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Abstract: Self-assembled monolayers efhydroxyalkanethiols at Au electrodes are used to probe the structural
dependence of long-range electron transfer. The electron transfer rates for ferricyanide and osmium(lll) tris(bipyridyl)
are measured at Au electrodes coated with self-assembled monolayers of PEEH(CHz)mSH where X denotes

an ether, olefin, or alkyne function. Each of these modifications decreases the electronic coupling across the
monolayers. Ab initio calculations of the neutral diradical splitting energies for modified and unmodified alkanes

correctly predict these decreases in electronic coupling.

Introduction

The role of the intervening medium between an electron donor
and acceptor in controlling the probability of long-range electron

transfer is a question of considerable importance to a number
of diverse scientific and technological research areas. These

areas range from understanding long-range electron transfer

in biochemical systems to designing molecular based electronic

devices! A serious deficiency in the current understanding of

long-range electron transfer is how each atom and each bond

within the intervening medium affects the long-range electronic
coupling. Advances in this field have been slow due in part to
the difficulty of making experimental measurements of long-
range electron transfer rates in rigid, well-defined structures.

Much of the experimental work in this area has been done using

donor/acceptor pairs connected by rigid spacer gréuptie

required rigidity of these spacers is generally achieved by
including fused ring systems, hydrogen bonding, and other
interactions which necessarily increase the chemical and struc
tural complexity of the spacer. Apart from the increased
synthetic challenges in making systematic structural modifica-

tions, the increased chemical complexity seriously impedes the

detailed theoretical description of the electronic coupling in these
systems.

An alternate strategy in probing these long-range electron
transfer reactions is to utilize self-assembled thiol monolayers
adsorbed on Au surfacésThe structure of these thiol mono-

structure is enforced by the packing of the alkyl ch&inghe
electronic coupling within these monolayers (particularly the
hydrocarbon chain length dependence of the electronic coupling)
has been determined using electron transfer rate measurements
from the underlying Au electrode to tethered redox sites at the

onolayer/electrolyte solution interfaBeThese results have

een in very good agreement with similar measurements of
homogeneous electron transfer rates between donor/acceptor
pairs separated by rigid hydrocarbon spacers.

We have employed-hydroxyalkanethiol monolayers at gold
electrodes as electron tunneling barriers to characterize solution
redox specied. Analysis of the electron transfer data at these
monolayer insulated electrodes provides reorganization energies
and electronic coupling parameters which reveal how the
structure of a redox molecule governs its electron transfer
reactivity? In this paper we describe another important ap-
plication of these monolayer coated electrodes as a direct probe
_of the structural dependence of long-range electronic coupling.
By introducing subtle chemical modifications within the alkyl
segment of thev-hydroxyalkanethiol monolayer, we prola¢
the atom leel how such modifications affect the long-range
electron transfer. The single ether, olefin, and alkyne modifica-
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tions studied here represent some of the simplest structuralChemicals) with 2,2bipyridine as described by Creutz. The per-

modifications possible. Even so, their affect on the electronic

coupling through the hydrocarbon chain is not easily predicted.

chlorate salt initially formed was dissolved in @EN and reprecipitated
as the hydrogen sulfate salt via the addition of tetrabutylammonium

Indeed, a large motivation for these measurements is to servehydmge” sulfate. All other chemicals were purchased from Aldrich

as reference points foab initio calculations of long-range
electronic coupling® Following previousab initio approaches,
we calculate diradical splitting energies from which relative
tunneling rates are determiné&d.Theseab initio predictions
are compared with the measured electron tunneling rates.

Experimental Section

Syntheses. (a) 14-Hydroxytetradecane-1-thiol () was synthe-
sized from 1,14-tetradecanediol as previously describetH NMR
(200 MHz, CDC}) d 3.56 (t, 2H,—CH,—0H), 2.46 (g, 2H,—~CH>—
SH); 3C NMR (200 MHz, CDC}) 6 62.7 (-CH,—OH), 33.9 (-CH,—
SH); IR (KBr pellets) 3294 (broad ©H stretch), 2919, 2844 cr
(C—H stretches).

