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Abstract: Electron-transfer rates and electronic coupling factors for ferrocene groups attached to gold electrodes
via oligo(phenylethynyl) “molecular wire” bridges of variable length and structure are reported. Attachment

to gold was achieved via thiol groups at the end of the bridge opposite the ferrocene. Bridge structures were
designed to promote strong coupling between gold and ferrocene, thereby promoting rapid electron transport
over long distances. The effects of bridge length and of substituents on the phenyl rings in the bridge were
addressed. Bridges containing between three and six phenylethynyl units were studied, and a “beta” value of
0.36 A1 describing the exponential distance dependence of bridge-mediated electron-transfer rates was obtained.
The effect on the rates of adding two propoxy groups onto one of the phenyl rings in the bridge was examined
and found to be minimal. The standard electron-transfer rate constant of 36btained for the adsorbate

with the longest bridge (six phenylethynyl units, corresponding to an electron-transfer distance of approximately
43 A) corresponds to an electronic coupling factor between ferrocene and gold of approximately 8.7 cm
The extrapolated rate constants at very short distances were nearly the same for the conjugated bridge series
and for a related monolayer series in which ferrocene groups were linked to gold via aliphatic bridges. The
extrapolated rate constants at short distance also agree with a calculated rate constant for the limiting case of
adiabatic electron transfer at an electrode.

Introduction Much of the present work on electronic conduction in
molecular wires is based on insights gained over the last 40
years from work on electron transfer in bridged denacceptor
molecules It has long been recognized that the electronic
coupling through a chain linking an electron donor to an acceptor
can control the rate of electron transfer between the groups on
the two chain end® This same type of bridge-mediated
electronic coupling is now recognized as a critical factor

Electronic conduction through molecular-scale “wires” is a
critical phenomenon in the developing field of molecular
electronics:? There is general agreement that a molecular “wire”
should consist of a molecular chain with extended electronic
conjugation that would promote strong coupling between the
two groups (molecules, electrodes, or other entities) attached
L%;Zi;?oa::r;hergﬂshssﬁ\éﬁrr?]lotlgiﬁIraert_'gg;ge;ﬁggt;]%r\i(ch(?gg;%mccontrolling long-range electrop transfer in many biolpgical

) ' _structures (e.g., redox proteitfs,photosynthetic reactions
and sevgral groups have recently demonstrated direct eIeCtron'Ccentersl,7~18and nucleic acid§-22), electron conduction across
conduction through small ensembles of molectiiéand even molecular layers in STM%11.13.23g|ectron emission in certain
through single moleculé% 13 using proximal probe techniques.
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classes of field emitter®, electron transfer in certain electro-
chemical system®2” and electronic conduction through mo-
lecular wires.

Electrochemical techniques are particularly well suited to

MQ cm. Ferrocene aryl thiols and mercapto alcohols used to prepare
monolayers were synthesized as described sepaftely.

Ferrocene aryl thiols in which the terminal thiol group was protected
using 4-ethylN-methylpyridinium iodide chemistry were deprotected
. . . in a 9:1 ethanol:triethylamine solution (approximately 0.2 mM in
studies of long-range electronic coupling and electron t"anSferferrocene thiol) for 10 min at room temperature. Ferrocene aryl thiols
between metal electrodes and attached redox mole€iResent in which the terminal thiol was protected using ethyltrialkylsilane
work on the electrochemistry of organized monolayers on chemistry were deprotected as 0.2 mM ferrocene thiol solutions in
electrodes provides a general route to creating surface structuresetrahydrofuran that were also 0.1 M in tetrabutylammonium fluoride,
in which redox-active molecules are linked to electrodes via for 1 h at 37°C. All solutions of deprotected ferrocene aryl thiols were
well-defined molecular bridges, the structures of which can be then stored as stock solutions (from which coating solutions for
systematically varie@ These monolayer-based structures can Preparing monolayer-coated electrodes were made) in capped polypro-

serve as excellent model systems for studying bridge-mediatedPy!ene vials in a freezer.

