent with the finding that increasing
the incubation time increases the valueoofThe contribution

through the SAM was negligible because the experimental curve from pinholes in SAMs prepared with the same procedure varied
matches the negative feedback theory. This is consistent with thefrom sample to sample because the size and number of defects
CV experiments (Figure 2b) with the C16-derivitized electrode: depend on factors such as the substrate structure and cleanliness,
an effectively blocking SAM will hinder redox reactions at temperature, thiol concentration, and incubation time. Samples
potentials where tunneling through the SAM is slow. These imaged by high-resolution scanning probe techniques show
sluggish redox kinetics translate to currents near the baseline indifferences between samples and even within the same séifple,

the CV image (Figure 2b) and to SECM approach curves that so it is difficult to correct kinetic data for pinhole effects.

are close to negative feedback theory (Figure 3) (i.e., the case Inthe SECM and CV experiments, the pinhole contribution

of a purely insulating or blocking surface). For C16, it was not led to an overestimation in the rate of ET of blocking monolayers.
possible to perform kinetic measurements since the negativeTo correct for these effects, it is necessary to use a method that

feedback response did not changeHfgrvalues up to 1.3 V vs
Ag/AgCI. Increasinges to more positive values resulted in the
removal of the SAM, resulting in positive feedback from the
substrate. Dodecanethiol (C12) studies with Rug¥ in

accounts for the wide variability of pinhole sizes and their
distribution. An alternative to this problem is the use of a redox-
terminated SAM, usually diluted with nonelectroactive molecules,
which are less sensitive to defects and pinholes in the monolayer.
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Figure 6. Rate constants for Ru(N#3+2* measured on C12 on

Hg and Au. Fitting to the ButlerVolmer equation for Au:koy, = E (Vvs Ag/AgCl)

1.01x 1078, o= 0.62,R? = 0.95 and for Hg:k°%w =2.38x 1071°, Figure 7. Cyclic voltammogramsin 1 mM Ru(Nfjt3* to the surface

o = 0.67,R? = 0.95. 2.5 MM Ru(NH)Cl, in 0.1 M NaHPO; at of (a) bare gold electrode and (b) SAMs on PNB. Same conditions

pH 7.0 in Ar atmosphere, 2Bm diameter Pt tip. See Supporting  as in Figure 2y = 0.05 V st andA = 0.2826 cri.

Information for more details.

To compensate for pinhole contributions in the SECM

and direct tunneling rate constants for the same chain structuremeasureme_nt_s_, we assume that th'.s contribution e_sse_nnally

reaches a limiting value at the potentials where the kinetics of

and length from blocking and electroactive SARS.0 compare monolayer transfer is measured. Thus, a constant value for this

rate constants between them or with theoretical models requirescontribution of pinhole current was subtracted from the measured
accurate knowledge of the rate constants and thus correction for P . -
rate constants at all potentials to yield arvalue of 0.5. The

pinhole effects. result of this correction is shown in Table 1
Pinholes provide a parallel path to the current through the A logarithmic plot of the corrected®y, values versus

monolayer following the equation for the total current across a alkanethiol length is shown in Figure 5. The length was calculated
monolayer, eq & ;
from the number of methylene groupsy, according t8

However, it is also of interest to compare the values of the ET

i = OnFAKR,, C,(0.t) exp(—oy, nf) +

d(A) =56+ 1.3 4
(1 = 6)nFAK;,°C(0.t) exp(—ap7f) (3) & + 13y, @

The rate constants follow the expected trend: a decrease
exponentially as the distance increases. Fitting the data to an
equation in the form of eq 5 yielgsequals 0.87 AL, which is

