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Abstract: Electron-transfer rates between ferrocene and gold were measured for a series of alkanethiolate-
based monolayers in which ferrocene groups were linked to gold via bridges that included phenyl rings with
varying isomeric substitution patterns attached directly to one of the cyclopentadiene rings on ferrocene. Electron
transfer was substantially faster (factor of 10) in monolayers with a 1,4-substituted phenyl ring in the bridge
relative to that in monolayers with a 1,3-substituted ring in the bridge. The ferrocene/gold electronic coupling
is, therefore, much stronger in the former case, despite the fact that the directly bonded pathway between
ferrocene and gold is shorter in the latter case. This finding provides definitive evidence for a topological
effect (meaning an effect relating to the position of substitution on a bridge component) on the rate of bridge-
mediated electron transfer between a redox molecule and a metal electrode for a bridge that includes both
aromatic and aliphatic subunits linked together. The effect is somewhat moderated when the chain length of
the (non-ferrocene-containing) alkanethiol coadsorbate is changed. It is thought that in such cases the bridge
no longer adopts a fully extended conformation and that the electronic coupling then includes contributions
from nonbonded pathways involving alkanethiolate chains adjacent to the ferrocene group in the monolayers.
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Bridge-Mediated Electron Transfer

lecular bridges as studied using proximal probe and/or nano-

lithographically defined contac#; 8 and field emission from
chemically modified field emitter tip&

The importance of extended electronic conjugation in pro-
moting long-range electronic coupling is widely recognized.
However, the importance of the topological connectivity pattern
among conjugated groups in molecular bridges, particularly
bridges that include multiple discrete subunits, is less widely
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may be aliphatic, is not in place. Additionally, it is not
clear how such effects in bridge-mediated electronic coupling
between redox molecules will be manifested when one of
the redox molecules is replaced by a metal electrode. It has
been suggested that making such a replacement has only
minor effects on electronic coupling mediated by aliphatic
bridges?33” however, quantitative comparisons are lacking for
conjugated bridges. A firm understanding of these effects would

recognized and is not yet well-understood. The effects of subunitgreatly facilitate the development of molecular electronic

connectivity in supramolecular assemblies are likely to be
important in several areas in molecular electronic technology,

technologies.
We present here an experimental study of topological effects

particularly in molecular switching structures in which one seeks (meaning effects relating to the connectivity pattern among
to exercise active control of the coupling across multicomponent bridge components) in bridge-mediated electron transfer between
bridges via manipulation of the structure and/or properties of a reqox molecules and metal electrodes. The work is based upon
particular bridge subunit. There is evidence that direct linkages 4 large body of prior work using electrochemical techniques to
across the 1,3 positions of benzene rings are less effective tharl;tudy long-range electron transfer in organized monolayer

linkages across the 1,4 positions in promoting long-range
electronic coupling, despite that fact that the 1,3 linkage is
shorter??5051Similar effects have been noted in pyridyl rirgs,
larger fused ring systen¥8,and even in certain nonconjugated
fused-ring system&*55>however, a firm understanding of how
the connectivity pattern among bridge subunits will affect
coupling across longer bridges or bridges that include multiple
subunits, some of which may be aromatic and some of which
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structures on electrode surfacésn the present case, ferrocene
groups are used as model redox molecules, and the monolayers
are formed using the well-studied gold-alkanethiolate self-
assembly techniquég35-37.56-62 A unique feature of the present
monolayers is that the bridge linking ferrocene to gold includes
a phenyl ring that is attached directly to one of the cyclopen-
tadiene rings on ferrocene. Two different structures were studied,
one in which the phenyl ring is substituted at the 1 and 4
positions (monolayer type A) and another in which it is
substituted at the 1 and 3 positions (monolayer type B). In both
cases, the distal position on the phenyl ring is linked to a
9-mercaptononyloxy chain via the oxygen atom. Figure 1
presents an illustration of the structures envisioned for the two
monolayer types. The monolayers were studied using a variant
of the ac voltammetry techniqé This technique is well-suited

to studying redox kinetics in monolayers because one can study
processes over a wide time scale simply by manipulating the
frequency of the applied voltage. The voltammetric behavior is
readily interpreted in terms of a simple equivalent circuit model
from which a value for the standard electron-transfer rate
constant can be easily obtained. The standard rate constant is
the quantitative indicator of the intrinsic electron-transfer rate,
which is proportional to the strength of electronic coupling for
systems with a fixed reorganization energy.

