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Abstract: The rates of electron tunneling through monolayers and bilayers of alkanethiols self-assembled
in a potentiostatically controlled Hg—Hg junction are reported. An alkanethiolate monolayer is formed in
situ on one or both Hg drops via oxidative adsorption at the controlled potential. Subsequently, the Hg
drops are brought into contact using micromanipulators. The junction formation is instantly followed by the
flow of a steady-state tunneling current between the two electrodes. A plot of the logarithm of the tunneling
current density vs the total number of carbon atoms in each junction yields identical tunneling coefficients,
p = 1.06 + 0.04/—CH,— and = 1.02 £+ 0.07/—CH,—, for monolayers and bilayers of alkanethiols,
respectively. Careful examination of the tunneling data indicates that the solvent and ions are ejected from
the junction area. The tunneling current recorded for a bilayer of 1-octanethiol or 1-nonanethiol is ca. 2-fold
larger than a corresponding tunneling current recorded for monolayers of 1-hexadecanethiol or 1-octade-
canethiol, respectively. This result is explained in terms of weak electronic coupling across the noncovalent
molecule/electrode interface.

Introduction of ET between an electrode and a redox probe separated by an
organized monolayer filhand the tunneling junction methéd.

The effect of metatmolecule contact on the rate and the These measurements show that the rate of ET is sensitive not
mechanism of long-range electron transfer (ET) across a metal only to the length but also to the structure and the conformation
molecule-metal junction is of crucial importance in molecular  of a molecular bridge. In particular, ET along a simple
electronics-? In this report we describe ET measurements in a hydrocarbon chain (through-bond tunneling) is more efficient
potentiostatically controlled HgHg tunneling junction. Ourdata  than tunneling across van der Waals contacts (through-space
shows that electron tunneling across a van der Waals contactunneling)¥ Furthermore, the presence of a lateral hydrogen-
between a Hg electrode and a hydrocarbon chain is inefficient hond network enhances the ET across monolaiférRecent
compared to ET along the all-trans hydrocarbon chain. experiments reveal the particularly efficient electronic coupling

Rates of ET through organic molecules are measured usingacross stronglyr-conjugated monolayer filnf&:c.e
several experimental methods including: photoinduced ET
between a donor and acceptor of electrons synthetically attached ) (al‘)kéekHSD Pg%i"%y BJ"e,;"”CSUEelf tg/sTCngkBRO%lol\?eang ﬁ,bl) D.
to certain points of the molecufeslectrochemical measurements Chidsey, C. E. D.; Feldberg, S. VBcience2001, 291, 1519. (c) Creager,

S, Yu, C. J; Bamdad, C.; O’Connor, S.; MacLean, T.; Lam, E.; Olsen,
C.; Luo, J.; Gozin, M.; Kayyem, J. Am. Chem. Sod999 121, 1059. (d)

(1) (a) Nakamura, T.; Yasuda, S.; Miyamae, T.; Nozoye, H.; Kobayashi, N.; Sek, S.; Misicka, A.; Bilewicz, RJ. Phys. Chem. B00Q 104, 5399. (e)
Kondoh, H.; Nakai, I.; Ohata, T.; Yoshimura, D.; Matsumoto, MAm. Sachs, S. B.; Dudek, S. P.; Hsung, R. P.; Sita, L. R.; Smalley, J. F.; Newton,
Chem. Soc2002 124,12642. (b) Xue, Y.; Datta, S.; Ratner, M. A. M. D.; Feldberg, S. W.; Chidsey, C. E. D. Am. Chem. Sod.997, 119,
Chem. Phys2001, 115, 4292. (c) Wold, D. J.; Frisbie, C. 0. Am. Chem. 10563. (f) Slowinski, K.; Chamberlain, R. V.; Miller, C. J.; Majda, M.
So0c.2001, 123 5549. (d) Seminario, J. M.; De La Cruz, C. E.; Derosa, P. Am. Chem. Sod 997 119 11910. (g) Finklea, H. O.; Hanshew, D. .

A. J. Am. Chem. So®001, 123 5616. (e) Mujica, V.; Roitberg, A. E.; Am. Chem. Socl992 114, 3173. (h) Chidsey, C. E. DSciencel99],
Ratner, M.J. Chem. Phys200Q 112 6834. 251, 919. (i) Miller, C.; Cuendet, P.; Gtzel, M. J. Phys. Cheml991, 95,

(2) (a) Beebe, J. M.; Engelkes, V. B.; Miller, L. L.; Frisbie, C. DAm. Chem. 877.