in reasonable agreement with the reporfedalue of ~1 for
saturated chains

wheref is the monolayer coverage. Assuming that = oypin
= 0.5, the relative ratio of the contributidpn/im is (1 — 6)-
Kopin/ OKOmL . Assuming thakPu, is ~1072 cm/s and thak%;, is
~1 cm/s, from the previous equation, one can see that to make
imL equal to~10ipin, then (1~ 0)/6 must be on the order of 16,
which corresponds to a very high monolayer coverage. The actual o
values ok, for the pinhole anét®y. monolayer are the subject Kw = ks(0) exp[-4d] (%)
of currentinvestigation, but for the SAMs in this work, literature )
2). the tilt angle on the SAMs and that correlating the rate constant
According to eq 3, pinholes will have the effect of significantly  to this distance is equivalent to assuming that tunneling occurs
increasing the measured apparent constant at any given potentiathrough the fully extended molecule. Because of the scatter of
The pinhole current increases exponentially until it becomes the experimental results and the small number of points, itis not
limited by mass transport. At large overpotentials, pinholes operatePOSSible to assess the contribution of through-space tunneling
as an array of UMEs at their diffusion-limited currédf This ~ due to the known tilt of the SAMs (ca. 3@vith respect to the
will contribute a significant offset current that is constant with Au substrate plané)?Note that the dispersion in our data is due
overpotential, so that the apparent valuexdbr the SAM wiill to the variability of the rate constant across individual samples
appear smaller. A similar model was propOsed by Finklea%t al. and that this Surfficle d|3tr|but|0n data are. available from !JSing
for “collapsed sites in the monolayer”, which suggested that the SECM. Also, statistical evaluation of confidence levels using a
rate constant varied greatly across the surface. A simulation of Student'st test is usually not reported in the literature, and
this model was used to show that a smaller value obuld be ~ treatments of the filt angle effect on ET assume a perfect
due to the distribution of rate constants across the sample,monolayer. In summary, our approach corrects for pinhole
although, to the best of our knowledge, no attempt has beencontribution and yields standard rate constants thatadeoBders
made to extract rate constants using this model. Protsaild®t al. Of magnitude smaller than those obtained assuming perfect SAMs.
have accounted for the defect contribution by adding two parallel These corrected rate constants follow the expected distance
paths: a resistoiRsaw, attributed to pinholes and defects, and dependence of tunneling through a blocking medium. To the
aconstant phase element (CPE, to simulate double layer effects)Pest of our knowledge, there are only a few reports on the standard
both in parallel to the faradaic impedances of charge transfer rate constant dependence on alkanethiol length, although rate
(R) and diffusion (Warburg). Addition of parallel paths for the ~constants at high overpotentials follow this relationship. Protsailo

current results in a correction f& and ofky. . The dependence €t al*°reported different values dfy. (calculated for a model
of ky. with potential fit the Butler-Volmer equation witho including defects) for SAMs (C9, C12, C16, and C18) on different

equals 0.5. crystalline planes, but they observed similar decay constants for
Au(111) @ is 0.83 A1) and for Au(210) g is 0.87 A™1). On
(28) Finklea, H. O.; Avery, S.; Lynch, M.angmuir1987, 3, 409-413. Hg, with no pinhole contribution, Cohen-Atiya et'&lreported
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Figure 8. (a) Cyclic voltammograms of SAMs of PNB and C11 e c
(diluent)/Au in 0.1 M phosphate buffer (pH 7.0) at scan ratesf(a 5 1
v»=0.05,0.1, 0.2, 0.3, 0.4, and 0.5 V';and (b) plot of anodic and £ b
cathodic peak current vs scan rate. 5
2 a
standard rate constants for alkanethiols following this exponential 0 0 1 2 3 4

decay with3 of 0.9 A-1, and Calvante et &P reporteds of 0.9 L

A~ for w-hydroxylalkanethials. Figure 9. Typical approach curves for different concentrations of
Table 2 shows a compilation of data taken from the literature Ru(N|—|3)(;3+ [(A) 1.3 mM, (B) 2.3 mM, and (C) 5.6 mM] to the

for the kinetics of the Ru(NE)e**'>" couple at alkanethiols  gyrface of SAMs at different substrate potentials: (a) 0.10 V, (b)
covering single-crystal Au and Hg surfaces. For Au electrodes, 0.30 V, (c) 0.40 V, (d) 0.45 V, and (e) 0.48 ¥;, = —0.35 V vs
our corrected values ftéfy are 3-4 orders of magnitude smaller  Ag/AgCl, tip of 25um diameter Pt disk, supporting electrolyte 0.1

than those reported for Au single crystals. Table 2 also includes M Na;HPO;, at pH 7.0.
koL data reported on Hg. Despite the dispersion of khg
values for alkanethiolk®y._ values measured on Hg electrodes
are in general £2 orders of magnitude smaller than those of Au.
This difference has been attributed to a much smaller defect
density of alkanethiol SAMs formed on Hg than on &ud2 As
originally proposed by Demoz and Harrisbralkanethiol

substrate for very small rate constants (total negative feedback)
or for diffusion controlled positive feedback for very high rate
constants cannot be measured with good precision because of
the inevitable uncertainty in thet= 0 position. In Figure 6, we