The central finding of the present work is that electron-transfer
rates are substantially higher (factor of 10) in monolayers that
include a 1,4-substituted phenyl ring in the bridge relative to
that in monolayers that include a 1,3-substituted ring. This
finding is, to our knowledge, the first definitive demonstration
of a topological effect on the rate of electron-transfer between
a redox molecule and a metal electrode. The result is consistent
with prior work on intervalence charge-transfer in similarly
substituted bis(ferrocene) and bis(ruthenium) complexes, albeit
in a system in which one of the redox molecules is replaced by
an electrode. The effect is somewhat moderated when the overall
monolayer structure is changed by changing the chain length
of the (non-ferrocene-containing) alkanethiol coadsorbate that
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Electrode and Monolayer Preparation. Gold electrodes were
prepared by first melting the tip of a gold wire in a Bunsen burner
flame to form a small sphere with a diameter of approximately 0.50
mm. The spheres were then etched in dilute aqua regia (4:3t H
HCI:HNGOs) for one minute, after which mixed monolayers were formed
on the electrode surfaces by immersing the electrodes in a coating
solution of thiols in ethanol. The coating solutions were typically 1mM
total thiol concentration at a 1:1 ratio of ferrocenyl-thiol to nonelec-
troactive coadsorbate thiol. Electrodes were exposed to the coating
solution for 10 minutes, then they were rinsed with water, followed by
2-propanol, and were placed in a 50 ethanolic solution of the
coadsorbate thiol at-45 °C for at least thirty minutes. The heat
treatment step in coadsorbate thiol is used to displace weakly bound
adsorbates, thereby filling defect sites and creating well-ordered self-
assembled monolayers in which the ferrocene-containing adsorbate is
the minority constituent. The electrodes were then cooled slowly (over
two or more hours) to room temperature on the benchtop prior to
electrochemical characterization.

Electrochemical Characterization. After rinsing with 2-propanol
and then with water, the monolayer-coated electrodes were placed in a

three-electrode cell containing an aqueous 1.0 M perchloric acid
electrolyte and a silver/silver chloride/saturated potassium chloride
reference electrode and platinum wire counter electrode. The working
electrode was positioned so that the gold sphere was held just below
the surface of the electrolyte with as little of the wire exposed to the
solution as possible. An electrical connection was made at the end of
the wire that was opposite to the sphere. Coated electrodes were
characterized using a recently described ac voltammetry mé&¥fiduok

ac voltammograms were collected on a Solartron SI 1260 impedance/
gain phase analyzer connected to a Solartron Sl 1287 electrochemical
interface.

B)

Results

|
».

Figure 2 presents a pair of ac voltammograms acquired at
two monolayer-coated gold electrodes, one in which a ferrocene
group was linked to gold by a bridge system that included a
1,4-substituted phenyl ring that was linked to one of the
cyclopentadienyl rings on ferrocene (monolayer type A), and
another in which the bridge system was similar except that it
utilized the 1,3-substituted regioisomer (monolayer type B). Both
voltammograms exhibit the expected feature ne@rd V that
corresponds to ferrocene oxidation/reduction. The peak potential
is nearly the same in both voltammograms, which suggests that
the ferrocene groups experience similar local microenvironments
in each case. Both voltammograms are also relatively noisy,
which probably reflects instrumental and/or environmental noise
at these lower frequencies. The noise was greatly diminished
at higher frequencies.

Peak currents in reversible ac voltammograms may be used
comprises the majority of the monolayer. Itis thought that insuch to estimate the amount of redox species immobilized on an
cases the bridge linking ferrocene directly to gold no longer electrode surface using eq 1, whegg(Eo) is the average ac
adopts a fully extended conformation and that the electronic peak current in the voltammogramis the number of electrons
coupling includes contributions from pathways involving the transferred per redox everft;is the Faraday constariis the
alkanethiolate chains adjacent to the ferrocene group in theuniversal gas constant, is the temperature; anHs is the
monolayers. amplitude andf, the frequency, of the applied ac voltage
perturbatiorf* The equation may be solved i\, the total
number of moles of redox-active species giving rise to the peak.