electron transfer, due in part to the inherently electrical nature

of the signal (usually a current) that is generated as a result of

electron transfer. The electrical nature of the signal from electron

Electrode and Monolayer Preparation.Gold electrodes for mono-
layer coating were prepared by melting the end of a clean gold wire
into a small spherical ball in a gasir flame. The diameter of the
spherical ball varied from one electrode to another but was typically

transfer is also an advantage in applications that are envisionedy, the range of 0.40.7 mm for 0.127 mm diameter wire and 6.2.4

for such structures in molecular-scale analytical devices, for
example in metal-ion sensot,enzyme-based biosensors,
immunosensor&-3tand DNA hybridization sensof3:34

The present work examines the electron-transfer kinetics of

ferrocene groups that are attached to gold electrodes via

conjugated oligo(phenylethynyl)-based “molecular wire” bridges
of variable length and structure. Attachment to the gold is
achieved via aryl thiol groups at the end of the bridge opposite
the ferrocené®3% The bridge structures were designed to

promote strong electronic coupling between the chain ends,
thereby promoting rapid electron transfer over long distances.

mm for 0.050 mm diameter wire. Coating solutions were prepared in
ethanol by dilution of stock solutions of deprotected ferrocene aryl thiols
prepared as described above. A typical coating solution contained
approximately 2.5« 1076 M ferrocene aryl thiol and 5.& 107 M of
16-mercaptohexadecanol in ethanol, except as otherwise indicated.
Monolayers were prepared by immersing a freshly melted gold ball
electrode in a coating solution containing ferrocene aryl thiol and
mercapto alcohol for approximately 10 min at room temperature, after
which the electrode was briefly rinsed with ethanol and then immersed
in a 1 mMmercapto alcohol solution in ethanol for at led (typically
overnight) at room temperature.

Electrochemical Characterization.After a brief rinse with ethanol

Electron-transfer rates were measured using a recently describedollowed by water, the coated electrodes were characterized using a

ac voltammetry technique that is particularly well suited to
studies of redox kinetics in small populations of redox molecules
immobilized on electrode¥. A comparison is made with a

recent electrochemical study by Sachs and co-workers on a

similar ferrocene-based monolayer system involving oligo-
(phenylethynyl) bridges containing two and three phenylethynyl
units38 and also with data from Weber and co-workers on a
ferrocene-based monolayer system involving aliphatic briéges.

Experimental Section

Materials. Gold wire for electrodes was from Alfa (0.127 and 0.050
mm diameter, Premion grade;99.99% pure) or SPM (0.127 mm
diameter, 99.99%). Ethanol (95%, denatured), triethylami@8060),
and tetrahydrofuran (distilled) from EM science were used as received.
Water was purified with a MilliQ system to a resistivity of at least 15
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recently described ac voltammetry metfdd obtain standard electron-
transfer rate constants for the immobilized ferrocene groups. In some
cases, dc cyclic voltammetry was also used to characterize the
monolayers. Two different instrument configurations were used. For
frequencies between 1 and 10 000 Hz, a computer-based CH Instru-
ments model 660 electrochemical workstation was used. This instrument
was also used to acquire dc cyclic voltammetry data. For frequencies
between 1000 and 100 000 Hz, an analogue instrument consisting of a
Stanford Research model SR830 DSP lock-in amplifier, a locally
constructed three-electrode adder potentid8tat,Cypress Systems
Omni 90 potentiostat (to generate a slow dc ramp that was summed
with the perturbing ac voltage), and an XY recorder was used. The
estimated potentiostat bandwidth was in excess of 1 MHz, as determined
by calibration with a sinusoidal waveform and a dummy cell resistor
in two-electrode mode. Both instrument configurations produced the
same ac voltammetry response in the frequency range in which they
overlap.

Electrochemical experiments were performed in a three-electrode
configuration using an aqueous 1.0 M sodium perchlorate electrolyte.
A Ag/AgCIl/3 M KCl reference electrode (Bioanalytical Systems) and
a platinum wire auxiliary electrode were used. The working electrode
was positioned such that the gold ball was immersed just below the
surface of the electrolyte, with as little of the thin gold wire as possible
exposed to the solution. Electrical connection was made to the other
end of the gold wire.

