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Abstract: The standard heterogeneous electron-transfer rate constants (k,’) between substrate gold
electrodes and the ferrocene redox couple attached to the electrode surface by variable lengths of substituted
or unsubstituted oligophenyleneethynylene (OPE) bridges as constituents of mixed self-assembled
monolayers were measured as a function of temperature. The distance dependences of the unsubstituted
OPE standard rate constants and of the preexponential factors (A,) obtained from an Arrhenius analysis
of the unsubstituted OPE k° versus temperature data are not monotonic. This surprising result, together
with the distance dependence of the substituted OPE preexponential factors, may be assessed in terms of
the likely conformational variability of the OPE bridges (as a result of the low intrinsic barrier to rotation of
the phenylene rings in these bridges) and the associated sensitivity of the rate of electron transfer (and,
hence, the single-molecule conductance which may be estimated using A;) through these bridges to the
conformation of the bridge. Additionally, the measured standard rate constants were independent of the
identity of the diluent component of the mixed monolayer, and using an unsaturated OPE diluent has no
effect on the rate of electron transfer through a long-chain alkanethiol bridge. These observations indicate
that the diluent does not participate in the electron-transfer event.

Introduction A most convenient way to study the physical and chemical

Over the past two decades, there has been a renewed interedtrocesses associated with interfacial ET is to measure the
in the study of the physical and chemical processes that Comrm.kinetics of electron-transfer reactions of redox moieties irrevers-
the kinetics of interfacial electron-transfer (ET) reactions. The [Ply attached to the surfaces of metal electrodes as a part of a
scientific interest in these processes has been engendered b?table, organized structure, that is, a self-assembled monolayer
recent developments in a number of experimental techniques(SAM).*>~*"In such structures, the redox moiety is attached to
that have extended the range and utility of electrochemical

(4) For recent examples, see: (a) Calvo, E. J.; Danilowicz, C.; Lagier, C. M.;

kinetics measurementd The kinetics of interfacial ET reactions Manrique, J.; Otero, MBiosensors and Bioelectroni@004 19, 1219~
are also important in a number of technological applications 1228 (b) Sen. S.; Gee, A.; Gilce, H. Biosens. Bioelectror2004 19,
including those associated with biosensttghotodiodes;® gsg (Ta;ng, C. Wh Vanslyke, S. ﬁ.lﬁ.\ppl. Phys. Lett1987, 51, 913—915.

: R 89 : 6) (a) Burroughes, J. H.; Bradly, D. D. C.; Brown, A. R.; Marks, R. N;
electrocatalysu%,b!oelectrocataly3|§, solar photoconversm’ﬁ, Mackey, K.: Friend, R. H.. Burns, P. L. Holmes, A. Hature199Q 347
and, most especially, molecular electronits:* 539-541. (b) Ho, P. K. H.; Kim, J. S.; Burroughes, J. H.; Becker, H.; Li,

S. F.Y.;Brown, T. M.; Cacialli, F.; Friend, R. HNature200Q 404, 481—
484. (c) Patel, N. K.; Cina, S.; Burroughes, JIEEE J. Quantum Electron.
2002 8, 346-361.

(7) (a)ElectrocatalysisLipkowski, I., Ross, P. N., Eds.; John Wiley & Sons:

T Materials Science Department, Brookhaven National Laboratory.
* Chemistry Department, Brookhaven National Laboratory.

I§|Stanf0rd University. New York, 1998; pp +400. (b) Valincius, G.; Niaura, G.; Kazaké&ieog
Clemson University. B.; Talaikyte Z.; Kazemeaite M.; Butkus, E.; Razumas, \Langmuir
JMotorola Life Sciences. 2004 20, 6631-6638.
(1) Miller, C. J. In Physical Electrochemistry, Principles, Methods and (8) Hirsch, R.; Katz, E.; Willner, 1.J. Am. Chem. SoQ00Q 122, 12502~
Applications Rubinstein, I., Ed.; Marcel Dekker: New York, 1995; pp 12504.
27—-79. (9) Tsujimura, S.; Fujita, M.; Tatsumi, H.; Kano, K.; Ikeda, Rhys. Chem.
(2) Feldberg, S. W.; Newton, M. D.; Smalley, J. F. Electroanalytical Chem. Phys2001, 3, 1331-1335.
Chemistry Bard, A. J., Rubinstein, I., Eds.; Marcel Dekker: New York, (10) Anderson, N. A.; Ai, S.; Chen, D.; Mohler, D. L.; Lian, J. Phys. Chem.
2003; Vol. 22, pp 10%180. B 2003 107, 14231-14239.
(3) Willner, 1.; Heleg-Shabtai, V.; Blonder, R.; Katz, E.; Tao, G.1.Am. (11) Mirkin, C. A.; Ratner, M. AAnnu. Re. Phys. Chem1992 92, 719-754.
Chem. Soc1996 118 10321-10322. (12) Joachim, C.; Ginzewski, J. K.; Aviram, Alature 200Q 408 541-548.
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the electrode as a component of a metallic electrdui&lge— we have also measured the standard ET rate constants of a
redox couple arrangeméfithat corresponds to donespacer- variety of SAM component redox couple/bridge combina-
acceptor structures which have been the subject of extensivetions??26:33as a function of temperature. Arrhenius preexpo-
investigations in homogeneous systems and biological struc-nential factors4,) were obtained from these measurements by
turest18 Additionally, when a redox couple is attached to an fitting the k.’ versus temperature date?$8®

electrode, a significant (surface) concentration of the couple can

be located at a well-defined and variable distance from the k= A, exp[-E, /RT] 1)

electrode, the chemical composition of the bridge can also be . . . o
varied, and complicating factors caused by diffusive and whereEp  is the corresponding Arrhenius activation energy and

convective transport as well as by redox couple adsorktion the subscriptfi” denotes that the relevant quantity is a function
are eliminated. of the length ) of the bridge (i.e., the bridge is an oligomer,

A number of studies from our and other laboratories have and |t_conta|nsn units of the pertinent monomer). .
investigated the electron-transfer kinetics of both ferrotefe Agslsr_nportant result d(_amonstrated by these Arrhem_us analy-
and pentaaminepyridine rutheniém?2 redox couples attached §e$ s that at- ;hort bridge lengths the preexponential factors
to Au electrodes through saturated alkane bridges as afunction“mIt ata surprlsmgly small value (much S".‘"".”er than. would
of the length ) of the bridge. Some of us have also studied the be e_xpe_cted if, for e_xample, thr_e rate-determining step |nvoIv_ed
electron-transfer kinetics of the ferrocene redox couple through Iongltudmgl relaxation dynamics of the aqueous solvent in
unsaturated oligophenylenevinylene (OPV) bridges as a function contact with the SAMs) for both the alkane and the OPV

of the length of the bridgé: The purpose of these studies was gr](lfdgesi Atﬁd't'ﬁ(na”yl’. thf;lkane and OPVt blng%‘etl.'m'ts are I
to characterize the role of both the length and the chemical ifferent (the alkane limit being approximately Imes sma’fler

06 : .
composition of the bridge in mediating interfacial electron '.[han the OPV limitf> One .ex'planatmn for thgse pbservaﬂons
transfer. In the mixed self-assembled monolayer Systems|sthat, wherA, reaches a limiting value, the kinetics of the ET

investigated in these studies (consisting of the redox moiety reaction are no longer controlled by th‘? electronic cou_phn_g
tethered to the electrode through the bridge and a diluent specieg’et\’veen the electro_de and the redox_m0|ety but b)_/ the kmt_atlcs
also covalently attached to the surface of the electrode), bothOf a slow .change in the conformation °3f4 the bridge which
the standard ET rate constants’( and the rate constant accompanies the eIectron-transfer. e\?éﬁﬁ'.

exponential decay coefficients & —d In[k-2)/dl) for the studied _ It h?s been show_n by both_ density funct|onal_ theory calcula-
reactions were determined. Additionally, because Arrhenius tlon_s?’ and gen%rahzed MullikenHush calculatlons_of elec-_
preexponential factors contain information on the factors (other tronic coupling$® that the electron_-transfer proper_n_es of oli-
than those associated with the reorganization energy of the redoxgophgnyleneethynylene (OPE) bndgeg vary significantly de-
moiety) that determine the rate of an interfacial ET reaction pending on their molecular conformations. It has also been

(e.g., the electronic coupling if the ET reaction is nonadiabatic), ShOV_V” that th_e ph;nyle_ne rings In OPE br_|dges have a low
barrier to rotatior$>-3” which may result in an incomplete con-

(13) Adams, D. M.; Brus, L.; Chidsey, C. E. D.; Creager, S.; Creutz, C.; Kagan, jugation of these bridges that would, in turn, lower the rate of
C. R.; Kamat, P. V.; Lieberman, M.; Lindsay, S.; Marcus, R. A.; Metzger,  interfacial electron transfer through these bric§esdditionally,