B sinh(WFE,/RT)
v Bo) = anFN‘OtcoshﬁFEaL/R'D +1

W

|
»

l
»

Figure 1. lllustrative structures of monolayers studied in this work.
Top, mixed monolayers of 1,4-F&C¢H,—0O—CgH15—SH/Ci2Ho5—SH
(type A); bottom, monolayers of 1,3-F€gHs—O—CoH1g—SH/CGHo5—

SH (type B).

Experimental Methods

Materials. Gold wire for electrodes (0.127 mm diameter, Premion
grade,>99.99% pure) was obtained from Alfa Aesar. Ethanol (100%)
was from AAPER Alcohol and Chemical Company. Perchloric acid
(70% in water, reagent ACS grade) was obtained from Acros. Water
was pUriﬁed with a NANOpure SyStem (Barnstead) toa resistivity of Thus’ the peak in Figure 2a for monolayer A Corresponds to
at least 12 M2 cm. Alkanthiols 1-mercaptononane, 1-mercaptodecane, proximately 3.7 104 moles of ferrocene and the peak in
1-mercaptoundecane, 1-mercaptododecane, and 1-mercaptotetradecal gure 2b for monolayer B, to 1.5 10-14 moles of ferrocene.

(>98% pure) were obtained from Aldrich. 1-Mercaptotridecane, hese values mav be expressed as surface coverages b
mercapto alcohols 10-mercaptodecanol and 9-mercaptononanol, and thér Yy p 9 y

two phenylferrocene-containing alkanethiol derivatives were prepared
as described in the Supporting Information.

@)
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1999 466, 197—202.
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8e-8 The phenomenon of diminishing peak size with increasing
ros | Monolayer A frequency may be treated quantitatively by using a Randles

equivalent circuit model to fit a plot of the ratio of the peak
668 | current to the background current versus log(frequeffc3p) 53

The primary fitting parameters are the standard electron-transfer
rate constant, the specific capacitance of the electredkition
interface, and the surface coverage of the redox species. Figure
4 presents data plots and fitted curves for representative
38 1 monolayers of types A and B. The best-fit standard rate constant
268 | is approximately 3000 se& for monolayer A, and approxi-
mately 300 s for monolayer B. It is remarkable and significant
1e-8 1 that these rate constants differ by so much (factor of 10) for
structures that differ only in the substitution pattern of a single
00 01 02 03 04 05 06 07 08 aromatic ring embedded within the bridging group. This aspect

Bias (Volts) of the results will be considered in greater depth in the discussion
section.

Table 1 presents the results of a series of measurements of
s | Monolayer B electron-transfer rates on monolayers similar to those in Figure
1, except that the length of the nonelectroactive alkanethiols
that comprise the majority of the monolayer were systematically
508 | varied. The data fall naturally into two groups: one in which
the alkanethiol chain is long (11 or more methylene units) and
another in which it is short (10 or fewer methylene units). When
the chain is long, the rate constants for the two monolayer types
consistently differ by a factor of approximately 10 and are
208 1 relatively insensitive to the chain length of the coadsorbate
alkanethiol. This behavior is consistent with the monolayers’
adopting a conformation in which the bridging groups are fully

Se-8

AC Current (Amps)
)
©
(=]

AC Current (Amps)
&
(=]

0e+0 , , . ‘ , » ‘ ' extended, such that the electronic coupling is dominated by the

00 o1 0203 04 05 06 07 08 direct through-bond pathway of the bridge that includes the

Bias (Volts) phenyl ring. In contrast, when the alkanethiol chains become

Figure 2. Comparison of ac voltammograms at 10 Hz of mixed shorter than 11 methylene units, the electron-transfer rate
monolayers of 1,4-FeCegHs—O—CoH1s—SH (type A) and 1,3-Fe constants for both monolayers increase dramatically-@D

CeHa—O—CoH1s—SH (type B) with dodecanethiol. Surface coverages times), and the difference in rates between the two monolayer

of the redox-active species are approximately 4.20™*2 mol cm2 types is diminished. This behavior is consistent with the bridging