(b) 14-Hydroxy-x-oxotetradecane-1-thiol (B4, x = 6, 7, 8). All
of Eif* were synthesized from the corresponding alkanediols and
dibromides as previously describ&d.Spectral characterization of
Eis: *H NMR (200 MHz, CDC}) 6 3.39 (t, 4H,—CH,—O—CH,—),
3.58 (t, 2H,—CH,—0H), 2.48 (q, 2H,—CH,—SH); 3C NMR (200
MHz, CDCk) 6 70.8, 71.0 £ CH,—O—CH,—), 62.8 (-CH,—OH), 34.2
(—CH,—SH); IR (KBr pellets) 1119 (€0—C, C—-O stretch), 3425
(broad O-H stretch), 2938, 2856 cm (C—H stretches).

(c) 14-Hydroxy-7-tetradecyne-1-thiol (T.s’). The synthesis of T/

and used as received.

Electrode Fabrication. Au electrodes were fabricated by radio
frequency sputteringca. 3000 A from a 99.99% Au target onto
microscope slides through a special mask.ca 500 A chromium
layer was sputtered first to promote adhesion of the gold films. The
Au electrodes were cleaned through successive exposures to chromic
acid and agueous HF, rinsed with water, and immediately placed into
ethanolic thiol solutions as described previoudlyThe Au electrodes
were kept overnight in thea. 30 mM solution of the corresponding
w-hydroxyalkanethiols prior to their use in the electrochemical studies.
The geometric area of the electrodes was 0.13 cm

Electrochemical Measurements. All electrochemical measure-
ments were made using a BAS-100A electrochemical analyzer in
solutions which had been purged with Bind were held at 6C in a
jacketed electrochemical cell. The Os(bgy)was oxidizedin situ
using ammonium cerium(lV) nitrate prior to its voltammetric charac-
terization. All kinetic measurements were made in aqueous solutions
containing 0.25 M CFECOONa and 3 mM of the redox molecule. All
potentials were measured and are reported versus a saturated calomel
electrode.

Ab Initio Calculations. Ab initio computations were performed
using GAMESS?® Relying on previous theoretical approachese
have calculated:,w-diradical splitting energies for the neutral triplet
diradical using an unrestricted Hartreleock SCF calculation. The

was achieved by the following sequence. 1,6-Hexanediol was convertedgeometries of all therans-alkane and modified alkanes were optimized

to 6-iodo-1-hexanol via refluxing the diol in a mixture of octane and
51% aqueous HI. After purification, the alcohol was protected via
reaction with dihydropyrart and reacted with acetylene according to
the method of Beckmanat al!® to form 1-tetrahydropyranyloxy-7-
octyne. This terminal alkyne was alkylated with 6-chloro-1-iodohexane
as described by Schwaret al!® and Gensleret all’ to give
1-tetrahydropyranyloxy-14-chloro-7-tetradecyne. After deprotection of
the alcohol* the chloride was converted to the thiol using alcoholic
thiourea followed by treatment in base as described previdishi
NMR (200 MHz, CDC}) 6 2.12 (m, 4H,—CH,—CC=CH,—), 3.61 (t,

2H, —CH,—OH), 2.50 (g, 2H,—CH,—SH); *C NMR (200 MHz,
CDCl3) 6 80.1, 80.3 £ C=C—), 62.9 (-CH,—OH), 33.9 (- CH,—SH);

IR (KBr pellets) 3425 (broad ©H stretch), 2931, 2856 cm (C—H
stretches).

(d) 14-Hydroxy-(E)-7-tetradecene-1-thiol (Q4") was synthesized
from 14-hydroxy-7-tetradecyne-1-thiol via Na reduction in liquid NH
using the method of Schwaget al'®* *H NMR (200 MHz, CDC}) ¢
5.40 (m, 2H,—CH=CH-), 1.96 (m, 4H,—CH,—CH=CH—CH—),
3.60 (t, 2H,—CH,—OH), 2.48 (g, 2H,—CH,—SH); 3C NMR (200
MHz, CDCk) ¢ 130.2, 130.5{CH=CH-), 63.0 (-CH,—OH), 34.0
(—CHz—SH); IR (KBr pellets) 969ttans CH=CH, C—H stretch), 3423
(broad O-H stretch), 2924, 2854 cm (C—H stretches).

(e) Tris(2,2-bipyridyl)osmium(ll) hydrogen sulfate (Os(bpy)s®")
was synthesized by the reductive ligand substitution @3$Ck (Strem
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at the 3-21G basis set level prior to the introduction of the radical
reporter group$?