Results

Chart 1 presents the structures of the ferrocene “molecular
wire” adsorbates that were studied in this work. The properties
of these molecules and the synthetic methods used to prepare
them are described separaté&yl.he molecules differ regarding
the number of phenylethynyl units in the bridges, the substituents
on the individual phenyl rings, and the chemistry used to protect
the terminal thiol groups. Monolayer preparation was always
accomplished from dilute ethanol solutions after thiol depro-
tection, such that the monolayer properties should be indepen-

(39) Yu, C. J. et al. Manuscript in preparation.
(40) Bard, A. J.; Faulkner, L. RElectrochemical Methogslohn Wiley
& Sons: New York, 1980.
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Chart 1 4.0e-7
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X = -CH,CH,(C,HN)-CH,' I Y = -CH,CH,Si(CH,), Z = -CH,CH,Si(CH,),C(CH,),

2.0e-7 }

1.5e-7

AC current (average, Amps)

Potential (Volts vs. ref)

10,000 Hz

3.0e-5

2.5e-5 -
2.0e-5
1.5e-5 A

1.0e-5 -

AC current (average, Amps)

dent of the thiol protection chemistry. The general features of 5.0e-6 |
the ac voltammograms (peak potential, size and shape) were g e+o , i . _ . ‘
found to be similar for all of the molecules presented in Chart 0.1 02 03 04 05 06
1, irrespective of the protection chemistry of the thiol, which Potential (Volts vs. ref)
supports the postulate that the thiol protection chemistry has Figure 1. AC voltammograms of a gold ball electrode (from 0.127-
little or no effect on the properties of the monolayers that are mm diameter wire) coated with monolayer of molecule IV with
ultimately formed. mercaptohexadecanol. Data were acquired using the CHI-660 instru-
AC voltammetry has proven useful for studying redox kinetics ment. Peak amplitude of applied voltage was 25 mV (50 mV peak-
in monolayers on electrodds; S particularly when the amount to-peak), sampling period was 1 s, sampling interval was 10 mV.
of redox-active material on the electrode is smaligure 1 Frequency: top, 100 Hz; bottom, 10 000 Hz.
presents two representative ac voltammograms which illustrate
this for a monolayer in which a small quantity of molecule 1V
(ferrocene attached to a bridge containing five phenylethyny
units) is coadsorbed with an insulating mercapto alcohol. At a
relatively low frequency of 100 Hz for the applied ac potential,
a feature in the voltammogram corresponding to ferrocene
oxidation/reduction is clearly evident with a peak potential near
+0.274 V and an ac peak current of approximately 95 nA above
baseline. As the frequency is increased this peak gradually
disappears, until at 10 000 Hz it is nearly gone. In qualitative
terms, this happens because the ferrocene oxidatinfuction
reaction can no longer occur rapidly enough to keep up wit
the changing potential at high frequency. Note that the baseline
current still scales nearly linearly with frequency in this range
(e.g., the ac current at0.10 V increases from 288 nA to 26.8

uA as frequency is increased from 100 to 10 000 Hz), indicating . y , .
that the cell time constant is small enough to enable rapid &S & Plot of Inko) vs distance (a "beta plot’) to illustrate the

charging of the electrical double-layer at both frequencies. This fexponr(]antial d(_apelndel;lce of Late o? ddiTtancea Distahnces %re taken
nearly proportional relationship between background current and "o the terminal sulfur at the gold electrode to the carbon In

frequency was confirmed up to 100000 Hz, the highest the ferrocene cyclopentadienyl ring attached to the bridge, using
frequency used in this work. ' average crystallographically determined distances (in related

I . i lecules) of 1.79 A for the carbersulfur bond, 1.43 A for
A recent publication describes a method whereby the diminu- mo L ' .
tion in ac peak current relative to baseline in a series of ac the C-C single bonds, 1.19 A for the carbeparbon triple

voltammograms acquired at different frequencies may be bonds, and (.3'84 A per complete phenylethynyl_repeat“ﬁﬁft_.
analyzed to yield a standard electron-transfer rate condtant, (T_hus, the d|§tanc<_e Is taken al_ong the main axis of the bridge,
for oxidation/reduction of an immobilized redox molecéle. without consideration of any tilt in the adsorbate layer.) The