E:-'\éénl\ﬁgelt?se}{esrfﬁa'\g{zeli;K'\.Ag?r?;}d?é;y'\liwtzoﬁd %_%E?g"éﬂg’m?' comprehension of the mechanism of charge carrier transport in
1) 1,3\‘_%003 ,1AO7’R6?68_6|39,7A'S ence2003 300, 1384-1389 either single molecules or in small assemblies of molecules is
Itzan, A.; Ratner, . clenc . . . .
(15) Finklea, H. O. IrElectroanalytical ChemistryBard, A. J., Rubinstein, ., most important for _the design and construction of molecular-
Eds.; Marcel Dekker: New York, 1996; Vol. 19, pp 16935. scale electronic devices. Because charge carrier transport should
(16) Newton, M. D.; Feldberg, S. W.; Smalley, J. F. Iterfacial Electro- b t v facile inz- . ted terial h OBE
chemistry, Theory, Experiment, and ApplicatipMgieckowski, A., Ed.; € extremely T1aclle Inz-conjugated materials such as S,
an g&rgﬁé D‘f]kkFe."G';‘ﬁW \L(Qr(l;h;g‘-?%‘p'ge%?blgf- S W Lewis. N. S Cali. G electron (and hole) transport through systems based upon the
I Emc%bahai_’ Che%;zoba 549 13-24. g, = W ' _' 777 T aryleneethynylene architecture (substituted and unsubstituted
(18) I(?a? (\g\/rgileﬁwg%h';ﬂm'?gge%g?%2193%29_9%335—461- (b) Winkler, J. OPES) has been the subject of considerable recent €t&tf?.53
(19) Chidsey, C. E. DSciencel991 251 919-922. We, therefore, have employed the indirect laser-induced tem-

(20) Smalley, J. F.; Feldberg, S. W.; Chidsey, C. E. D.; Linford, M. R.; Newton, i H
M. D.: LU, YP. J. Phys. Chemi995 99, 1314113149, perature jump (ILIT) techniq@ao measure the ET rate constants

(21) Weber, K.; Creager, S. Bnal. Chem1994 66, 3164-3172. (k) of ferrocene attached (as a constituent of SAMs) to Au

(22) Richardson, J. N.; Peck, S. R.; Curtin, L. S.; Tender, L. M.; Terrill, R. H,; i i i
Carter, M. T.- Murray, R. W.: Rowe, G. K.- Creager. S.EPhys. Chem. electrodes by various lengths of OPE bridges as a function of
1995 99, 766-772.

(23) Weber, K.; Hockett, L.; Creager, S. E.Phys. Chem. B997 101, 8286— (34) Bixon, M.; Jortner, JRuss. J. Electrochen2003 39, 3—8.
8291. (35) Seminario, J. M.; Zacarias, A. G.; Tour, J. M.Am. Chem. Sod.998
(24) Sumner, J. J.; Weber, K. S.; Hockett, L. A.; Creager, S. Phys. Chem. 120, 3970-3974.
B 200Q 104, 7449-7454. (36) Sachs, S. B.; Dudek, S. P.; Hsung, R. P.; Sita, L. R.; Smalley, J. F.; Newton,
(25) Sumner, J. J.; Creager, S.EAm. Chem. So200Q 122, 11914-11920. M. D.; Feldberg, S. W.; Chidsey, C. E. D. Am. Chem. Sod.997 119,
(26) Smalley, J. F.; Finklea, H. O.; Chidsey, C. E. D.; Linford, M. R.; Creager, 10563-10564.
S. E.; Ferraris, J. P.; Chalfant, K.; Zawodzinski, T.; Feldberg, S. W.; (37) Okuyama, K.; Hasegawa, T.; Ito, M.; Mikami, N. Phys. Chem1984
Newton, M. D.J. Am. Chem. So003 125 2004-2013. 88, 1711-1716.
(27) Finklea, H. O.; Hanshew, D. . Am. Chem. Sod992 114, 3173- (38) Walters, K. A.; Ley, K. D.; Cavalaheiro, C. S. P.; Miller, S. E.; Gosztola,
3181. D.; Wasielewski, M. R.; Bussandri, A. J.; vanWilligen, H.; Schanze, K. S.
(28) Finklea, H. O.; Ravenscroft, M. S.; Snider, D.lA&angmuir1993 9, 223~ J. Am. Chem. So@001, 123 8329-8342.
227. (39) Dhirani, A.; Lin, P.-H.; Guyot-Sionnest, P.; Zehner, R. W.; Sita, LJR.
(29) Ravenscroft, M. S.; Finklea, H. Q. Phys. Chem1994 98, 3843-3850. Chem. Phys1997, 106, 5249-5253.
(30) Finklea, H. O.; Liu, L.; Ravenscroft, M. S.; Punturi, . Phys. Chem. (40) Chen, J.; Reed, M. A.; Rawlett, A. M.; Tour, J. i8ciencel999 286
1996 100, 18852-18858. 1550-1552.
(31) Finklea, H. O.; Ravenscroft, M. &r. J. Chem.1997, 37, 179-184. (41) Seminario, J. M.; Zacarias, A. G.; Tour, J. M.Am. Chem. SoQ00Q
(32) Brevnov, D. A.; Finklea, H. O.; VanRyswyk, H. Electroanal. Chem. 122 3015-3020.
2001, 500, 100-107. (42) Tour, J. M.Acc. Chem. Re200Q 33, 791-804.
(33) Sikes, H. D.; Smalley, J. F.; Dudek, S. P.; Cook, A. R.; Newton, M. D.; (43) Reed, M. A.; Chen, J.; Rawlett, A. M.; Price, D. W.; Tour, J. Appl.
Chidsey, C. E. D.; Feldberg, S. VBcience200], 291, 1519-1523. Phys. Lett2001, 78, 3735-3737.
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Chart 1
Electroactive Compounds

Un-substituted

HS{—@—_—;—]mFC

Compound
I
1
1
v

-b-’-a)[\.l—a

Substituted

s

temperature to determine the distance dependenggfof this
redox couple/bridge combinatiéh.

Chart 2.2

1 HS(CH,);0H

2 HS—Q‘ »—OH

3 HS(CH,);0H 4 HS(CH,)sCH;

sns—@_

O

6 HS(CHa);sCH;

7 HS(CH,),4OH 8 HS(CH,),sC(0)OH

99 HS(CH,),OH/HS(CH,);sCH;y 10 HS(CH,);,CH;3

s =)
a2 The electrode preparation solutions contained equal concentrations of
these diluents.

significant effect onA, (and, consequently, on the rate of
electron transfer through the bridge). Because of the confor-
mational flexibility of OPE bridges, we argue that these
observations are consistent with the suggestion (made before
for alkan@® and OP\? bridges) that the rate of electron transfer
through the OPE bridges is influenced by dispersion in the
conformations of the bridg& We also demonstrate that the
diluent constituents of the mixed SAMs investigated in the
present and previous studfés of the ET kinetics of attached
redox couples do not participate in the electron-transfer event,
and we will demonstrate how the results of the present study
may be uset26to estimate the single-molecule conductivities
of OPE bridges.

Experimental Section

The present paper expands upon our previous reports on the
distance dependence of the interfacial electron-transfer rate Materials and Methods. The syntheses of the unsubstituted

constants of ferrocene through both substitttemd unsubsti-
tutec?® OPE bridges at 298 K. We find that, contrary to the
behavior we observed with alkafi@®and OP\#? bridges, the
distance dependence of thg determined here for the unsub-

electroactive OPE thiols (Chart 1) and their thioacetates as well as
diluent 5 (Chart 2) are described in refs 54 and %5NMR (200 to

500 MHzp**5%5 as well as both low- and high-resolution mass
spectrometr§f were used to characterize these unsubstituted com-
pounds. The syntheses of the substituted OPE electroactive compounds

§tituted OPE bridges (see Ch_art 1) is not monotonip. We also (Chart 1) are described in ref 584 NMR (300 MHz) and high-
find that the addition of substituents on the OPE bridge has a respjution mass spectrometry were also used to characterize these

(44) (a) Fan, F.-R. F.; Yang, J.; Cai, L.; Price, D. W., Jr.; Dirk, S. M.; Kosynkin,
D.V.; Yao, Y.; Rawlett, A. M.; Tour, J. M.; Bard, A. J. Am. Chem. Soc.
2002 124, 5550-5560. (b) Fan, F.-R.; Lai, R. Y.; Cornil, J.; Karzazi, Y.;
Brédas, J.-L.; Cai, L.; Cheng, L.; Yao, Y.; Price, D. W., Jr.; Dirk, S.: Tour,
J. M.; Bard, A. JJ. Am. Chem. So@004 126, 2568-2573. (c) Fan, F.-

R.; Yao, Y.; Cai, L.; Cheng, L.; Tour, J. M.; Bard, A.J.Am. Chem. Soc.
2004 126, 4035-4042.