Results and Discussion

Heterogeneous electron transfer rate measurements made at
thiol monolayer modified electrodes give a surprisingly easy
and accurate way of probing structural influences on long-range
electronic coupling. Figure 1 shows a schematic representation
of the thiol monolayers investigated. The single internal
chemical modifications were centrally located within the
hydrocarbon chain of the HO(GH,SH parent in order to
minimize their interactions with either the Au surface or the
electrolyte solution. The oxygertransolefin, and alkyne
groups were chosen because of their compatibility withethe
trans w-hydroxyalkanethiol monolayer structure.

The self-assembly of these modifiedhydroxyalkanethiols
onto Au electrodes was monitored via surface wetting and
capacitance measurements. We find that each of the modified
monolayers is completely wetted by water, precluding extensive
disruption of the monolayer packing which would expose the
hydrophobic alkyl chaind! The capacitances of the-hy-
droxyalkanethiol monolayer coated electrodes listed in Table 1
are also consistent with a close-packed thiol monolayer. As
expected due to the increased polarity or polarizability of the
modifying groups, we find higher capacitances for each of the
ether, alkene, and alkyne modified monolayers. Additional
structural characterization for the ether modified monolayer
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Chem. Soc198Q 102, 1309-1319.
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Figure 1. Schematic representation of the self-assemblduydroxyalkanethiol monolayers adsorbed on the Au surface: HZ(@H, (A);
HS(CH,)sO(CH,)7OH (B); transHS(CH,)sCH=CH(CH,)sOH, (C); HS(CH)sC=C(CH,)sOH (D).

Table 1. Capacitances and Relative Electron Tunneling Rates fowthtydroxyalkanethiol Monolayefs

Kem/Kum

molecular structure capacitange~{cn?) (mP) Fe(CN)3~ (mP) Os(bpy}** (mP)
HO(CH,)14SH 1.60+ 0.07 (27) 1 1
HO(CH,)70(CH)%SH 1.84+ 0.07 (15) 0.68+ 0.08 (12) 0.66+ 0.14 (6)
HO(CH,)sO(CH)YSH 1.91+ 0.12 (10) 0.7G: 0.11 (12) 0.57: 0.09 (6)
HO(CH,)sO(CH):SH 1.85+ 0.06 (7) 0.77+ 0.16 (14) 0.50+ 0.06 (4)
HO(CH,)sCH=CH(CH)SH 1.78+ 0.09 (15) 0.28k 0.08 (21) 0.4%: 0.07 (10)
HO(CH,)sC=C(CH)%SH 1.92+ 0.16 (14) 0.38+ 0.05 (22) 0.77 0.15 (8)

aThe average ratios of the heterogeneous electron transfer rates for the £e@M)Os(bpyf* couples measured at the modified monolayers
relative to that measured at the unmodified HOGGESH monolayer are listed along with the standard deviatibns.denotes the number of
independent measurements used to determine the value.

films was supplied by infrared reflectieradsorption measure- %"

ments which indicate that the introduction of the ether function .
results in no measurable change in the monolayer tilt angle and =~ 44
a slight, 10, reduction in the monolayer twist angfe. Initial .
attempts at characterizing the structure of the alkyne modified
monolayers via infrared measurements have been hampered by
significant broadening of the GHbands caused by the alkyne
group. This broadening along with a significant decrease in
the CH band intensities has impeded the accurate integration L oo,
of the infrared bands required for the orientational analysis. 1 “‘njffﬂuuu *ee,
Broadening of the Ckibands was also observed for the ether A li00n, . %00 eee,,

modification. In that case the broadening was ascribed to the | WWWWg%%%é%?ﬂiﬂ!llllnnnnnl
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presence of the ether group withirhydroxyalkanethiol rather a0 09 08 07 06 05 04
than disorder caused by the modifying group. Formal Overpotental

Heterogeneous electron transfer rate measurements of solutio
redox probes made at thesehydroxyalkanethiol monolayers

are also consistent with the formation of low defect density 4 (0); HS(CHy)sC=C(CH,):OH (0); transHS(CH)sCH=CH(CHy)s-
monolayers. The electron transfer rates for Fe@Nand Os- OH (a). These data were obtained from cyclic voltammograms
(bpy)s** were obtained from the linear sweep voltammograms measured at 5.12 V/s in aqueous solutions of 0.25 MICFONa at 0

after correction for both diffusion limitations and the double -°c.