Soc 2002 124, 11268. (b) Wold, D. J.; Haag, R.; Rampi, M. A.; Frisbie, (5) (a) Fan, F. R. F.; Yang, J.; Cai, L.; Price, D. W.; Dirk, S. M.; Kosynkin,
C. D.J. Phys. Chem. B002 106, 2813. (c) Selzer, Y.; Salomon, A.; Cahen, D.V.; Yao, Y.; Rawlett, A. M.; Tour, J. M.; Bard, A. J. Am. Chem. Soc
D.J. Phys. Chem. B002 106, 10432. (d) Selzer, Y.; Salomon, A.; Cahen, 2002 124, 5550. (b) Kushmerick, J. G.; Holt, D. B.; Pollack, S. K.; Ratner,
D. J. Am. Chem. So2002 124, 2886. (e) Cui, X. D.; Primak, A.; Zarate, M. A.; Yang, J. C.; Schull, T. L.; Naciri, J.; Moore, M. H.; Shashidhar, R.
X.; Tomfohr, J.; Sankey, O. F.; Moore, A. L.; Moore, T. A.; Gust, D.; J. Am. Chem. So2002 124, 10654. (c) Wold, D. J.; Frisbie, C. 0. Am.
Nagahara, L. A.; Lindsay, S. Ml. Phys. Chem. R002 106, 8609. (f) Chem. Soc200Q 122 2970. (d) Bumm, L. A.; Arnold, J. J.; Dunbar, T.
Cui, X. D.; Zarate, X.; Tomfohr, J.; Sankey, O. F.; Primak, A.; Moore, A. D.; Allara, D. L.; Weiss, P. SJ. Phys. Chem. B999 103 8122. (e)
L.; Gust, D.; Harris, G.; Lindsay, S. MNanotechnology002 13, 5. (g) Metzger, R. M.Acc. Chem. Red999 32, 950. (f) Zhou, C.; Deshpande,
Cui, X. D.; Primak, A.; Zarate, X.; Tomfohr, J.; Sankey, O. F.; Moore, A. M. R.; Reed, M. A.; Jones, L.; Tour, J. Mppl. Phys. Lett1997, 71, 611.

L.; Gust, D.; Harris, G.; Lindsay, S. M5cience2001, 294, 571. (g9) Reed, M. A.; Zhou, C.; Muller, C. J.; Burgin, T. P.; Tour, J. 8tience

(3) (a) Davis, W. B.; Svec, W. A.; Ratner, M. A.; Wasielewski, M. ¥ature 1997 278 252. (h) Bumm, L. A.; Arnold, J. J.; Cygan, M. T.; Dunbar, T.
1998 396, 60. (b) Gray, H. B.; Winkler, J. RAnnu. Re. Biochem 1996 D.; Burgin, T. P.; Jones, L.; Allara, D. L.; Tour, J. M.; Weiss, PS8ience
65, 537. () S. S. Isied, S. S.; Ogawa, M. J.; Wishart, JCRem. Re. 1996 271, 1705. (i) Porter, J. D.; Zinn, A. Sl. Phys. Chem1993 97,
1992 92, 381. (d) Closs, G. L.; Miller, J. RSciencel988 240, 440. 1190. (j) Mann, B.; Kuhn, HJ. Appl. Phys1971, 42, 4398.
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Among all the methods used to determine the rates of ET,
the tunneling junction method is arguably most relevant to
molecular electronics applicatioAsThe tunneling junction,

determined. Furthermore, negative differential resistance caused
by changes in molecular dipoles in the Hagolecule-SiO,/Si
junction was demonstratédMolecular rectification was ob-

consisting of two metal plates separated by molecules of interest,served in Ag-Hg junction® Observations of redox cycling
can be assembled using several approaches, among thenprocesses within the HgHg junctions were also reportéé.

scanning tunneling microscopy (witAor without>d the control
of the contact force of an STM tip), conductive pretsomic
force microscopy¢22:0€95¢ sandwich-type junctions with an
evaporated metal lay&%i metal-capped nanoporé&spreak
junctions®? and crossed wire®.In all experiments referred to