Figure 2 presents a series of plots igfaibaskgroundVs 10g- slope of this plot (i.e., the beta value which describes the

(frequency) that illustrate this for several representative mono- _exponentlal dependence of rate on distance, Eatxp[—4d))

- f . o is —0.36 A~ Also included on the plot are some previously
layer films in which the number of phenylethynyl units in the published data on standard electron-transfer rate constants for

bridge linking a ferrocene group to an electrode is systematically
| varied. The plots also list values fég for each monolayer
obtained from fits to the data achieved using the Randles
equivalent circuit model as previously descri§é@hese values
are also listed in Table 1, along with other parameters used to
achieve the fits. The quality of the fits is generally good over
a broad frequency range, which indicates that the systems are
all well described by a single rate constant and not a broad
distribution of rate constantd. As expected, thek, values
decrease as the number of phenylethynyl units in the bridge
h linking the ferrocene to the electrode increases. This reflects
the expected diminution in electronic coupling between fer-
rocene and gold as the length of the molecular bridge between
them increases.

Figure 3 presents the standard rate constants from Table 1

(41) Laviron, E.J. Electroanal. Chem1979 105, 35—42. a series of ferrocene carboxamide derivatives linked to gold
(42) Laviron, E.J. Electroanal. Cheml1979 97, 135-149. electrodes by alkanethiol chains of variable lergtBistances
(43) Kakutani, T.; Senda, MBull. Chem. Soc. Japri979 52, 3236~

3241. (46) Adams, R. D.; Barnard, T.; Rawlett, A.; Tour, J. Eur. J. Inorg.
(44) Finklea, H. O.; Ravenscroft, M. S.; Snider, D. llangmuir1993 Chem.1998 1998 429-431.

9, 223-227. (47) Hsung, R. P.; Chidsay, C. E. D.; Sita, L. ®rganometallics1995

(45) Nahir, T. M.; Bowden, E. FJ. Electroanal. Chem1996 410, 9. 14, 4808-4815.
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100 o e oo o T Figure 3. Beta plots (Inko) vs distance) for ferrocene monolayers with
conjugated bridging groups (circles) and aliphatic bridging groups
Frequency, Hz (squares). Data for conjugated bridging groups are in Table 1 and that
18 for aliphatic bridging groups are in ref 26.
16 ® Data, Six-unit bridge (V)
i —— Simulation, ko = 350 s-1 . . ) .
< 4 suggests that the contribution to the electronic coupling of an
& 45 amide group is almost indistinguishable from that of two
10| methylene group®) These data will be discussed further below.
— — , , T It is instructive to consider the different responses in ac

1 o o b 10 b voltammetry and dc cyclic voltammetry for these electrodes.

Figure 4 presents such a comparison for a gold electrode coated
Figure 2. Data analysis to obtain electron-transfer rate constants for with a mixed monolayer of molecule IV with mercaptohexa-
ferrocene groups linked to gold electrodes by oligo(phenylethynyl) decanol. The ac voltammogram was acquired at a relatively low
bridges of differing lengths. See ref 37 for details of the data analysis, frequency (100 Hz) and the dc voltammogram at a low scan
and Table 1 for summary of parameters used to fit the data. Top, rate (20 mV s2) such that a reversible response should be
molecule |, three phenylethynyl groups; next, molecule lll, four  gptained in both cases. Both voltammograms show the expected
phenylethynyl groups; next, molecule 1V, five phenylethynyl groups; featre neart0.28 V corresponding to ferrocene oxidation/
bottom, molecule V, six phenylethynyl groups. Top two data sets were reduction.

for gold balls from 0.05-mm diameter wire, data acquired using the ) . . .