12 2 i
and 1.9x 107 mol e, respectively. groups’ adopting a conformation whereby the phenylferrocene

units are able to “bend over” at the aryl ether linkage and contact
the monolayer surface. In this conformation, the electronic
coupling may be dominated by contributions from the surround-
ing alkanethiol monolayer, and the effect of the benzene ring
on the electronic coupling is diminished. In fact, the standard
electron-transfer rate constants of approximately 25 0b@usd

13 000 s obtained for monolayers of types A and B using
decanethiol as coadsorbate are not greatly different from the
Fate constant of 27 500 sthat were reported in a related study
for a monolayer in which ferrocene was directly linked to a

normalizing to the estimated electrode area of approximately
0.008 cm? (obtained by a measurement of the diameter of the
ball with a micrometer and assuming the ball is a sphere). Thus,
the estimated ferrocene surface coverage for monolayer A is 5
x 10712 moles cn?, and that for monolayer B is & 10712
moles cn2. Both of these values are less than one percent of
that corresponding to a close-packed ferrocene mono?éyér.
The ferrocene-containing adsorbate is, therefore, present as
minority constituent in a monolayer for which the overall

structure is probably dominated by the majority constituent, in gold electrade by a decanethiol ch&This result supports

this cgse, dodecanethiol. ) ) the hypothesis (previously put forth by Finklea and co-workers
Variable-frequency ac voltammetry is useful for studying for a related systeff) that electronic coupling in alkane-based

redox kinetics in monolayers via the frequency dependence of monolayers in which the adsorbate is not fully extended may

the peak and background curreffts*®*Qualitatively, as the  pe dominated by contributions from the adjacent coadsorbate

frequency increases, the peak current will diminish relative to species.

the background, reflecting the fact that the time scale of the The table also presents data for two monolayers in which

fluctuating potential is becoming fast relative to that for electron the terminal functional group on the alkanethiol coadsorbate is

transfer. Figure 3 presents four representative ac voltammograms
S ) . han from a hydrogen larger and mor lar hydroxyl
which illustrate this behavior for a monolayer of type A over a thanged from a hydrogen to a larger and more polar hydroxy

group. The effect on monolayers of type A is minimal,
frequency range b_etvv«_een_ 10 and .10 000 Hz. At 100 Hz fand amounting to little more than a shift in the carbon chain length
below, the peak size is fixed relative to background, which

. . h . _at which the transition from slower rates (extended conforma-
;nc(gﬁaaitﬁr:gieliﬁérogtt{gngﬂz'st:ft g;kt ri]secfé(gﬁrlr(;]i?nr}:]ailsﬁque tion) to faster rates (bent conformation) occurs. The effect on
relative to theg bac.kground aﬁd atp 10 000 Hz yit is nearly monolayers of type B is slightly different. The transition from
S ’ . o= 7Y slower to faster rates also is shifted to longer chain lengths; but
indistinguishable from background. This behavior is indicative

of the fact that electron transfer can no longer keep up with the g5y Finkiea, H. O.; Liu, L.; Ravenscroft, M. S.; Punturi, &. Phys.
oscillating potential at higher frequencies. Chem.1996 100, 18852-18858.
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Figure 3. AC voltammograms of a mixed 1,4-F€sH,—0O—CqH15—SH/Ci2H25—SH (type A) monolayer on a gold electrode at selected frequencies
from 10 Hz to 10 000 Hz. As frequency increases, the peak current diminishes relative to the background.

in addition, the faster rate constant obtained with the shorter discrepancy between these two values strongly suggests that
coadsorbate chains is not so large as it is for the hydrogen-the 1,4-substituted phenyl ring greatly enhances the long-range
terminated alkanethiol layers of comparable length. This subtle electronic coupling relative to an alkyl chain of comparable
difference in behavior for the two monolayer types may be length. This result is consistent with prior work that demonstrates
attributed to a slight difference in phenylferrocene orientation particularly strong coupling and rapid redox kinetics for
at the monolayer-solution interface; that is, the surface of the monolayers that contain fully conjugated brid§e& It stands
hydroxyl-terminated monolayer is polar and may, therefore, in contrast to work from Cheng and co-workers, who showed
enforce a conformation whereby the ferrocene group in mono- that introduction of electronic conjugation into a bridge by
layers of type B is positioned slightly above and not in direct replacement of a carbertarbon single bond with a double or
contact with the monolayer-solution interface. These effects triple bond yielded a net decrease in the electron-transfer rate
highlight the importance of monolayer structure and, particu- at a monolayer-coated electrot¥ehe present findings indicate
larly, conformation in controlling electronic coupling factors that what matters most is not the presence of electronic