layer effect as described previou8l\:2 (Figures 2 and 3). In

every instance, the internally modified monolayers give smaller the electronic coupling across the monolay@r8y comparing
electron transfer rates, indicating that these moditietiy- the heterogeneous electron transfer rate constants, one can gauge
droxyalkanethiol monolayers block the long-range electron how these subtle chemical modifications affect the long-range
transfer more efficiently than the parenthydroxyalkanethiol electronic coupling through the organized monolayers (Table

monolayer:? (23) The h | fi d h hiol
f : e heterogeneous electron transfer rate measured at these thio
The differences in the electron transfer r,ates,measured at the,s%odified electrodes depends on both the electronic coupling between the
monolayer coated electrodes are due primarily to a change inelectrode and redox probe and the reorganization energy of the redox probe.
A potential problem with comparing heterogeneous electron transfer rates
(22) If these modifications resulted in more highly defective monolayers, between different monolayer coated electrodes is that the reorganization
one might expect an increase in the electron transfer rate for a solution energy of a redox probe may vary at each of the electrodes due to varying
species. Because a HO(@mSH monolayer decreases the heterogeneous degrees of electrostatic screening of the redox probe by the electrode image
electron transfer rate of solution species by over six orders of magnitude, charge. For the monolayers studied in this work, these image charge effects
even a small number of defects allowing a closer approach of the redox are anticipated to be negligible. (See Liu, Y.-P.; Newton, MJDPhys.
molecule to the electrode surface could result in significantly larger currents. Chem.1994 98, 7162-7169.)

rll:igure 2. Heterogeneous electron transfer rates versus the formal
overpotential for Fe(CNj~ measured at Au electrodes coated with
w-hydroxyalkanethiol monolayers: HS(@HOH (®); HS(CH,)sO(CHy)~
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Table 2. Comparison betweeab Initio Electronic Coupling
ces Calculations and Experiments
3 | LZ Y
e AE  AEe
‘e, molecular structure (mH) (mH) kin? ke
T — S, “CHy(CHy)3CHo(CHy)sCHy' 4158 10330 1 1
2, TPena, e, *CHy(CHy)30(CHy)sCHy* 3.389 6.214  0.44 0.67
§ | °°0%%00000,,  Pay e, ‘CHy(CH2sCH,CHA(CH)sCHy  —2.691  —7.718 1 1
8 %05, "8g .. *CHa(CHy)3CH=CH(CHy)3CHy* —1.174 —4.186 0.27 0.35
§ %OO DDD'. *CHy(CH,)sC=C(CH,)sCH* 8.730 15.696 55 0.38
1] Adsaasaan,,, % _ “u®, Li CH3(CHy)3CH2(CH;)3CHs Li 0.01340 0.01185 1 1
Maaa,, %00, 08 Li CH3(CHp)30(CHz)aCHs Li 0.01096 0.00870 0.61 0.67
YV O%Oaﬂga Li CH3(CH)3CHoCHy(CH,)sCHs Li —0.00771 —0.00703 1 1
“Af‘iio;!l Li CH3(CHy)sCH=CH(CH,)sCHs; Li —0.00567 —0.00472 0.50 0.35
o, . . . : 995'§mmn.l Li CH3(CHp)3sC=C(CHy)sCHs Li 0.00547  0.00468 0.47 0.88
10 08 o8 o\,erpotemia'l‘),‘é b o0 a2 The theoretical relative rates were calculated from the sum of the