only show the data with the most reliable kinetic information

molecular interactions favor the formation of a densely packed (i.e., rate constants obtained from approach curves intermediate
SAM on the atomically smooth Hg surface. We attempted to between positive and negative feedback and curves that show
measure the kinetics of Ru(NJ2+3* oxidation on C12/Hgwith & maximum). The complete data set is shown in the Supporting
SECM (with the tip generating thet2species from the-8 in Information. Supporting I_nfp_rma_lthr_] Figure S1 shows the same
bulk solution), but applying a substrate potentiat@f5Vversus ~ 'énd for Hg and Au; an initial limiting value fOksups largely
Ag/AgCl, the onset of Hg oxidation in Cland PQ3", producing attributed to pinholes, is attained at low overpotentials, and at
an insulating film, yielded approach curves showing negative larger overpotent|a[s, the rate begms to increase exponentlally
feedback. If the system is changed to one where the reducedU€ t© theku. contribution. The pinhole contribution in these
species Ru(N)s2* is used in a solution kept free from oxygen, ~CaSes appears to be much smaller. On Hg, this is expected from
Ru(NHs)e2* is oxidized at the tip to the-8 state, and the rate & better SAM packing on the atomically smooth surface. We are

of the reduction to the-2 species at the substrate is measured. unsure OT the reason for thjs on Au, but apparently we obtailned
With this setup, large negative overpotentials could be used at@ SAM W'th_ an unu;ually h'.gh coverage from a long |n_cubat|on
the substrate (an important advantage of SECM over CV (2 weeks) in the t_h'°| SOM'OH(O'V_'L was calculated ta!<|_ng the
measurements): results are shown in Figure 6 for Hg and Au three most negative overpotentials (Figure 6) and fitting them
substrates. Note thatin determining the rate constant from SECM1C the Butler-Volmer eq 1. For Auk’m. was 1x 107% (o equals

: . +3 x 1078 anda was 0.62. For Hgk®y. was 2x 10710 (¢
approach curves, those curves that are near to those of an insulatin ) .
PP quals£5 x 10719 and o was 0.67. There is considerable

(29) Calvante, J. J.; lmez-Peez, G.; Rarfnez, P.. Ferfadez, H.. Zo, M. A.; uncertainty in these results because of the long extrapolation to
Mulder, W. H.; Andreu, RJ. Am. Chem. So@005 127, 6476-6486. obtaink®y._. The standard rate constant on Au is larger than that
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Figure 10. Dependence dfe (cm/s) on the concentration of Ru(Nf#* for a monolayer of PNB and C11/Au. The numbers on the plot
indicateEs psandEgp = —0.35 V vs Ag/AgCLI' = 7.58 x 10-1tmol cni 2. Same solution conditions as in Figurekg: values were extracted
from fitting approach curves in Figure 9 to theory.

12 others (see Table 2). The general conclusion is that measurements
0 ZEES:EZ; of this type at high overpotentials are difficult and that the trend
= 4 + C14Fe of a larger rate constant on Au as compared to Hg is probably
- 8 % . . . .
< o primarily a reflection of the better quality of the SAM on Hg,
= ) iously found?-12 liabl |
- U as previously found!*“More reliable data are needed to analyze
T4l % rate constants more closely in terms of Marcus theory and the
0o ° . metal density of states. The measurements of C12 are about at
the lower limit for the measurement of rate constant, and electrons
°0 . 02 0 02 04 will not tunnel through longer chains at these overpotentials (0.7

V) (see Table 2). The C16 thiol always behaved as an insulator
when studied with SECM. In summary, the Butldfolmer
equation for rate constants can be used to explain the potential
dependence of redox kinetics on SAMs, once the measurements
are corrected for a pinhole contribution.

on Hg by 2 orders of magnitude. Our extrapolated result using  Electroactive SAMs.Measurements on electroactive SAMs
the model for pinhole correction is 15510710 (¢ equalst0.73 are much less susceptible to pinholes and detédtbe drawback

x 10719) for the oxidation of the mediator on C12/Au (Table 1). Of CA and CV in these measurements is that iRelrop and