Recently, the subject was thoroughly reviewed by Rampi and
Whitesides’®

In this report we describe a HgHg junction that allows
independent control of the electrochemical potential of each Hg
electrode. Thus, by controlling the potential of the Hg drops

above the nature of the contact between the molecule and athe in situ self-assembly process can be selectively induced

metallic electrode is of crucial importance in determining the
true intrinsic electrical properties of the molect®> Recent
work by Lindsay et af*9 has shown that the mechanism of
ET and the conductivity of the single saturated hydrocarbon
chain depend critically on whether the ends of the molecule
are chemically bonded to metallic contacts. In particular, the
height of the tunneling barrier is significantly smaller for fully
bonded metatmolecule-metal structures in comparison to

metak-molecule/metal systems containing a physical gap at the

metal/molecule interfac&.Cahen and co-workers have recently

observed that the mechanism of electron transport across Hg

alkylsilanes/Si@p-Si junction is substantially different (no

distance dependence) from the tunneling across Hg/alkylthiols/

SiOy/p-Si junction?d They ascribed the difference to the lack
of bonding in the alkylsilanes junction.

allowing, for the first time, reproducible formation of Hg
alkanethiol monolayer/Hg junctions.

Experimental Section

Reagents Alkanethiols (1-octanethiol, 1-nonanethiol, 1-decanethiol,
1-undecanethiol, 1-dodecanethiol, 1-tetradecanethiol, 1-hexadecanethiol,
and 1-octadecanethiol), and lithium perchlorate, 99.99% (ReagentPlus)
were purchased from Aldrich and used as received. Mercury (99.9999%,
Fluka) or (polarographic grade, Associated Mercury Products, Chat-
sworth, CA) was used. House-distilled water was passed through a four-

f:artridge Milli-Q purification system.

Tunneling Junction. The electrochemically controlled tunneling
junction consists of two (KemutaKublik-type) hanging mercury drop
electrodes (HMDES) They are mounted coaxially, one above the other
in a custom-made stand. In each electrode a 1.50 mm diameter precision
stainless steel rod is driven by a micrometric screw (DigimaticMi-

Recently, the macroscopic tunneling junction method based crometer Head by Mitutoyo, model 350-712-10 with «m resolution)

on a Hg drop coated with a monolayer of alkanethiols has
received much attentichThe electrical properties of bilayers

to create a Hg drop of desired size at the tip of a glass capillary. The
precision of the surface area of the extruded Hg drop is ca. 0.5%. The

of several aliphatic and aromatic thiols sandwiched between tips of the capillaries are aligned using an X-Y-Z micrometer stage

electrodes in HgHg & ¢ei Hg—Ag,54-h and Hg-Au®" junc-
tions were reported. This method was further extended to in-
clude carbor-monolayer/Hg and the silicon/monolayer/Hg
structureged

Electron transport in Hgalkanethiol bilayer metal junctions
is dominated by electron tunneling with the tunneling current,
I, decaying exponentially with the junction thickness according
to the eq 1226

I = loexp(=pN) 1)

wheref is the decay constant (tunneling coefficient) reflecting

the strength of electronic coupling across a particular molecular

bridge andN is the number of atoms along the tunneling
pathway.

Tunneling coefficients for tunneling through alkanethigis (
= 0.9 A1) sace-g gligophenylene thiolsA = 0.61 A1)ty
and benzylic derivatives of oligophenylene thiofs € 0.67
A-bheestrapped in the HgHg and the Hg-Ag junctions were

(6) (a) York, R. L.; Slowinski, K.J. Electroanal. Chem2003 in press. (b)
Slowinski, K.; Majda, M.J. Electroanal. Chem200Q 491, 139. (c)
Slowinski, K.; Fong, H. K. Y.; Majda, MJ. Am. Chem. Sod 999 121,
7257. (d) Chabinyc, M. L.; Chen, X. X.; Holmlin, R. E.; Jacobs, H.;
Skulason, H.; Frisbie, C. D.; Mujica, V.; Ratner, M. A.; Rampi, M. A,;
Whitesides, G. MJ. Am. Chem. So002 124, 11730. (e) Rampi, M. A,;
Whitesides, G. M.Chem. Phys2002 281, 373. (f) Holmlin, R. E.;
Ismagilov, R. F.; Haag, R.; Mujica, V.; Ratner, M. A.; Rampi, M. A.;
Whitesides, G. MAngew. Chem., Int. EQ001, 40, 2316. (g) Holmlin, R.
E.; Haag, R.; Chabinyc, M. L.; Ismagilov, R. F.; Cohen, A. E.; Terfort,
A.; Rampi, M. A.; Whitesides, G. MJ. Am. Chem. So@001, 123 5075.
(h) Haag, R.; Rampi, M. A.; Holmlin, R. E.; Whitesides, G. Nl. Am.
Chem. Soc1999 121, 7895. (i) Rampi, M. A.; Schueller, O. J. A,
Whitesides, G. MAppl. Phys. Lett1998 72, 1781.