analogue instrument configuration; bottom two data sets were for gold It IS straightforward to estimate the quantity of ferrocene

balls from 0.127 mm diameter wire, data acquired using the CH-660 Present on this electrode from the currents associated with the

instrument. peaks in each voltammogram. This is most straightforward in
the case of dc voltammetry, since one can simply integrate the

charge under the peak and convert it to a number of moles of

Frequency, Hz

Table 1. Redox Properties from ac Voltammetry of Ferrocene

Monolayers ferrocene using the Faraday constant. For the voltammogram
monolayer K (sH)P T (molcm?) |Va (cm e in Figure 4, this procedure yields approximately 1.3 nC of charge

() + HO—(CHp)1s—SH 5% 10 6.5x% 1013 26 or 14 femtomoles (8« 10° molecules) of ferrocene.

(I + HO—(CHp1s—SH  6x10*  35x 1012 9 For the ac voltammogram, the procedure is slightly more

8'\'/)) jrr ﬂgiﬁgﬂi))i:%ﬂ gf X1&304 ggi igm g 6 complicated since the current depends on the ac amplitude and

(V) + HO—(CHp)1,~SH' 4 x 10°  1.1x 1078 23 frequency. Equation 1 presents the expected relationship

(V) + HO—(CHp)16—SH  35x 10* 4.0x 101 0.7 between the voltammetric peak current and the number of moles

of redox-active adsorbate giving rise to the peak, assuming
reversible Nernstian behavior and a linear currerditage
relationship*'43In this equatiorf is the frequency in hertz,

a Other fitting parameters were as follow€y = 1.0 x 108 Fcm 2
solution resistivity= 5 ohm cm; electrode radius 0.2 mm for balls
from 0.05-mm diameter wire (molecules |, Il, and II) and 0.4 mm for
gold balls from 0.127-mm diameter wire (molecules IV and Mgach

ko measurement was reproduced at least one time, and in most cases 2\[ E2
several times, on a freshly prepared monolayer. The values listed are ieak= |=||===](no. of moles adsorbate)#Be (1)
precise to within at least20%. ¢ Calculated using eq 2 as described peak \mr/\4RT]

in the text.9 Monolayer was prepared from a solution containing 25

uM of deprotected molecule IV and 5QM of mercaptododecanol. the peak amplitude of the applied ac voltage, angkis the

in this case are again taken from the sulfur to the ferrocene @€ Peak current (average) in the ac voltammogram. Note that
cyclopentadiene ring, assuming a carbearbon distance of the factor 21’: is required to present the ac current as an average
1.27 A (appropriate for a fully extended all-trans polymethylene ac current instead of a peak ac current.

Ch‘.”"”'g) anq tgklng the amide as.equwalent to two methyler.]e (48) Bain, C. D.; Troughton, E. B.; Tao, Y.-T.; Whitesides, G. M.; Nuzzo,
units. (Preliminary work comparing electron-.transfer rates in R, G.J3.J. Am. Chem. Sod989 111, 321.

alkylferrocene andN-alkylferrocenecarboxamide monolayers (49) Sumner, J.; Weber, K.; Creager, S. Manuscript in preparation. 1998.
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4.0e-7 qualitatively to the extended nature of the electronic orbitals in
3.5e-7 conjugated structures, as compared to aliphatic structures in
3067 1 which the molecular orbitals are for the most part localized to
2507 smaller numbers of atoms.

Sachs and co-workers have presented the results of calcula-

tions on the distance dependence of electronic coupling across
phenylethynyl spacers with radical ions on the two ef¥dhe

2.0e-7 A

1.5e-7 A

AC current (average, Amps)

1.0e7 + beta value of 0.36 Al from the present work is close to the
5.0e-8 values of 0.39 and 0.437A calculated by Sachs and co-workers
0.0e+0 . . ; ; — — for radical cations and anions (respectively) in a conformation
0.1 02 03 0.4 08 06 in which the phenyl rings in the bridge are nearly coplanar.
Potential (Volts vs. ref) Magoga and Joachim have also reported the results of calcula-

tions on the distance dependence of electronic coupling across
phenylethynyl spacers, in this case with metal electrodes
6.0e-9 1 attached to the two ends of the brickjEhey report a calculated
4.0e-9 damping factor (equivalent to a beta value) of approximately
0.28 A-1for phenylethynyl spacers (conformation not specified),
again in reasonable agreement with the value of 0.38 A