(45) Rawlett, A. M.; Hopson, T. J.; Nagahara, L. A.; Tsui, R. K.; Ramachandran,
G. K.; Lindsay, S. M.AAppl. Phys. Lett2002 81, 3043-3045.

(46) Ramachandran, G. K.; Hopson, T. J.; Rawlett, A. M.; Nagahara, L. A.;
Primak, A.; Lindsay, S. MScience2003 300, 1413-1416.

(47) (a) Dunbar, T. D.; Cygan, M. T.; Bumm, L. A.; McCarty, G. S.; Burgin,
T. P.; Reinerth, W. A.; Jones, L., II; Jackiw, J. J.; Tour, J. M.; Weiss, P.
S.; Allara, D. L.J. Phys. Chem. BR00Q 104, 4880-4893. (b) Donhauser,

Z. L.; Mantooth, B. A.; Kelly, K. F.; Bumm, L. A.; Monnell, J. D.;
Stapleton, J. J.; Price, D. W., Jr.; Rawlett, A. M.; Allara, D. L.; Tour, J.
M.; Weiss, P. S.Science2001 292 2303-2307. (c) Lewis, P. A;
Donhauser, Z. J.; Mantooth, B. A.; Smith, R. K.; Bumm, L. A.; Kelly, K.
F.; Weiss, P. SNanotechnolog001, 12, 231-237. (d) Donhauser, Z. J.;
Mantooth, B. A.; Pearl, T. P.; Kelly, K. F.; Nanayakkara, S. U.; Weiss, P.
S.Jpn. J. Appl. Phys2002 41, 4871-4877.

(48) Weber, H. B.; Reichert, J.; Weigend, F.; Ochs, R.; Beckmann, D.; Mayor,
M.; Ahlrichs, R.; Lthneysen, H. vChem. Phys2002 281, 113—-125.

(49) (a) Kushmerick, J. G.; Holt, D. B.; Pollack, S. K.; Ratner, M. A.; Yang, J.
C.; Schull, T. L.; Naciri, J.; Moore, M. H.; Shashidhar, R.Am. Chem.
So0c.2002 124, 10654-10655. (b) Cai, L. T.; Skulason, H.; Kushmerick,
J. G.; Pollack, S. K.; Naciri, J.; Shashidhar, R.; Allara, D. L.; Mallouk, T.
E.; Mayer, T. SJ. Phys. Chem. B004 108 2827-2832.

(50) Cornil, J.; Karzazi, Y.; Bréas, J. LJ. Am. Chem. So002 124, 3516—
3517.

(51) Walzer, K.; Marx, E.; Greenham, N. C.; Less, R. J.; Raithby, P. R.; Stokbro,
K. J. Am. Chem. So2004 126, 1229-1234.

(52) Selzer, Y.; Cabassi, M. A.; Mayer, T. S.; Allara, D.1..Am. Chem. Soc.
2004 126, 4052-4053.

(53) Creager, S. E.; Yu, C. J,; Bamdad, C.; O'Connor, S.; MacLean, T.; Lam,
E.; Chong, Y.; Olsen, G. T.; Luo, J.; Gozin, M.; Kayyem, J.JF.Am.
Chem. Soc1999 121, 1059-1064.
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substituted compound$§ Descriptions of the syntheses and character-
izations of diluents 3, 7, and 8 (Chart 2) may be found in ref 57. The
characterizations establish that all of the electroactive compounds in
Chart 1 are highly pure.

The ~1 um thick gold film working electrodes used in the present
study were vapor depositedver 500 A thick layers of titanium vapor
deposited on quartz disks so that the microcrystallites comprising the
front surfaces of these electrodes have a uniform 111 orient&tion.
Mixed monolayers of the unsubstituted electroactive thiols were
prepared by placing a cleaned gold film electrode into a chloroform
solution containing a mixture of the electroactive compound (Chart 1)
and the relevant diluent thiol (Chart 2). The total concentration of thiol
in these coating solutions was approximately 5.0 M, and the
mole fraction of the electroactive thiol was varied to give different
concentrations of the redox couple in the monolayer. The electrodes
remained in these coating solutions for approximately 16 h (overnight),
were rinsed in a succession of chloroformhexane, water, and
chloroform, were dried in a stream of argon, and were attached to the
ILIT cell containing the aqueous electrolyte solution.

(54) (a) Hsung, R. P.; Chidsey, C. E. D.; Sita, L.®ganometallics1995 14,
4808-4815. (b) Dhirani, A. A.; Zehner, R. W.; Hsung, R. P.; Guyot-
Sionnest, P.; Sita, L. Rl. Am. Chem. S0d.996 118 3319-3320.

(55) Sachs, S. B. Ph.D. Thesis, Stanford University, Stanford, CA, 2000.

(56) Yu, C. J.; Chong, Y.; Kayyem, J. F.; Gozin, NL.Org. Chem1999 64,
2070-2079.

(57) Bain, C. D.; Troughton, E. B.; Tao, Y.-T.; Evall, J.; Whitesides, G. M.;
Nuzzo, R. GJ. Am. Chem. S0d.989 111, 321-335. See the Supporting
Information accompanying this reference for the synthetic and characteriza-
tion procedures for these diluents.
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In some cases, the unsubstituted electroactive OPE compound wadistributed in the electrode and none of this heat were lost to either the
protected by a thioacetate group. These protected compounds werequartz disk or the electrolyte solutidi®f°Standard electron-transfer
deprotected by adding0.4 M of diethylamine to the electrode coating  rate constantskg’, the rate constant at the formal potentiaf'j of the
solution described in the preceding paragraph and mildly heating the redox couple) were obtained from fits of the plotska{E;) versusE;
resulting solution under argon at 5C for approximately 24 h. A tof?
cleaned electrode was placed in the “deprotected” coating solution, and
the monolayer deposition was accomplished (over 16 h) under an argon
atmosphere. The method of preparation of the mixed monolayers
containing the electroactive unsubstituted OPE compounds has no effect

k()"
1+ o(E) | 1+

Kn(E) =

1+ w(E)]?
[1+ o .)1] )

yo(E)

upon the results observed in the present stidy.

The terminal thiol groups of the substituted electroactive OPE
compounds were initially protected by 4-ethiydmethylpyridinium
iodide (Chart 1). Stock solutions of the deprotected, substituted

electroactive compounds were prepared by placing a small amount of

the protected compound into a 9:1 ethanol:triethylamine solution (the

concentration of the electroactive compounds in these solutions was

~2.5x 107 M) for at least 10 min at room temperat?elhese stock
solutions were stored in capped polypropylene vials in a freezer. A

where
y = N{FIRTG, 4)
and

o(E) = exp[F/RT(E — E*)] 5)

mixed monolayer containing a deprotected, substituted compound waslIn egs 4 and 5F is the Faraday constarR is the ideal gas constant,

prepared by placing a cleaned gold film electrode into an ethanol
solution (coating solution) containing an aliquot of one of these stock
solutions mixed with the appropriate diluent thiol fo24 h. The total
concentration of thiol in this first coating solution wag.5 x 104

M, and, as before, the mole fraction of electroactive thiol was varied
to give different concentrations of the redox couple in the monolayer.
After the initial deposition of the mixed monolayer, the electrode was
removed from the first coating solution, rinsed in ethanol, and placed
into a second coating solution containing @02 M of the relevant
diluent thiol for ~16 h. The electrode was then removed from this
second coating solution, briefly rinsed in ethanol, quickly dried in a
stream of argon, and attached to the ILIT cell.

Aldrich alkanethiols (Chart 2), Aaper absolute ethyl alcohol, Baker
Ultrex ultrapure HCIQ, Aldrich spectrophotometric grade chloroform,
Aldrich anhydrousi-hexane, Johnson Matthey 99% pure (metals basis)
NaClOs-H0, Aldrich 4-mercaptophenol, and Fisher reagent grade
diethylamine and triethylamine were all used as received. Except for a
single ILIT experiment where the aqueous electrolyte solution was 1.0
M NaClQ,, this solution was always 1.0 M HCIOThe water used to
make these electrolyte solutions was purified in a Millipore Mill-Q
Plus system. The gold film electrodes employed in this study were
cleaned in an argon ion plasma before use. Cyclic voltammograms
(CVs) of the SAMs investigated in this work were taken before each

T is the absolute temperatuid; is the number of redox species attached
to the electrode (mol), an@:m is the double layer capacitance of the
electrode/electrolyte solution interface)( Values ofy and E*' may
be derived from either the fit df,(E;) versusE; to egs 3 and 5 or the
cyclic voltammogram for a SAM containing the attached ferrocene
redox couple.