and electron-transfer rates for nonrigid systems. conjugation, but the extent of coupling between conjugated
] ) fragments in the bridge and the donors and acceptors attached
Discussion to the bridge.

It is of interest to compare the rate constants derived from A Similar line of thinking may by used to interpret the redox
Figure 4 for the two monolayer types illustrated in Figure 1 Kinetics for monolayer B. The extrapolation described above
with the values for comparable monolayer-coated electrodes thatMay be used to estimate that a monolayer with a tridecane chain
lack conjugated groups in the bridge between the redox moleculelinking ferrocene to gold (which corresponds to replacement
and the electrode. Prior work on the electrochemistry of related Of the 1,3-substituted benzene ring with a propy! chain) should
ferrocene-based monolayer systems provides a means fol€xhibit a standard electron-transfer rate constant of approxi-
estimating electron-transfer rate constants for monolayers in Mately 360 s*, which is in fairly good agreement with the value
which ferrocene groups are directly linked to gold electrodes ©f 300 s* obtained for monolayer B from the fit in Figure 4b.
by thiol-terminated alkane chaifi$From data on monolayers ~ The good agreement between these two values suggests that
with nonane, decane, undecane, and dodecane chains linkinghe contribution of the phenyl ring to the overall bridge-mediated
ferrocene to gold, we estimate by extrapolation that a mon0|ayerelectron|c coupll.ng in this case is not greatly dlﬁereqt frpm that
with a tetradecane chain linking ferrocene to gold (corresponding Of an alkane chain of comparable length. The dramatic difference
to replacement of the 1,4-substituted benzene ring in monolayerin the contribution of the aromatic ring to the electronic coupling
A with a butyl chain and treating the ether oxygen as another in monolayers A and B highlights the importance of considering
methylene unit) should exhibit a value of approximately 99 s  not just the degree of conjugation of the bridge components,
for the standard electron-transfer rate constant for ferrocene.but also the topology/connectivity of the linkages within the
This value is much smaller than the value of 300dabtained (66) Cheng, J.; Saghiszabo, G.; Tossell, J. A.; Miller, G. Am. Chem.
from the fit in Figure 4a for a monolayer of type A. The Soc.1996 118 680-684.
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250 across 1,3-substituted bridg€sSimilar behavior was noted in
e Data more recent work by Patoux and co-workers on mixed-valent
2251 . ky ~ 3000 sec” bis(cyclometalated) ruthenium dimétsand on mixed-valent

diferrocenylbenzen&%and by Liu and co-workers in work on
mixed-valent complexes containing ferrocenylpyridine and
rutheniumamine® These observations were rationalized intu-
itively by Richardson and Taube as reflecting “general experi-
ence with the transmission of electronic effects through con-
jugated bond systemg®. A more quantitative approach was
followed by Patoux and co-workers, who considered the manner
in which metal, ligand, and bridging-group molecular orbitals
combine to dictate the electronic coupling between two ferro-
078 . ‘ ‘ ‘ . . . cenyl groups attached across a bridging benzene®tifigey

1e2  fed  1etD  der!  fex2  1e+3  derd  1e+§  le+ explained the poor coupling in 1,3-diferrocenylbenzene in terms

log frequency (Hz) of a quantum interference phenomenon involving a cancellation

of contributions of two separate electron-transfer pathways, each
1.30 involving a different bridge orbital. The coupling depends on
® Data ‘ both the energy and the sign of the relevant orbitals, and a
Ko~ 300 sec cancellation occurs when the two principal orbitals involved
have similar energies (i.e., they are quasi-degenerate) but
different signs on the relevant carbon atoms. In the case of 1,4-
diferrocenylbenzene, the two principal bridge orbitals involved
in the coupling have similar energies and signs on the relevant
carbons, such that their contributions are additive and do not
cancel. It seems likely that a similar effect is operative in the
present work.