8.0e-9

2.0e-9 -

DC current (Amps)

00240 obtained in the present work. Both the electronic coupling and
-2.0e-9 A the damping factor (beta value) should depend strongly on the
4.009 bridge conformation, specifically on the twist angles between
000 . : ' ' ‘ . adjacent ring8857 Little is known about the bridge conformation
0.1 02 03 0.4 05 06 in the present monolayers; however, the torsional barrier in

tolane (a related molecule) has been estimated to be between
200 and 300 cmt,5758which should be sufficient to impart a
mild preference for a coplanar configuration at room temper-

Potential (Volts vs. ref)

Figure 4. Comparison of ac voltmametry (top) and dc cyclic
voltammetry (bottom) of a gold ball electrode (from 0.127-mm diameter

wire) coated with a monolayer of molecule IV with mercaptohexade- aturr?. av b h d K . |
canol. The ac voltammogram was acquired using the same parameters The study by Sachs and co-workers reports an experimenta

as those listed in Figure 1; dc cyclic voltammogram was acquired at Peta value of 0.57 Al for phenylethynyl-based bridges from
20 mV s at a sampling interval of 1 point every mV. an electrochemical study of redox kinetics for two members of

a monolayer-based system that is very similar to that studied
Application of this relation to the ac voltammogram in Figure in the present work8 The discrepancy between this value and
4 yields a value of 10 femtomoles 6 10° molecules) for the  the value of 0.36 Al obtained in the present work is significant,
amount of ferrocene giving rise to the peak, in good though and the cause of the discrepancy is not certain. We do note that
not completely quantitative agreement with the value obtained there are significant differences in the monolayers and the
from integration of the peak in the dc voltammogram. Possible methods used in the two studies. For example, Sachs and co-
causes for the small difference between the values obtained byworkers worked at ferrocene surface coverages that were
the two methods include nonideal voltammetric peak shapestypically 10 times higher than those used in the present work.
associated with interactions among oxidized and reduced Also, Sachs and co-workers measured electron-transfer rates
species? errors associated with the correction for the relatively using a novel laser-based coulostatic temperature-jump nféthod
large background current due to double-layer charging, and suitable for measuring very fast rates (e.qg., rate constants up to
errors associated with the use of a relatively large ac voltage 3 x 10° s~ are reported in reference 38), whereas the present
amplitude (50 mV peak-to-peak) while assuming a linear work utilizes an ac voltammetry method that is well suited for
current-potential relationship. measuring less rapid rates (e.g., the maximum rate reported
Discussion herein is 5x 10° s™1). The goqd Iingarity of the beta plgt in
the present work over a very wide distance range (four different
Distance Dependence.Several aspects of these results pridge lengths were studied), combined with the fact that the
warrant further discussion. We first consider the slopes of the glectron-transfer rates in the present work are all slow enough
beta plots in Figure 3 for monolayers in which ferrocene groups that limits associated with cell time constants can be ruled out,
are linked to gold by conjugated (phenylethynyl) and noncon- give us confidence that the beta value obtained in the present
jugated (alkane) bridges. The beta value of 0.36 Bbtained  work is reliable, particularly for the longer distances.
for the conjugated bridge system is much lower than the value  Electron-transfer rates in monolayers may be interpreted in
of 0.90 A™* for the aliphatic system shown in the figure and  terms of factors describing the electronic coupling between the
‘t""de% feported for many related aliphatic monolayer Sys- =gy c, "5 "Voore, T. A, Moore, A. LAcc. Chem. Red1993 26,
ems2>#6>0 Another way of thinking about these numbers is 198505,
that they indicate that rates are diminished by a factor of 3.0  (52) Woitellier, S.; Launay, J. P.; Spangler, C. Worg. Chem.1989
for each methylene unit in the aliphatic bridges, and by a factor 28, 758-762.
of 11.7 for each complete phenylethynyl unit in the conjugated 51(53) Richardson, D. E.; Taube, H. Am. Chem. Sod.983 105 40~
bridges. A shallow distance dependence of electron-transfer rates  (54) Helms, A.; Heiler, D.; McLendon, G. Am. Chem. S04992 114,
for conjugated bridges has been observed experimentally in4, 6227-6238.
several molecular doneiacceptor systenf; 56 and in one case, (55) Osuka, A.; Tanabe, N.; Kawabata, S.; Yamazaki, |.; Nishimura, Y.
e . ; J. Org. Chem1995 60, 7177-7185.
similar behavior was also seen in a monolayer-based electro- (56) Finckh, P.: Heitele, H.; Volk, M.: Michel-Beyerle, M. B. Phys.
chemical syster® A shallow distance dependence of electron- chem.1988 92, 6584-6590. ’