As we have done befor&33to accomplish a simple and consistent
analysis of the temperature dependendebivithout having to presume
a mechanism for the electron-transfer ev@nhese data were fitted to
eq 1. If, for example, the electron transfer proceeds by a coherent
tunneling process (i.e., by a superexchange meché&hiamd the
interfacial electron-transfer reaction is nonadiabatic), the Arrhenius

preexponential factor and activation energy are well approximated
by20,26,64

Anna = 2JTS/ZHaanPm/ h (6)

and
Eanna =444

where the subscript “NA” specifically identifies these quantities for a
nonadiabatic reactionH,p, is the electronic coupling between the

)

ILIT experiment on a BAS 100BW electrochemical analyzer, and @ gjectrode and the redox moiety through a bridge whose length is defined
saturated sodium calomel reference electrode (SSCE) was used in ally the subscriptif”, pm is the density of electronic states in the metal

experiments.

The ILIT Technique and Data Analysis. The ILIT apparatus, cell,
and experimental techniques have all been fully described else-
where?20:59.60The open circuit potential transients resulting from the
(2—5 °C) ILIT temperature perturbations were fittecht6°

AV(t) = AAT*(t) + B'k(E) J(‘) [exp[—l(,n(Ei)(t — D]AT*(t) dr (2)

whereAV/(t) is the change in the open circuit potential at tim&' is
the amplitude of the (initial) thermal respong&,is the amplitude of
the electron-transfer relaxation, akgl(E) is the measured (experi-
mental) rate constant (9 for this relaxation at the initial (applied)
potential E). AT* (t andr) in eq 2 is the convolution of the temperature

electrodeh is Planck’s constant, anth, is the reorganization energy
for the electron-transfer reaction.

Results and Discussion

ILIT Measurements of Interfacial ET Standard Rate
Constants. Figure 1 shows cyclic voltammograms for two
mixed monolayers composed of the electroactive compounds
IV and llls (see Chart 1) mixed with the alkanethiol diluents
10 and 6 (see Chart 2), respectively. An example of the cyclic
voltammograms observed when arhydroxythiol was the
diluent is shown in Figure 3 of ref 61. The cyclic voltammo-
grams shown in Figures 1 and 3 of ref 61 are representative of
all those observed in the present stdéignd they demonstrate

perturbation at the electrode/electrolyte interface and the instrumentthat the monolayers made in the present study are all densely

response function divided by the interfacial temperature chah@g)(
that would be produced if all of the absorbed heat were uniformly

(58) Stapleton, J. J.; Harder, P.; Daniel, T. A.; Reinard, M. D.; Yao, Y.; Price,
D. W.; Tour, J. M.; Allara, D. L.Langmuir2003 19, 8245-8255.

(59) Smalley, J. F.; Krishnan, C. V.; Goldman, M.; Feldberg, S. W.; Ruzic, I.
J. Electroanal. Chem1988 248 255-282.

(60) Smalley, J. F.; Geng, L.; Feldberg, S. W.; Rogers, L. C.; Leddy, J.
Electroanal. Chem1993 356, 181—-200.

packed and contain a minority component of isolated and

(61) Smalley, J. F.; Newton, M. D.; Feldberg, S. Blectrochem. Commun.
200Q 2, 832-838.
(62) Forster, R. J.; Loughman, P.; Keyes, TJEAmM. Chem. So200Q 122,
11948-11955.
) McConnell, H. M.J. Chem. Phys1961, 35, 508-515.
) (a) Marcus, R. AJ. Chem. Physl965 43, 679-701. (b) For simplicity,
the definition of Ayna in eq 6 omits a factor of order unif:2

(63
(64

J. AM. CHEM. SOC. = VOL. 126, NO. 44, 2004 14623



ARTICLES Smalley et al.

Table 1. Standard Electron-Transfer Rate Constants (k%) at T = 25 °C, Activation Energies (Ea n), Reorganization Energies (1,app),% and
Arrhenius Preexponential Factors (A,) Measured Using ILIT for Mixed Monolayers Containing the Electroactive OPE Compounds (See
Chart 1)

diluents®
(E°/mV vs
bridge® I5A SSCE)¢ kLels Ej2eV Tnapp®leV In[A/s~1e

| 6.9 1 (310) (1.5+ 0.1) x 107 0.18+ 0.01 0.72+ 0.04 23.48+ 0.59
2 (298)

Ih 13.8 3(308) (3.3:0.2) x 10P 0.27+ 0.01 1.09+ 0.05 25.63 0.60
4 (376)
5 (339)

Imh 20.7 6 (346) (6.4 0.4) x 10° 0.27+ 0.0 1.06+ 0.06 21.36 0.62
7 (342)
8 (315)
9 (349)

\Y 275 6 (350) (1.2£0.1)x 10P 0.28+ 0.01 1.114 0.03 22.50k 0.54
10 (378)

s 20.7 6 (387) (2.3 0.2) x 108 0.25+ 0.01 0.99+ 0.05 24.29t 0.62

7 (350,338
Vs 34.4 7(351) (3.3 0.2) x 100 0.25+ 0.01 0.99+ 0.03 19.94+ 0.56

aBridges of the electroactive compounds described in Chart 1 where the substripters to the number of phenyleneethynylene (PE) units in the
bridge.? 1 is the straight-line distance from the bridge carbon attached to the sulfur to the attached carbon of the cyclopentadiene ring of thel ferrocene (
0 when the cyclopentadiene carbon is attached to the sulfur) based on mean bond di$tamikents described in Chart 2.In this column, the numbers
in parentheses are the average formal potenti&ly ¢bserved in the cyclic voltammograms with the respective diluérfisr each bridge, the average of
all of the k\'s obtained from measurements on mixed monolayers made from all of the diluents listed in the third column of this table. The Ealies of
and InjA;] are obtained from linear least-squares fits to the data plotted in Figure 6. The errors for all of these data are lanthe Zrrhenius activation
energy (see the texty.Reorganization energy obtained from the Arrhenius an&fsaculated agnapp= 4Ean (Se€ the text)? Including k. data reported
in ref 36.11.0 M NaCIQ, electrolyte solution.

3e-6 However, for a particular electroactive compound, the measured
value of ki is immune to these differences &' and the
consequent small differences in the thermodynamic properties
266 1 of the interfacial electron-transfer reaction (see Figures 2 and
14 in ref 2). The average full-width at half-maximum (fwhm)
of all of the cyclic voltammograms measured in the present
study is (123t 11) mV. As we have previously observed for
other types of bridges, this value of fwhm is closé3tbut a

little larger?® than the theoretically expected value of 91 mV at
25°C.

Examples of the open circuit (ILIT) responses observed in
-1e-6 1 this work are shown in Figures 2 and 3. Both of the ILIT
responses in Figure 2 were measured at a potential wittih
mV of the relevank&®’. The most important thing to note about

1e-6 1

Current/ A

266 1 the ILIT data shown in Figures 2 and 3 is that these transient
responses are well fit by eq 2 as are all of the ILIT responses
366 observed in the present study. Figure 4 demonstrates that values

400 _260 6 260 460 560 800 of kn(E) (see eq 2) measured as a functioriepare well fit by
eqgs 3-5. Evalutions ofy and E* obtained from fits such as
E/mVvs SSCE those shown in Figure 4 are very close (typically withith0%

Figure 1. Cyclic voltammograms of mixed monolayers containing elec- or ;
troactive compounds IV and llIs (see Chart 1). Black line: compound IV, for y and£10 mV for E”) to the values obtained from the

HS(CHb)17CHs diluent (number 10 in Chart 2), = 24 °C, FNy = 2.48 x cyclic voltammogramé§! This equivalence of the values of
10°C (see eq 4). Red line: compound Ills, HS(§44CH; diluent (number determined by cyclic voltammetry and ILIT means that both
H — o — 6 . . .
61in Chart 2),T = 23°C, FNr = 1.93x 10°° C (see eq 4). techniques are sampling the same populations of the ferrocene

redox couplé! Furthermore, the measured rate constants are
always well fit by the potential dependence defined by egs,3

and the standard rate constants obtained from these fits are
always independent dfi; (i.e., the concentration of the redox
moiety in the mixed monolayer; see Figure 4). These observa-
tions confirm that the behavior of the ILIT transient is, in fact,
effected by an electron-transfer relaxation. It should also be
noted that, because the ILIT response is a change in the open
circuit potential, it is unaffected by uncompensated solution

identical redox moietie® The average formal potentialEY)

of the ferrocene redox couple are given in parentheses in the
third column of Table 1. The experimental error for all of the
formal potentials reported in Table 14s10 mV. The measured
ferrocene redox couple formal potentials for mixed monolayers
where the diluent is terminated by a polar functional group are
somewhat less positive than those measured for mixed mono-
layers where the diluent is terminated by a methyl group.

i 26
(65) Chidsey, C. E. D.; Bertozzi, C. R.; Putvinski, T. M.; Mujsce, A. MAm. resistancé.