Nearly all of the prior work on topological effects in bridge-
mediated electron transfer has been directed at understanding
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0.95 : ‘ , ‘ , ‘ . electronic coupling in bridged doneacceptor molecules. To
162 fe-t  lerd et Ter2  fe+d  ferd  fet§  letd our knowledge, the present work is the first to demonstrate a
log frequency (Hz) strong topological effect in bridge-mediated electron transfer
Figure 4. |peallbackgroundversus log(frequency) plots for mixed mono- ~ Petween a redox molecule and a metal electrode. It is not
layers of 1,4-Fe-CeHs—O—CoHig—SH (type A) and 1,3-FeCgHa— obvious that one would expect to see such an effect in a system
O—CgH1s—SH (type B) with dodecanethiol as the coadsorbate. involving a metal electrode. Topological effects in bridge-

mediated electron transfer depend critically upon the symmetry

Table 1. Electron-transfer Rates for the relationships among the relevant orbitals; for example, in the

1,4-Fc-CgHs—0O—CgH;15—SH (Type A) and

1,3-Fc-CoHs—O—CoHis—SH (Type B) Monolayers with Various bis(ferrocenyl)benzene system studied by Patoux and co-
Coadsorbates workers, the coupling is thought to depend on the symmetry of
ko (seC'Y) the de-y2 orbitals on the iron atoms, the p orbitals on the
bridgehead cyclopentadienyl carbons, and the molecular orbitals
coadsorbate type A type B of the bridging benzene bridg&%” The continuum of electroni-
CigHzg—SH 3.0E + 03 n/a cally delocalized orbitals in the metal electrode may not have
%3:27:23 g?E i 82 g'gg i 83 the proper symmetry requirements to achieve topological control
121125 . . . .
CyiHoa—SH 2 8E + 03 3.0E + 02 of the electronic coupling. In fact, the present work demonstrates
CioH21—SH 2.5E + 04 1.3E+04 that the topological effects in electronic coupling across
CoH19—SH 3.5E+ 04 9.1E + 03 substituted phenyl rings can still be achieved even when only
HO—CigHz0—SH 3.3E+03 3.1E+ 02 one position on the ring is attached to a redox molecule and
HO—CgH15—SH 2.6E+ 04 1.6E + 03

the other position is attached to an alkoxy chain that is linked
at its other end to a gold electrode. Further work will be required
bridge. Electronically conjugated groups will not provide any to establish the generality of this result; however, if it proves
special enhancement of long-range electronic coupling in bridgesgeneral, it would suggest that one can achieve topological
unless they are incorporated into the bridge in such a way thatcontrol of bridge-mediated electron transfer even when only one
the molecular orbitals of the conjugated group can couple with participant in the reaction has the necessary symmetry require-
the electronic orbitals of the redox molecule, the bridge, and ments for selective coupling with the relevant bridge orbitals.

the metal electrode to.prowde an overall enhancement of the  Thq results presented in Table 1 suggest strongly that electron-

coupling across the bridge. , transfer rates in the present monolayers depend critically on
The topological effects observed in the present work are e conformation of the bridging group that links the redox

consistent with prior work on electronic coupling and electron- g6l to the electrode. This idea is also consistent with prior

tran§fer_ mediqted by _briFjges that include phenyl ripgs WIth \york on related systems. For example, Finklea and co-workers
varying isomeric substitution patterns. For example, Richardson have studied alkanethiol-based monolayers in which the chain

and Taube reported in 1983 on charge-transfer spectroscopy dat?engths of the electroactive (ruthenium complex) and nonelec-
for cyanopyridine- and dicyanobenzene-bridged mixed-valent

ruthenium dimers which indicate that electronic coupling is (67) Boukheddaden, K. Linares, J.; Bousseksou, A.; Nasser, J.; Rabah,
much stronger (610 times) across 1,4-substituted bridges than H.; Varret, F.Chem. Phys1993 170, 47—55.
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