transfer rates through conjugated spacers is thought to be due (57) Seminario, J. M.; Zacarias, A. G.; Tour, J. M.Am. Chem. Soc.
1998 120, 3970-3974.

(50) Smalley, J. F.; Feldberg, S. W.; Chidsey, C. E. D.; Linford, M. R.; (58) Okuyama, K.; Hasegawa, T.; Ito, M.; Mikami, M. Phys. Chem.
Newton, M. D.; Liu, Y.-P.J. Phys. Chem1995 99, 1314}-13149. 1984 88, 1711-1716.
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immobilized redox molecule and the underlying electrétfe. transfer dynamics in systems of this type. It also places an upper
Equation 2 presents an equation for the rate constant oflimit on the standard electron-transfer rate constant that can be
nonadiabatic electron transfer at an electrode in terms of the expected for ferrocene oxidation/reduction at an electrode.
reorganization energyi, for the immobilized redox molecule, Ring Substituent Effects. An important point regarding

the density of electronic stateg(c), of the electrode, and the  molecules Il and 11l in Chart 1 is that, aside from the thiol
electronic coupling factor|Va|, between the redox molecule  protection chemistry, they differ only in the substituents on the

and the electrod&.>%% phenyl rings in the bridge. Molecule Il has only hydrogen
k, = substituents on the rings, whereas molecule Il has two propoxy
groups on the ring adjacent to the ferrocene. These groups were
ok P ~((er — €) + /1)2 de added to impart solubility to the higher members of the series.
o(€) |Vab|2(TT) \/k:T f N f(e)k—_l_ @) The standard rate constants for ferrocene oxidation/reduction
—o in monolayers containing molecules Il and 11l were found to

By substituting a value of 0.85 eV for the reorganization be similar (Table 1), which s_ugge_sts that ring substituent eﬁ_‘ects
energy for ferrocene monolayers in w&fet (assumed to be ~ ©On electron-transfer rates in this class of “molecular wire”
independent of distanc®)and a value of 0.3 states e¥for bridging molecules are small. This finding is significant since
the state density of gold near the Fermi ené&#/,and solving it suggests that further synthetic modifications to the bridges,
the integral in eq 2 numerically, it is possible to solve for the for example, to impart solubility or to link other chemically
term [V describing the electronic coupling between ferrocene sensitive molecules (e.g., electroactive or photoactive moieties,
and gold mediated by the molecular wire bridges. The values Or molecules with a desired chemical binding affinity) onto the
so obtained for the present oligo(phenylethynyl) monolayers are bridge, could be readily made without dramatically affecting
listed in Table 1. The coupling factors are relatively large the electronic coupling along the bridge. Of course, the use of
considering the very long distances over which they act (over such chemically modified bridges in monolayer-based systems
40 A in the case of molecule V). Even so, the coupling factors may also be constrained by structural factors associated with
are all small enough that the reactions are rigorously nonadia-the overall monolayer integrity.
batic, as is assumed in the development of &g 2. Coadsorbate Effects.The fourth and fifth entries in Table