Chem. Soc199Q 112 4301-4306. See Figure 2 in this reference for ;
examples of cyclic voltammograms of mixed alkanethiol SAMs in which The fourth column of Table 1 gives the standard rate constants

the ferrocene redox moieties are not isolated and, therefore, not identical. (k,?) at 25°C for all of the substituted and unsubstituted OPE
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Figure 2. ILIT responses (at initial = 25.2°C) from Au electrodes coated Figure 3. ILIT responses from Au electrodes coated with mixed monolayers
with mixed monolayers containing either electroactive compound IV or Vs. containing either electroactive compound | or [I3. mixed monolayer

O: mixed monolayer composed of electroactive compound IV and HS- composed of electroactive compound Ills and HS{e6OH (diluent 7 in
(CHy)1sCH;z (diluent 6 in Chart 2) aE; = 350mV vs SSCE. The blue solid Chart 2) at initialT = 34.9°C and atE; = 400 mV vs SSCE. The blue
line through these points describes a fit of these data to eq 2, resulting in solid line through these points describes a fit of these data to eq 2, resulting

A =1.7mV,B = —0.94 mV, andkn(E) = 1.4 x 10° s'%. A: mixed in A’ = —0.95mV,B' = 0.92 mV, andky(E) = 1.0 x 10® s™%. A: mixed
monolayer composed of electroactive compound Vs and H9(EbH monolayer composed of electroactive compound | and 4-mercaptophenol
(diluent 7 in Chart 2) aE; = 350 mV vs SSCE. The green solid line through  (diluent 2 in Chart 2) at initial = 14.8°C and atf; = 350 mV vs SSCE.
these points describes a fit of these data to eq 2, resultidg 1 —0.94 The green solid line through these points describes a fit of these data to eq

mV, B’ = 0.96 mV, andkn(E;) = 6.3 x 10° s°%. The black and red dotted 2, resulting inA' = —0.34 mV,B' = 0.36 mV, antkn(E)) = 1.1 x 108s L.
lines represent the responses that would be observed if there were noThe black and red dotted lines represent the responses that would be
relaxation of the ILIT signal caused by electron transfer between the observed if there were no relaxation of the ILIT signal caused by electron
electrodes and the ferrocene redox couple for the signals describ@d by transfer between the electrodes and the ferrocene redox couple for the signals
and A, respectively. described byO and A, respectively. The black dotted line has been
multiplied by 0.5.
electroactive compounds investigated in the present study. The _ )
values ofk,? (at 25°C) reported in the fourth column of Table ~ electroactive compounds aldrp versusl, wherel is the
1 are simply averages of all of the determinations for a particular shortest distance between the bridge carbon attached to the sulfur
bridge (electroactive compound; see footnebe Table 1). We and the attached carbon of the ferrocene redox couple (see
emphasize that the chemical identity of the diluent (or the length footnoteb in Table 1). As beforé? this definition ofl, although
of the alkyl chain for an alkanethiol diluent) in the mixed @ sensible choice, is entirely arbitrary. In genekafl decreases
monolayer used to determine the standard rate constant has n@s the length of the bridgd)(increases, which suggests the
effect on the measured valuelgf (or the measured activation — anticipated (if the rate of electron transfer is controlled by a
energy Ean) and Arrhenius preexponential factof.f; see superexchange (tunneling) mechanism) decrease in the electronic
below). Changing the electrolyte solution from 1.0 M HGIO  coupling Hab) between the ferrocene redox moiety and the
to 1.0 M NaClQ®2 also has no effect ok,? (or Ean and Ay). Au electrode a$ increases. However, no attempt will be made
We also emphasize that the several diagnostic checks performedo fit the data in Figure 5 to a theoretical expression because
on the ILIT measurements d{. (such as determining the the bridge length dependence of these data is not entirely
behavior of kn(E) as a function of potential (Figure 4), monotonic. For example, thie® for electroactive compound
establishing that all of the ILIT measurdg’ are independent 1V is larger than that measured for electroactive compound 111
of Ny and verifying that, for each monolayer used to measure despite the fact that for compound IV is larger tham for
akd, they determined using ILIT and the measured using  compound Ill. Also, for bridges containing three phenylene-
cyclic voltammetry are the same) confirm that these measure-ethynylene (PE) units, the standard rate constants for the
ments are accurafé. substituted electroactive compound (llls in Chart 1, measured
Figure 5 shows a plot of Ik}’ (determined at 28C using using both ILIT and ac voltammef#§) are much larger than
both ILIT (on both substituted and unsubstituted electroactive that for the unsubstituted electroactive compound (Il in Chart
compounds) and an ac voltammetry technfen substituted 1, measured using ILIT alone). We will discuss differences
- ) between the behaviors of substituted and unsubstituted electro-
(66) This is “apparent” because, for example, large electronic couplihgs)( .
can significantly lowerEa , (see eq 10 in ref 26Y. active compounds later. For the present, we note that the
(67) (a) Brunschwig, B. S.; Sutin, NCoord. Chem. Re 1999 187, 233-254. i i -
(5] Sutin. N.Prog. Inorg. Chem1983 30, 441498, standard rate consta_nts for the substituted ek_ectroactlve com
(68) In agreement with the CV results discussed previously, these diagnostic pounds (llls and Vs in Chart 1) measured using ILIT are as
checks also confirm that the ferrocene redox moieties are identical and y,ch as a factor of 6 larger than those measured using ac

isolated. .
(69) Creager, S. E.; Wooster, T. &nal. Chem199§ 70, 4257-4263. voltammetry. Aside from the method of measurement, there are
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Figure 4. km(E;) as a function of; obtained from ILIT responses (at initial

T = 25.2°C) of Au electrodes coated with mixed monolayers containing
electroactive compound INO: HS(CH),17CHjz diluent (number 10 in Chart

2), the solid line through these points is the fit of these data to egs 3 and
5, resulting inE® = 375 mV vs SSCEy = 75 (see eq 4; the calculated
from the cyclic voltammogram of this monolayer is 74), daéi= 1.2 x

10 s L. A1 HS(CH)15CHs diluent (number 6 in Chart 2), the solid line
through these points is the fit of these data to eqs 3 and 5, resulti&y in

= 350 mV vs SSCEy = 18 (see eq 4; thg calculated from the cyclic
voltammogram of this monolayer is also 18), dgfl= 1.2 x 10° s™%
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Figure 5. Natural logarithms of all of the standard electron-transfer rate
constantsk,%) measured at 2%C in the present study and the study reported
in ref 53 versug. | is defined in footnoté of Table 1. RedD: substituted
OPE data measured (using ILIT) in the present study. ®ednsubstituted
OPE data measured (using ILIT) in the present study. Gteesubstituted
OPE data measured (using an ac voltammetry techfflgire the study
reported in ref 53. Blue®: OPV bridge/ferrocené? (for n = 1-5)
measuretf at 25°C plotted as a comparison. The error bars for all of the
ILIT data reported in this figure are equal to or smaller than the size of the
points (see Table 1).

a number of other experimental differences in the determinations

of these standard rate constants between the present study and3)

the study described in ref 53. The most important of these

differences are that the ac signals (currents) may be perturbed

by theR,Csim time constant associated with any uncompensated
solution resistanceR) present in the measurements reported
in ref 53 and that the concentrations (loadings) of the substituted

14626 J. AM. CHEM. SOC. = VOL. 126, NO. 44, 2004

electroactive compounds in the monolayers investigated in ref
53 were approximately 2 orders of magnitude smaller than the
loadings of the electroactive compounds in the monolayers
investigated in the present study (see Figure 1). (With respect
to the latter difference, the ac-voltammetry data obtained in the
study described in ref 53 were relatively insensitive to these
small amounts of redox moietié®) Because ILIT signals are
not affected byR,, because it is difficult to extract accurate
values fork. for systems containing very low loadings (using
any technique), and, most importantly, because of the several
diagnostic checks we have performed on our ILIT measurements
of k%, we will only focus on and discuss the ILIT data obtained
with relatively high loadings in the present study. Additionally,
as we have noted befofé,the fact that the standard rate
constants measured using ILIT are larger cannot be due to the
existence of a heterogeneous distribution of electron-transfer
rate constant3}-30.3271.72The observation that thevalues (eqs
3—5) determined by CV and ILIT are the same precludes this
possibility.