At larger numerical values of overpotenti&@®( equals—0.2 V charg_lng currents can affect the results. S_ECM, a steady-state
vs Ag/AgCl), one exceeds the potential limits for SAM stability, technique, eliminates the proplems of transient backgrounds and
especially on Au, which would lead to a potential dependent Was }Jsed to study the potential deper)dence of ET in ferrqcene-
increase in leakage at very negative potentials and could explaintérminated monolayers. SECM also gives the rate of reaction of
the value ofa being slightly above 0.5. However, even with the electroactlve group and med|ator and the extent of leakage
these problems, the apparent rate constants we find are as mucff the mediator through the film.

as 4 orders of magnitude smaller than those reported in the Figure 7 shows CV images of Ru(NJ#*" at the ferrocene-
literature (Table 2). Another issue is that the rate constants aretérminated PNBs on a Au electrode before (Figure 7a) and after
expected to deviate from the exponential increase predicted byincubationin PNB solution (Figure 7b). Reduction of Ru(4"

the Butle-Volmer eq 1 and to curve downward at large Was Significantly hindered by the PNB SAM butwas not blocked
overpotentials with the. value decreasing from 0.5, as proposed as effectively as with C16 (compare Figures 7b and 2b). CV
by Chidsey in his formulation of the Marcus theory for redox IMmages from various scan rates for PNB/Au are shown in Figure
SAMs 4 This curvature is expected to decrease the rate constant8: The redox centers at about 20 A from the electrode surface
by more than 20% from the ButleMolmer equation fom > show aredox peak with the full-width at half-maximustEm)

0.15 V, assuming for Ru(N#J3+/2+ a reorganization energy of of the CV image of about 190 mV. ThisEqnm value is larger

~1 V.39 However, our most reliable kinetic data show an than the theoretically expected value of 91 mV af@5which
exponential increase far of —0.5 to—0.7 V. Also, a value of may be caused by the existence of redox centers in different
o < 0.4 s expected foy = 0.5 V/, while it is common to observe environments. A plot of anodic and peak current against the scan
o < 0.2 at|y| < 0.5 V, where the ButlerVolmer equation is rate (Figure_ 8b) was Iine_ar witR? values of 0.9995 and 0.9996
expected to hold with equals 0.5. Note that our results show forthe anodic and cathodic peak currents, respectively, as expected
kew (Au) > koL (Hg), opposite to the expected trend from the for a surfgce conflned electroactive center. .The coverage of
ratio of densities of states from the free-electron thegry [  €lectroactive species,, calculated by integration of the peak

(AU)/ pm(Hg) is ~0.6]:2430and this trend has been reported by current (Figure 8a) was 7.58 10~** mol (of Fc) cni.
Figure 9 shows approach curves obtained for PNB/Au at

(30) Feldberg, S. W.; Newton, M. D. Smalley, JHfectroanal. Cher2004 different substrate potentials and different concentrations of Ru-
22, 101-180. (NH3)&®". Increasing the substrate overpotential led to a change

E-E"(V)

Figure 11. Dependence okr on overpotential for ferrocene
monolayers for PNB and FCCONHC(GHLSH sample 2 (C14-Fc).
Experimental conditions as in Figures-@nd 10.
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Figure 12. SEMimage of C12/Au SAM after deposition of Pd particles (bright spots) at a potential of 0.34 V vs Ag/AgCl in 1 mM@PHCI
M H,SQ;, for 20 s @ = 0.126 cm).

Table 3. Standard ET Rate Constants for Ferrocene-SAMS

std rate constant {3) transfer coefficient
SAM 102 x T (mol/cn¥) kor o o o R?
PNB
sample IN=7 0.8 200 38 0.54 0.04 0.987
sample 2N=5 0.7 178 22 0.46 0.04 0.986
Av 189 31 0.50 0.04
HS(CH,)14CONHCH:Fc
sample 1N = 4, 37 182 19 0.25 0.02 0.996
sample 2N =5 6.4-2.5 253 27 0.44 0.02 0.998

aT is the coverage of FAN is the number okr(E) measurements on the SAM.

from negative to positive feedback. When the substrate potentialenhancement factor of at least 2 orders of magnitude greater than
is above 0.3 V, the Fc moiety is oxidized to ferrocenium at a rate that through a single-chain analogue of comparable length. The
limited by the ET through PNB. The tip potential was set to reason for this discrepancy is the subject of active investigation.