. anion and cation splitting energies. (See text.) The experimental
Figure 3. _Heterogeneoui electron transfer rates versus the formal relative rates were taken as the average relative rates from Table 1.
overpotential for Os(bpyj" measured at Au electrodes coated with b kn and ke denote the theoretical and experimental relative rates,

w-hydroxyalkanethiol monolayers: HS(QHOH (®); HS(CH)sO(CHy) respectively® This relative ratio was taken as being equal to that
OH (0); HS(CH,)sC=C(CH,)sOH (O); transHS(CH,)eCH=CH(CH,)s- obtained from the Fe(Ch data in Table 1.
OH (a). These data were obtained from cyclic voltammograms
measured at 5.12 V/s in aqueous solutions of 0.25 MOC¥ONa at 0 This direct interaction is not an effective electronic coupling
°C. pathway for the electron through the monolayer. Indeed, several
roups have presented theoretical analyses of the electronic
oupling through saturated hydrocarbon spacers and concluded
that the electronic coupling in these systems should be domi-
nated by the overlap and energy matching between orbitals
located on nearby atom$. The direct electronic coupling
. . = beyond these 1st-, 2nd-, and 3rd-nearest-neighbor interactions
smaller and independent of whether the oxygen is positioned pecomes insignificant to the overall electronic coupling through
atthe 6, 7, or 8 position along the alkyl ch&fh.The electronic e hydrocarbon spacer. Therefore, the effect of these modifica-
coupling decreases by approximately a factor of 3 when a singlejons’is to disrupt the electronic coupling through the hydro-
trans-olefin is introduced. .ThIS is a slightly greater decrease carpon network by decreasing these near-neighbor interactions
than would be caused by increasing the monolayer length by ot the modification. In this light one could predict theaty
one methylene unit The single alkyne modification reduces  gjngle chemical modificatiowhich permits close packing of
the electronic coupling less than that observed for the olefin. the thiol monolayershould decrease the electronic coupling
Except for the alkyne modified monolayer, the relative ratios through the monolayer. The extent of the decrease would
determined using Fe(Ch) and Os(bpyg** are in reasonable  depend on the energy and spatial overlap mismatch between
agreement. The discrepancy in the electronic coupling ratio the modification and the polymethylene chain.
for the alkyne using the two redox couples is most likely due  |n order to predict quantitatively the effect of these modifica-
to some penetration of the more hydrophobic Os complex within tions on the long-range electronic coupling, we have first
the alkyne monolayer. In order to probe for the penetration of calculated the neutral triplet diradical splitting energies for
the redox complexes at monolayer defect sites, we have repeatedCH,—(CH,),—X —(CH,),—CH>", where X is the centrally
these voltammetric experiments in the presence of 1.5 mM |ocated chemical modification. For these unrestricted Hartree
1-octanol. This amphiphile was previously found to act as a Fock calculations, we have employed a 3-21G basis set which
competitive binder for these defect sif@3. Except for the has been shown to be the simplest basis set which produced
reduction rate for Os(bpyd" measured at the alkyne modified reasonable electronic coupling estimafesA more flexible
monolayer, we observe little change in these electron transfer6-31GH* basis set was found to produce results within 20% of
rates measured in the presence of l-octanol. The alkynethose obtained using the 3-21G basis set. For each of the
modified monolayer coated electrode rates decrease by ap-structures shown in Table 2, the energy differences between
proximately 40%, lowering the relative electronic coupling to the two highest occupied radical orbitalSEca, and the two
a value close to that measured using ferricyanide. lowest unoccupied radical orbitalAE., are averaged to give
The decreases in the electronic coupling caused by thesea measure of the electronic coupling through the hydrocarbon
internal modifications may seem surprising especially for the chains?® These calculations were repeated changing the donor/
olefin and alkyne modifications. One may have expected the acceptor reporter orbitals from carbon centered radicals to a pair
7 and 7* orbitals to couple the electron through the thiol of nonbonded Li atom radicals separateg 4 A from the
monolayer more efficiently due to their smaller HOMO/LUMO  terminal hydrogens of the GKCH,)—X—(CH2),CHs molecule.
energy gap when compared with thando* orbitals available The 4 A separation was chosen to minimize bonding interactions
in the unmodified monolayer. However, because these modi- between the Li atoms and the hydrocarbon orbitals. At smaller
fications are buried within the monolayer, the electronic coupling separation distances, the energy levels for the hydrocarbon
of the electrode and redox orbitals by the orbitals of the orbitals change significantly upon addition of the Li atoms. The
modification would involve two long through-space interactions. purpose of this change in the calculation was to mimic more
— — - closely the donor/acceptor structure of the monolayer experi-
(24) Whether the ether function is positioned at an even or odd site along

the hydrocarbon chain does affect the measured electron transfer rates forments' o i . i

charged redox probes via a change in the electrode’s potential of zero charge  Theseab initio electronic coupling estimates are compared
(pzc). We observe aa. £130 mV shift in the pzc for the ether modified  with the experimental results in Table 2. In the Fermi’s golden
thiol monolayers relative to the unmodifiegthydroxyalkanethiol. (Please
see ref 13.) The systematic differences in the measured electron transfer (25) This is the Koopman's theorem approach. It should be noted that
rates caused by this electrostatic effect are largely eliminated by the doubleonly the relative magnitude of this coupling energy versus the unmodified
layer correction. hydrocarbon chain is required in this analysis.