Arrhenius Analyses ofkn? Data. Figure 6 shows Arrhenius
plots (eq 1) for all of the electroactive OPE compounds
investigated in the present study. The points in all of these plots
were obtained at a number of differeft’s using mixed
monolayers composed of at least two different diluents (except
for electroactive compound Vs). The fifth and sixth columns
of Table 1 contain the Arrhenius activation energi&s
calculated a%g times the slope of the Arrhenius plot) and the
apparent reorganization enef§yin.pp calculated using eq 7)
determined from the plots in Figure 6. As observed previously
at the shortest bridge lengths investigat&éf,33the measured
values of Ean and Anapp for electroactive compound | are
considerably smaller than those observed when the bridges of
the electroactive compounds were longer. A possible reason for
this decrease iEan and i, app at the shortest bridge length (
studied here will be given latéf. For unsubstituted bridges
containing more than one PE unit, the measwgd andAn app
are somewhat larger than those observed with the substituted
electroactive compounds (as well as those measured for the
electron-transfer reaction of the ferrocene redox moiety through
other types of bridgé826:33when the length of the bridge was
greater than~10 A7%. However, for the former OPE bridges
containing more than one PE unit, any difference in the
measuredEa 's for the various bridges investigated here is not
significant in comparison to the reported experimental error (see
Table 1 and ref 74). Additionally, for (both substituted and
unsubstituted) OPE bridges containing two or more PE units,
the measured values &f appare equivalent to the outer sphere
reorganization energies calculated for the interfacial ET reaction
of the ferrocene redox couple in aqueous electrolyte soluffons.
(70) (a) Bard, A. J.; Faulkner, L. RElectrochemical Method®2nd ed.; John

Wiley & Sons: New York, 2001; pp 376387. (b) Bard, A. J.; Faulkner,
L. R. Electrochemical Method®nd ed.; John Wiley & Sons: New York,

2001; p 102.
(71) Napper, A. M.; Liu, H.; Waldeck, D. Hl. Phys. Chem. B001, 105 7699-
7707.

(72) Tender, L.; Carter, M. T.; Murray, R. WAnal. Chem1994 66, 3173~
3181

It should be remembered that the measured standard rate constants for all
of the electroactive compounds in Chart 1 are independent of the
concentration of the ferrocene redox moiety and the ILIT measured rate
constantsKn(E)) always exhibit the correct potential dependence (eq 3).
The observed decrease #, and A, app for electroactive compound |,
therefore, is not an artifact of our measuremeénfs.

(74) For these long bridges, the average Arrhenius activation energy for the
ferrocene redox couple is (0.250.01) eV (including the data determined

in the present study).26:33
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1 l(m factor (see eq 1). Re@: unsubstituted OPE preexponential factors. Red
O: substituted OPE preexponential factors. The blue points and line describe
16 the dat&3 and fitted curve?® respectively, for the interfacial electron-transfer
reaction of the attached (to Au electrodes) ferrocene redox couple through
(b) OPV bridges. The green curve describes the fitted afee the interfacial
15 | electron-transfer reaction of the attached (again, to Au electrodes) ferrocene
and (pyridine)Ru(NH)s3+2+ redox couples through alkane bridges. The
dotted black line is a linear least-squares fit of an ad hoc subset of the OPE
14 | data consisting of the unsubstituted data a 2 andn = 4 as well as the
[r— substituted data, resulting in a slope efq,274+ 0.04) A% and an intercept

‘Tm of 29.69+ 0.72.
~ ]

Qx: 13 faces are not functions of the thickness of the monolayer.) As
= we have done befor we conclude from this that the activation
- 12 entropy of this ET reaction is negligibly small and, most

importantly, that the activation energy is solely an attribute of

11 the redox couple (i.e., the OPE bridge does not contribute to
Ean)-

The seventh column of Table 1 contains the values &n[

10 1 obtained from the Arrhenius plots in Figure 6. As mentioned

in the IntroductionA, contains information on the factors other
9 : : : . : than those associated with the reorganization energy of the redox
3.1 3.2 3.3 3.4 35 36 3.7 moiety that determine the rate of an interfacial ET reaction (e.g.,

103 I(T1 see eq 6). Because the activation entropy of the interfacial ET
( K) reaction that is the subject of the present study is negligible,
Figure 6. Arrhenius plots. (a) Plots of k%] vs 1/T where the values of properties of the OPE bridge determine these factors and,
k.2 are obtained from ILIT experiments on mixed monolayers containing therefore A,. The In[A] values that have been measured for
the unsubstituted OPE electroactive compounds and various diluents (see Il of th ' b . d and bsti del . d
Table 1 and Chart 2)O: the bridge of the electroactive compound (I in ? oft _e substituted and unsubstituted e e'ctroalctlve compounds
Chart 1) contains one phenyleneethynylene (PE) unit. ®&edhe bridge listed in Chart 1 are plotted (versu3 in Figure 7. As
of the electroactive compound (Il in Chart 1) contains two PE units. Blue comparisons, curves representing the behavior o&j|nfor

@®: the bridge of the electroactive compound (lll in Chart 1) contains three : :
PE units. Greel®: the bridge of the electroactive compound (IV in Chart alkane and OPV bndgé“s(as well as the data points for the

1) contains four PE units. (b) Plots of kaf] vs 1/T where the values d¢ OPV bridge®) are also shown in Figure 7. The most interesting

are obtained from ILIT experiments on mixed monolayers containing the (and important) thing about the OPE data plotted in Figure 7 is

substituted OPE electroactive compounds and various diluents (see Tablethat the distance dependence of the unsubstituted OPE data set

1 and Chart 2)O: the bridge of the electroactive compound (llls in Chart . - 27 T . .

1) contains three PE units. R@d the bridge of the electroactive compound IS r?Ot monotonic Th's nonmonotonic behavior is V_e‘ry much

(Vs in Chart 1) contains five PE units. The error bars for all of the data unlike the weakly distance-dependent, but monotonic behaviors

plotted in these figures are equal to or smaller than the size of the points. of the alkane (at short bridge lengths) and OPV A} data
sets?®

(These calculations are modified to take into account the effects  pistance Dependence.ogarithmic plots of bottk (Figure

(@s a function of the thickness of the SAM) of image charges 5) andA, (Figure 7) obtained from ILIT measurements with

on the solvent reorganization enefggind employ the observa-  respect to distanck(linearly related ta) display pronounced

tion’*"¢that the dielectric properties of SAM/electrolyte inter-  nonmonotonic behavior. This is true for the homologous subset

(75) Liu, Y.-P.; Newton, M. D.J. Phys. Chem1994 98, 7162-7169. (77) This result does not contradict either the observations or the conclusions
(76) Smalley, J. FLangmuir2003 19, 9284-9289. presented in ref 36.
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Figure 8. Calculateds valueg® (based on radical catioff§) for three torsional variants of the homologous OPE spacer (the schematic representation
(shown for a bridge containing four PE units) displays only the phenylene (P) groups amdthials of terminal methylene D and A groups): (a) fully
conjugated (allz-planes coincident); (b) successiverfplanes orthogonal, with the D and adjacent-Blanes coincident (the repeat unit for this case is two

P moieties); (c) all P planes coincident and orthogonal to the D and A planes. In all cases, the D and A groups are coplanar.

based on unsubstituted OPE’s, as well as for the larger setimportant contributor to the striking (nonmonotonic) variation
including substituted OPE’s. In any case, it is interesting to note of the A, observed within and between these series. This
that all of the OPE results (to within experimental error) are variation in the distribution of torsion angles does not appear
equal to or less than the envelope provided by the correspondingto influence strongly the activation energf2’ although an
OPV results, with the separation between OPE and OPV tendingappreciable entropy contribution may be present. An overall
to be increasingly pronounced as the oligomers lengthen. Thistransition state mechanism is proposed here, which involves
qualitative situation is perhaps not surprising because the OPVelectron tunneling (as controlled by an equilibrium torsional
oligomers are expected to maintain conformations relatively distribution for a givem valué®? once the reactant system is
close to overall framework planari#fwhereas larger amplitude  thermally activated (as a result of solvent reorganization).
conformational fluctuations (i.e., a large amount of torsional According to this proposal, for instance, the seemingly minor
disorder in the oligomer backbofare expected for the OPE  substitution of then = 3 OPE backbone (with a single methyl
systems. If the electronic coupling across a Au/OPV interface group on the central phenylene) appears to have a major impact
is the same as that effected by a Au/OPE interface, the electronicon the equilibrium torsional distribution of this backbone.
overlap through Fhe OPV oligomers is, thus, more effectivethan 5. he present OPE systems, there is no indication of
that through the!r OPE counterparts. A ql.Janntatlve.account of Liternative mechanisms such as torsional gdting/hile we
such .conformau.onal effects Wguld require a d'eta|led undgr- feel that then-dependence oA, for the OPE series is strongly
s_tandlng ,Of t_he mt_ermolecular mteracno_ns pertinent to the in influenced by variation of conformational distribution with
situ QPE S, mc_ludmg the manner in w_hlch1 alkyl and alkoxy (e.g., as suggested by the great sensitivitApto a methyl
substituents might affect t.hese mtergctlé?\%. group substitution on the central phenylene moietynet 3
However, molecular orbital calculations have shown the great OPE), we note that other factors may play a role, including the