reduce Ru(NH)¢3* at the diffusion-limited ratef, equals—0.35 These measurements are within 1 order of magnitude of those
V versus Ag/AgCI). Then, Ru(NkJe?" diffuses from the tipto  of Smalley et aP. for HS(CHp)16Fct (ko is 284 3 s71) and are
the ferrocene attached to the monolayer, and RujMH is consistent with those measured with SECM for shorter chains

oxidized by the ferrocenium, increasing the feedback current at (assumingo. equals 0.5}#

the tip. The potential dependence of ET is evident from the  Comparing the Standard Rate Constants for Blocking and
change in the substrate rate constégt,'* Figure 10 shows a  Redox SAMs.Smalley et al. proposed the use of a comparison
series of plots ok versus the reciprocal of the Ru(N)g#" factor, P, that normalizes the rates of ET through redox SAMs
concentration for the substrate held at different potentials. The (k°r, in s71) to that of the rated constant of a blocking SAM to
slopes of the lines in Figure 10 are the tunneling rate constant,the same redox couple in solutiokP,_ in cm/s¥*

kr.14 The potential dependence kf follows Butler—Volmer

behavior (Figure 11). This procedure was repeated (using a K°; exp[B(d, — d9)]
different sample), and fitting parameters to eq 1 are shown in P.= K© (6)
Table 3. Results for FCCMHCOGC4,SH (C14Fc), of the same Bk

length of PNB, are also shown, and they follow the same trend
as the results for PNB. Table 3 demonstrates thak¥hgalue

for the two moleculesd is ~20 A) are equivalent within
experimental error, and on the orderksf equals 189 s with

o of 0.5, as calculated for PNB. Note that sample 1 gave an
anomalously smati value, we think from a pinhole contribution
for this sample since substrate two, with a good blocking SAM,
gaveo. of ~0.5. In summary, we found that ferrocene-terminated
SAMs follow the simple ButlerVVolmer kinetics witha. equals

0.5 and that the PNB system has the same ET rate as an alkan
chain of the same length. Intriguingly, this observation is contrary
to our previous ET rate measurements on PNB SAMS, using CV' 31y ponce, A Gray, H. B.; Winkler, J. R. Am. Chem. So@00Q 122,
and alternating current voltammetry, which revealed a rate 8187-8191.

wherefsis the exponential decay coefficient for aqueous solution
(Bsequals 1.68 0.07 A1) 3l andd, anddsare the characteristic
distances for ET on electroactive and blocking SAMs, respec-
tively. From data in the literatur®; was found to be within an
order of magnitude of 1, which would indicate that the rates for
bridge mediated ET to a covalently attached redox moiety (Ru-
(NH3)sPy- or Fc-) are the same as for a blocking SAM of the
same length with the redox active species in solution. However,
gur electrochemical measurements indicate that SAMs of C12
?ds equals~20 A) show a much smaller heterogeneous rate
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constant for Ru(Nk)¢>2" in solution as compared to the reported  deviation was explained in terms of a contribution from reaction
value for HS(CH)14.COHCHPYRU(NH)s (da equals~21 A) at pinholes. A model for correction for the pinhole contribution
measured by CV2 Thus, the factor oP. for monolayers using yielded values ok® that follow the expected exponential decay
our k° value for solution species and the literature value for an (8 equals 0.9 A1) butthat are several orders of magnitude smaller
electroactive SAM gives &. value of ~10%, closer to the than those previously reported in the literature. Experiments on
expectatioff'that tunneling via bonded contacts is more efficient Hg for reduction of this mediator support this finding and yield
than tunneling to nonbonded contacts (e.g., as found in glaSses). an o value of 0.5.

Pinhole detection on a SAM, or the estimation of the pinhole  HS(CH,);4JCONHCH,Fc and Fc-terminated PNB were found
density, would allow for independent verification of the pinhole  to show essentially the same tunneling behavior. The tunneling
contribution. Electrodeposition of Pd was employed to deposit rate constants also followed ButieYolmer kinetics in the
metal nanoparticles at pinholes that could then be observed bypotential range that we measured here. Our results suggest that
SEM. Pd particles were deposited at 0.34 V versus Ag/AgCl on ET to a redox moiety attached to a SAM is more efficient that
a C12/Au sample. An SEM image of the monolayer after ET through a blocking monolayer to a redox species in solution.
deposition of Pd at a constant potential is shown in Figure 12. Finally, SEM imaging of SAM/Au after electrochemical deposi-
The Pd particles~100 nm) show the existence of pinholes in  tion of Pd nanoparticles showed deposits consistent with the
the monolayer that are not evenly distributed over the surface. existence of pinholes and provided an idea as to their distribution.
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