1). The relative heterogeneous electron transfer rates are nota(EJ
strong function of the applied potential so that a single average
relative rate is given for each modification. The electronic
coupling is highest for the unmodified-hydroxyalkanethiol.
The electronic coupling of the ether modified monolayer is
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rule limit, the square of the electronic coupling energy is highlight the importance of selecting appropriate model struc-
proportional to the probability of long-range electron transfer tures for the estimation of the electronic coupling.

through the hydrocarbon spacdér.The squared ratio of the .

electronic coupling energies between the modified and unmodi- Conclusions

fied hydrocarbons is compared to the average ratio of the  gome of the most fundamental aspects of long-range electron
heterogeneous electron transfer rate constants measured ifansfer can be studied with surprising experimental ease using
Figures 2 and 3! For the ether and olefin modified monolayers, - these self assembled-hydroxyalkanethiol monolayers. Fea-
one can observe that the t&b initio estimates correctly predict  yres advantageous for the study of long-range electron coupling
a decrease in the electronic coupling. The size of these predictedy, thjs electrochemical system include the simplicity of intro-
decreases are also in reasonable agreement with the experimenycing single or multiple point modifications to the alkyl chains
tally observed values. The agreement between theory andang the ability to measure both oxidative and reductive electron
experiment for the alkyne modification depends on the details ansfers over a continuous range of volta#fesn this work
of theab initio calculation. Using covalgntly bonded methylene e find that single atom or bond changes within a hydrocarbon
radical reporter groups, the electronic coupling through the gpacer jead to significant decreases in the long-range electronic
alkyne modified hydrocarbon is predicted to be greatly enhanced o pjing. The modulation in the electronic coupling occurs even
relative to the unmodified hydrocarbon. In contrast, when the ,6ugh the number of covalent bonds has not been changed.
nonbonded Li atoms are used for the donor and acceptor, thérhe approximation commonly used in theoretical studies of
calculation is in better agreement with the experimental findings. gjectronic coupling through proteins that all covalent bonds
The difference in the twab initio estimates for the alkyne  gnqyid display the same electronic coupligyhile reasonable
electronic coupling is most likely due to the difference in the iy 3 global treatment of protein electron transfer, breaks down

symmetry of the reporter donor and acceptor groups. #he 4t the |ocal level. The electronic coupling is observed to be a
radical orbitals are more directional than the 2s orbitals of the complex function of the structure of the intervening medium at

Li atoms. In the calculation using the radical orbitals, the  the atom level.
orientation of ther radical orbitals with respect to each other We are continuing these studies to probe the range of

and the central modification was found to affect dramatically qgifications which can be introduced within these monolayers
the electronic coupling estimates in agreement with previous \ithout destroying their ability to act as tunneling barriers.
studiest? Thgre appears to be a long-range coupling betwegen Because the ability to place even a few modifications at specific
parallel orbitals which greatly enhances the overall electronic gjtas within these monolayers opens up a very large number of
coupling estimaté® This is essentially an artifact of the ,ossible monolayer structures, the development of predictive
calculation which we have tried to eliminate. We have varied neories is clearly needed to aid in designing combinations of
the length of the hydrocarbon chain from 5 to 14 carbons to ygifications which impart useful electronic properties to these
determine if a greater separation betweensttwbitals would ~  onolayers. Important future directions include probing quan-
eliminate this effect. We see the same anomalously high ¢y interference effects in monolayers composed of two or more

coupling estimate from the diradical calculation. A second compatible thiols and designing molecule-based current recti-
change made was to increase the flexibility of the basis set usedfication and optical transducers based on these thiol tunneling
to perform the calculation. We find that using either a 4-31G* parriers.

or a 6-31G* basis séf does not markedly affect the high
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