Another important point regarding Figure 3 is that the 1 correspond to monolayers in which the ferrocene-containing
electron-transfer rates in both bridge systems extrapolate to theadsorbate is the same but the mercapto alcohol coadsorbate is
same value (approximately exp[20.3] or 6610° s™%) at a changed from one with 16 methylene units to one with 12
gold-ferrocene distance of between 3 and 4 A. (Note that the methylene units in the chain. If there are contributions to the
distance estimates in both cases include the terminal carbon gjectronic coupling from pathways through the coadsorbates (as
sulfur bond distance but not the su#tgqld di;tancg.) Thislrate has been observed for some monolayers in which redox
constant should correspond to the adiabatic limit in which _the molecules are linked to electrodes by aliphatic cH&)nshen
rate is controlled not by the strength of electronic coupling there should be a substantial difference in rate for these two
between ferrocene and gold but rather by the dynamics of cases. In fact, the difference is found to be minimal. This
nuclear motion (in this case mostly those of solvent molecules) jnsensitivity to the nature (length) of the coadsorbate probably
along the reaction coordinate. It is instructive to compare the yefiects at least two factors, the first being the relatively strong
extrapolated rate constants in Figure 3 to a rate constanteopling through the conjugated bridge compared to that
calculated using expressions appropriate for adiabatic electronexpected through alkyl chains, and the second being the rigidity

transfer.at an ele.ctr.ode.. Equation 3 presents a rate equatiorbompared to alkanes of the conjugated bridge to which the
appropriate for this situatiof?.>%°°%4n this equation, the term o -0cene is attached

kel COrresponds to the electron transmission coefficient, the term
vn to the nuclear frequency factor, and the product of these two Conclusions
terms to the barrier crossing frequency.
5 AC voltammetry was used to measure standard electron-
_ w =g =)+ A de transfer rate constants for ferrocene linked to electrodes via
ko= ’Celvnf—ooex T A0kT f(e)ﬁ ©) conjugated phenylethynyl molecular wire bridging groups in
self-assembled monolayer films. Bridges containing between
Substituting the reported solvent reorganization energy of 0.85 three and six phenylethynyl units were studied, corresponding
eV for ferrocene monolayers in watf* and the reported  tg estimated electron-transfer distances between 22 and 43 A.
barrier crossing frequency (the product«gfandwy) of 3.5 x A “beta value” of 0.36 A1 describing the exponential distance
10'*s™* for hydroxymethylferrocene in watér®®into eq 3 yields dependence of the bridge-mediated electron-transfer rates
a calculated adiabatic electron-transfer rate constant 0&2.4  patween ferrocene and gold was obtained. The extrapolated rate
10® s1, in fairly good agreement (factor of 3) with the gnstants at short distance were nearly the same for the
extrapqlated rate constants for the two monolayer systems atconjugated bridges and for a related series of monolayers in
short distances. The good agreement between the extrapolategynich ferrocene groups were linked to gold via aliphatic bridges.

rate constants and the calculated adiabatic rate constant servespe extrapolated rate constants also agreed with a calculated

to validate the models that have been used to describe electron;aie constant for the limiting case of adiabatic electron transfer

(59) Chidsey, C. E. DSciencel991, 251, 919-922. at an electrode. The effects on the electron-transfer rates of
(60) Zusman, L. DChem. Phys1987 112, 53-59. adding propoxy groups onto one of the phenyl rings in the
gg%g Klvs\/?n%rﬁ,KM.%fasgﬁh,sNﬁ]nnaull gg?g‘#)?:‘*cﬁg niégj: 3%,%7— bridge, and of varying the length of the mercapto alcohol
480. coadsorbate in the monolayers, were found to be minimal.
(63) Weaver, M. JChem. Re. 1992 92, 463-480.
(64) Weaver, M. J.; McManis, G. EAcc. Chem. Re499Q 23, 294 JA983204C
300.
(65) Nielson, R. M.; McManis, G. E.; Weaver, M. J. Phys. Chem. (66) Finklea, H. O.; Liu, L.; Ravenscroft, M. S.; Punturi, . Phys.

1989 93, 4703-4706. Chem.1996 100, 18852-18858.