sensitivity 0fHapy and values to conformational fluctuations 0.y rrence of bond length alternation, which has been invoked
of OPE bridges, witt varying from~0.3 A™* for optimally in comparison of conductance through OPE and QP¥ 3

conjugated all-planar OPE’s (we adopt this mean value on the monolayer junctioné®# As is found for OPE in the present

b§13|s gf t_lklebrlad::alfcatfl%?iiresults TIhOWtr;-]|n glgll;re 8 al?d .thosg work, in the case of ET through isolated OPV systéfghere
g|¥egolnt a fo g\fief {has wel as eh' h Irles‘;] gl\llen n A, was found to be unexpectedly flat with respect tout to
re )'f I(()j ) th or Iet czgse n Wd ich al p g_rtlylene nearly 30 A, the activated process was determined to involve
7-mantiolds are orthogonal to donor an a(_:ceptomr Ias. tunneling in the thermally activated ET transition state. However,
(Examples are shown in Figure 8, which displays the results . - o .
. ) . the rate-determining step controllidg (andk.’) was attributed
from molecular orbital calculations for three different confor- . ; .
. N . - 7 to some other dynamical process, thereby implying an overall
mational situations of the (unsubstituted)= 4 oligomer’®) . o
mechanism beyond the transition state theory framework for

As a result of the sensitivity dflap, to torsion angle, variation . . . )
in the distribution of backbone torsion angles (for both the OPV bridges. An alternative hopping mechanism through the

unsubstituted and the substituted OPE series) is likely to be an

(82) The observation that (see eq 4) is the same no matter whether it is
determined using CV or ILIT requires that the entire population of attached

(78) Grozema, F. C.; van Duijnen, P. Th.; Berlin, V. A; Ratner, M. A.; Siebbeles, redox moieties participates in these equilibria. Additionally, the rates of
L. D. A. J. Phys. Chem. B002 106, 7791-7795. the forward and reverse reactions in all such equilibria would have to be

(79) (a) Newton, M. DInt. J. Quantum Chen200Q 77, 255-263. (b) Cave, much faster than the rate of electron transfer, and the observation that the
R. J.; Newton, M. DJ. Chem. Physl997, 106, 9213-9226. (c) Cave, R. measuredE, , are consistent with Marcus theory requires that the enthalpy
J.; Newton, M. D.Chem. Phys. Lett1l996 249, 15-19. changes associated with these equilibria be neglighFe.

(80) Magoga, M.; Joachim, ®hys. Re. B 1997, 56, 4722-4729. (83) Becausé&a , exhibits the expected dependencendar an activation energy

(81) (a) Newton, M. D-Theor. Chem. Ac2003 110, 307—-321. (b) Newton, determined by the solvent reorganization energy of ferrocene in #ater,
M. D. ACS Symp. SeR003 844, 196-218. andkn(E;) exhibits the expected (as in Figure 4) dependenc&on
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OPV bridges was ruled out because hole injection energies werevalue of 0.3 A1 for 3,89 eq 9 yields an estimate 6$0.04 eV
estimated to be at leastl eV 3385Hopping has been implicated
in some cases of photoinitiated ET though OPV brides.
Table 1 also reveals that the experimental activation energy values®” This calculation suggests that only the fraction of the
Ean displays a pronounced distance dependence over the
1-5 range. For a simple nonadiabatic transition state model, Figure 8) the optimal OPE bridge conformations are reaéfive,
Ean may be expressed Hs

Becausel, in the present case is dominated by solvent

EA,n = ;{n/4 - Habn 8)

reorganization, it is expectétto be reduced in magnitude with
decreasing (or n). For a given OPE conformational pattern,
the electronic couplingHapy) also reducegx , with decreasing

|. Comparison oft,/4 (based on the model in ref 75 as well as

the

static and optical dielectric constants for water) and the

values ol defined and given in ref 87, together with the

experimentalEa , values yields differences of the order of
experimental uncertainty{0.01 eV) except for thea = 1 case,
where, according to eq 8, we obtdih,, = 0.05 eV. A direct
evaluation ofHypp for the systems studied experimentally is

not possible because of the conformational uncertainties noted
above. However, for the purpose of obtaining a rough estimate

if one assumes that the higher lying values/f (e.g., for
unsubstitutedh = 2 andn = 4, where the measured, values

are close to the OPV “envelope”) correspond to optimal (i.e., °C andn =
near coplanar) OPE conformations, then adopting the standar

nonadiabatic model and rearranging eq 6 gives

Hapn = (AV27%%0, ) (9)

Together with a value of 0.3 eV for the py, of Aug and a

(84)

(85)
(86)

(87)

(88)

An interesting comparisé®t of conductanceg) in molecular junctions
based om = 3 neat OPV and OPE dithiolate films linked to gold electrodes

has found the conductance of OPV to be uniformly greater than that for
OPE over biases ranging from 0 to 1 V. Furthermore, DFT and Green
function calculations for the conductance through single-molecule junctions
in which the OPE and OPV spacers are constrained to be planar (and thus
with optimal torsion angles for both spacers), and for a bias of 0.5V, yielded

g(OPV) > g(OPE) by a factor of 8% It was noted that the greater bond

length alternation between phenylene and ethynylene moieties as compare
to that for phenylene and vinylene moieties might be a significant factor

in accounting for larger spacer band gaps and hence redudéalvever,

for Happ wheren = 1 (unsubstituted OPE), close to the value
inferred above from experiment&h , and calculated and L

ferrocene redox couples attached to and coplanar with (see

so that for the short end of the OPE serid%, , is detectably
sensitive to electronic coupling (as expected from eq 8). A
similar conclusion was reached previod8lyor ET through
alkane-based oligomers.

Electron Transfer through the Diluent. While the electron
transfer is generally expected to be dominated by tunneling
through the bridge of the electroactive oligomer, the possible
role of alternative tunneling pathways involving adjacent diluent
oligomers has been a topic of inter€stWe have previously
shown thatk.? for ET through OPE thiolates is essentially the
same for alkane and OPE diluefitand additional data in Table
1 support this conclusion, thus indicating a minor role for
tunneling through diluent oligomers. One might expect a more
prominent role for unsaturated diluents (which are capable of
better electronic overlap in comparison with saturated systems)
when the electroactive oligomers are saturated, as in the case

'of alkanethiolates. Pertinent to this issue, we note that when

HS(CH,)160C(O)Fc is the electroactive oligomer, an unsaturated
diluent (i.e., diluent 11 in Chart 2) yields 1.2%sfor k.° (at 25
16)), very similar to that observed when a saturated

dyiluent (diluent 6 in Chart 2) is employed.f = 1.4 s1).5

This result indicates that the tunneling is dominated by the
electroactive oligomer, even when the latter is saturated and is
surrounded by unsaturated diluents.

Conclusions

The ILIT technique has been used to measure the standard
rate constants (as a function of temperature) of the ferrocene
redox couple attached to Au electrodes through both substituted
and unsubstituted OPE bridges that were parts of self-assembled
(thiolate) monolayers. The results from Arrhenius analyses of

d¢hese data demonstrate that the distance dependence of the

preexponential factors of the unsubstituted OPE bridges is not

we note that the difference in the length of single bonds in OPE and OPV monotonic. This observation together with the values and

tends to reduce the overall pattern of bond length alternation in these
systems. We also note that INDO/s ClI calculations (of the type reported in

refs 79a and 81) for planar unsubstituted= 3 OPE and OPV systems
yield similar values for the band gap-8.5 eV) andHap,, (within ~25%),

whereas torsional dispersion (using either a random distribution or one based

on the small rotational barriergT at 300 K) in a PE unit) leads to a
pronounced reduction ikla,, for OPE (by a factor of 3 fon = 3).8tin

contrast to a relatively minor effect on OPV. The presence of alkoxg/ groups
to

on the phenylene moieties in the planar OPV spacers is k#ew

reduce the ionization potential and red shift the band gap relative to

unsubstituted OPV (e.g., INDO/s CI calculations yield a red shift of 0.3
eV for 2,5-dimethoxy substitution of the central phenylene groups#n3
OPV), but the influence ohl,p, (a reduction of less than 10% far= 3)
andf was found to be minot

Sikes, H. D.; Sun, Y.; Dudek, S. P.; Chidsey, C. E. D.; Pianettd, P.
Phys. Chem. R003 107, 1170-1173.

(a) Davis, W. G.; Ratner, M. A.; Wasielewski, M. R. Am. Chem. Soc.
2001, 123 7877-7886. (b) See also: Davis, W. G.; Wasielewski, M. R.;
Ratner, M. A.Int. J. Quantum Chenml999 72, 463-471.

According to the theory described in ref 23js a function of the quantity
L (essentially the thickness of the monolayer) rather th@utL is nearly
linearly related td). For HS(CH),CHjs (diluents 4, 6, and 10 in Chart 2),
L =210 A+ 1.09 Ap + 1); for HS(CH).OH (diluents 1, 3, and 7 in
Chart 2),L = 4.06 A+ 1.09 A(); for diluent number 8 in Chart 2, =
21.63 A; for diluent number 2 in'Chart B,= 6.85 A; for diluents numbers
5and 11 in Chart 2. = 11.78 and 18.67 A, respectively; and for diluent
number 9 in Chart 2| = 20.70 A (average of the values for diluents
numbers 6 and 7). Note that all of these values @fclude the diameter
of the adsorbed sulfur atom.

Royea, W. J.; Fajardo, A. M.; Lewis, N. $. Phys. Chem. B997, 101,
11152-11159.

distance-dependent behavfot of the observed substituted OPE
k.’ andA, are consistent with the existence and effects (Figure
8) of the large conformational dispersions expected for OPE
bridge/redox couple assemblies. These observations, therefore,
provide additional eviden8@33suggesting that conformational
variability within a bridge (either an equilibrium distribution
of conformations as suggested here or some dynamical process
associated with the bridge conformations as suggested previously
for alkan&® or OP\®2 bridges) can have a significant impact
on the kinetics of an interfacial electron-transfer reaction through
the bridge®

Two additional conclusions may be drawn from the observa-
tions obtained in the present study. First, the observed rate of

(89) We note that a value g~ 0.3 A1 is also obtained from a fit to a subset
of the OPEA, versusl data that includes the unsubstituted data at 2
andn = 4 as well as the substituted data (see the black dotted line in
Figure 7). However, the choice of such a subset is ad hoc and unnecessary
for the present rough calculation.

(90) For example, all of the other (nonreactive) conformations could be in
equilibrium with the reactive, optimal conformatioffs.

(91) Slowinski, K.; Chamberlain, R. V.; Miller, C. J.; Majda, M. Am. Chem.
S0c.1997 119 11910-11919.
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electron transfer for a particular OPE bridge is independent of using eq 10 turn out to be quite simitato those based on a
the chemical identity of the diluent component in the mixed theory of Nitzan (which pays explicit attention to the relevant
monolayer used to determine this rate, and employing an densities of states governing the conductance and the activated
unsaturated OPE diluent in the mixed monolayer has no effect ET kinetics)?> As example$® from eq 10 and thé\, data in
on the rate of electron transfer through a long-chain alkanethiol Table 1, the OPE bridges for electroactive compounds Il and
bridge (i.e., thek® measured for HS(ChheOC(O)Fc). These Il exhibit resistances (at 300 K) of 2.4 10° and 1.7x 10
observations suggest that the tunneling pathway is confined toQ, respectively. These estimated resistances compare quite well
the electroactive thiolate, which, thereby, rules out participation with the resistances (near zero BRghat have recently been
of the surrounding unsaturated diluent molecules in the tunnel- reported for molecular junctions composed of individual 4,4
ing. Second, the observation that the measégd independent bipyridine molecule¥ ((1.3 & 0.1) x 10° Q) and individual
of the terminal functional group of the diluent demonstrates that 1-nitro-2,5-di(phenylethynyl-dmercapto)benzene molecules (2
the rate of electron transfer (and, therefore, the electrical x 108 Q),52%respectively. On the other hand, the resistances
resistance of the bridge; see below) is independent of the calculated for both compound Il and compound Il are orders
potential drop through the monolay&r. of magnitude less than the (5421.8) x 10 Q resistance that
Understanding the physical and chemical factors that control has recently been measute® (at low biag®) for the 2,5-di-
electron conduction through individual molecules is critically (phenylethynyl-4thioacetyl) benzene (TPE-dithiol) single-
important for the design and construction of molecular electronic molecule nanojunction using conducting atomic force micro-
devices!? We have discussétlan approximate relationship  scopy (AFM). We should point out that the disagreement
between the Arrhenius preexponential factor measured for abetween the single-molecule resistances estimated (employing
specific metallic electrodebridge-redox couple structure and  ILIT results) for the bridges of compounds Il and Ill and that
the electrical resistancd{) of the bridg&® determined (using an AFM technique) for TPE-dithiol may
simply be due to the different molecular structures investigated,
_ 2KksT which also means that the agreement betweeRthestimated
- Anez (10) above for compounds Il and Il and those reported for-4,4
bipyridine and 1-nitro-2,5-di(phenylethynyl-thercapto)benzene
(respectively) should be interpreted with caution. However, the
large difference® between the single-molecule resistances

energy of the redox couple does not influence the electronic . . .
. . . determined using ILIT and the AFM technique may also be a
conduction through the bridd&(Each conductance determined consequence of a contact resistdfketween the AFM probe

in the measurements described in refs 45, 52, 97, and 99 (see

. . and the Au nanoparticle (“contact pad”) employed in the latter
below) was assumed not to be activated.) Valuggpéstimated o P ("contact pad’) employ .
techniqué® or other physical dissimilarities between the junc-
(92) Because the mole fraction of the electroactive compound in the SAMs tions investigated in the present study and in refs 45 and 99.
investigated in the present study is always less than 0.10, the potential i i i
drop through the monolayer at tl&' of the redox coupleXVy) may be The IL.IT technlque 1S, neverthgless_, a robust and hlghly
defined asE* — E,), whereE,,. is the potential of zero charge ofa Au  reproducible technique for the estimation of the conductance
electrode coated with a neat SAM of the diluent. (According to this indivi ;
definition, AVy is the difference in potential between the electrode and throth md_IVIduaI mOIeCylar b”dges as We!l as for the Stu,dy
the electrolyte solution at the high ionic strengths used in the present study.) Of the physical and chemical factors that define the mechanism
The potentials of zero charge (versus SSCE) of Au electrodes coated with i
monolayers composed of simple alkanethielshydroxy alkanethiols, and of electron transport throth these !O“dges- In re_gar(_j to these
w-ggercaptoalk?noic acilds are (approximate‘ry()j.4o?3h70.07?3 and 0.08 . factors, clearly, a full understanding of ET kinetics and
V,76 respectively. For electroactive compound Il then, measurements o ; ; ;
the rate of electron transfer took place wh&¥y = 0.75, 0.41, and 0.24 CondUCtance_thrOUQh_bOth OPV and OPE bndges’ mCIUdmg the
X) rvlaspgctively. The %oodhfits to eqﬁ—B (such ellsdthOSﬁ shO\F]vnhin Figur?a nonmonotonic behavior o4, for OPE and the great apparent
also demonstrate that changing the potential drop through the monolayer e . - -
by as much as an addition&l0.15 V has no effect on the rate of electron sensitivity of a given OPE bridgen(= 3) to the presence of a

transfer through OPE bridges. However, the distributions of electrostatic methyl substituent on the central phenylene moiety, warrants
potential along the lengths of these bridges are unkngwi*

Rm is a function ofA, (and notk,’) because the reorganization

(93) Becka, A. M.; Miller, C. JJ. Phys. Cheml993 97, 6233-6239. further detailed study, both experimental and theoretical.
(94) Mujica, V.; Roitberg, A. E.; Ratner, M. Chem. Phy=2000 112 6834 Acknowledgment. J.F.S., SW.F., and M.D.N. gratefully

Eggg wtza?{ Aig' Phy-;- C_herT:hAEOOI 10?h267;]Ft2h679- nificant botent Iacknowledge the support of the U.S. Department of Energy,
€ should emphasize that, even thoug ere are significant potential
changes across the Au-bridge-Fc junctions effected by the SAMs employed CONtract No. DE-AC02-98CH10886. C.E.D.C., S.B.S., S.P.D,,

in the present stud$? the electron-transfer reaction in an ILIT experiment  gand H.D.S. thank the National Science Foundation for support
is driven by a free energy change that is always less than a few
millielectronvolts (see, for example, the data in Figures 2 and 3). (Grants CHE-9412720 and CHE-961212725). S.E.C. also thanks

(97) Xu, B.; Tao, N. JScience2003 301, 1221-1223. A the National Science Foundation for support (Grant CHE-
(98) A calculatef? conductance based upon the model presented in ref 13 also . . . . .
is in excellent agreement with the measured conductance reported in ref 9616370). Discussions with and suggestions from Dr. Jack Fajer
52. However, we should point out that the authors of ref 52 assume that (Materials Science Department Brookhaven National Labora-
their measured conductance is effected by a “hopping” mechanism while !
the model presented in ref 13 is a only valid for a (nonresonant) tunneling tory) are also gratefully acknowledged.
mechanism.
(99) Ramachandran, G. K.; Tomfohr, J. K.; Li, J.; Sankey, O. F.; Zarate, X.; JA047458B
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