(7) (a) Anariba, F.; McCreery, R. L1. Phys. Chem. B002 106, 10355. (b)
Ranganthan, S.; Steidel, I.; Anariba, F.; McCreery, RN&no Lett 2001,

1, 49.

(model M-460A, Newport Corp.). The junction is observed and its
diameter is measured using a video camera connected to a microscope.
The tunneling junction is formed in a two-compartment rectangular
cell mounted around and coaxially with the glass capillaries. The cell
is filled with a saturated solution of the desired alkanethiol in a 2:8
(v/v) mixture of water and ethanol containing supporting electrolyte.
Current-time curves are recorded using a CHI model 730A bipoten-
tiostat (CH Instruments, Inc. Austin, TX) in a four-electrode config-
uration with a Pt foil as a counter electrode and a sihalver chloride
electrode as a reference electrode. Solutions are deoxygenated for at
least 30 min before the experiments. All potentials are reported vs
saturated silversilver chloride electrode.

Results and Discussion

The Hg—alkanethiol bilayer-Hg junctions reported so far
relied on a spontaneous self-assembly proegs. ensure
reproducibility of tunneling measurements the junctions were
usually formed in a solution containing alkanethiol dissolved
in an inert solvent® Thus, understandably, only bilayers of
alkanethiols were investigated.

The experimental approach described in this report allows
the thermodynamic control of the monolayer deposition (Figure
1). By applying an appropriate electrochemical potential to a
Hg drop immersed in the alkanethiol solution the self-assembly
process can either be allowed or prevented, and thus both

(8) Selzer, Y.; Salomon, A.; Ghabboun, J.; CahenAbgew. Chem., Int. Ed.
2002 41, 827.
(9) Kemula, W.; Kublik, Z.Anal. Chim. Actal958 18, 104.

(10) The formation of a junction is accompanied by a small but sudden change
in the shape of the Hg drop. This process may result in the formation of
defects (cracks) within the monolayer outside the junction area. It was
postulated that the alkanethiols present in the solution heal the defects
created within the monolayer on Hg, thus making the junction more stable
(see ref 6e).

J. AM. CHEM. SOC. = VOL. 125, NO. 19, 2003 5949
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Figure 1. (A) Schematic description of an electrochemically controlled
tunneling junction containing a bilayer of 1-nonanethiol (B), or a monolayer
of 1-octadecanethiol (C). The Hg drops, polarized to different electrochemi- . ) ) . .
cal potentialsE; and E, vs reference electrode (RE), are extruded on the F/9ure 3. Photographs illustrating the formation of a monolayer junction
tips of glass capillaries in 8:2 (v/v) ethanol/water solution containing 1 M N the 8:2 (v/v) ethanol/water solution contaigift M LiCIO4 and saturated

LiCIO, and saturated with desirentalkanethiol. A Pt wire serves as a  With 1-hexadecanethiol. The top Hg drop is polarizecEio= ~0.35 V,
countér electrode (CE). the bottom Hg drop is polarized & = —0.75 V vs SSCE. (A) Immediately

(<1 s) after the drops are brought into contact. (B) After the “twitch” of
the drops. The final junction areé@= 5.4 x 107 cnm?.

210° : ———————————— 210°
WF o 1 . area of 20 & per hydrocarbon. The electrochemical experiments
"ot E g R described above, confirmed by Grazing-incidence X-ray dif-
0100 F t 10100 fraction studies? indicate that the alkanethiols form closely
< F B — . .
< . 3 = packed monolayers on Hg with hydrocarbons oriented perpen-
b 10° £ q-110° = dicularly to the electrode surface. The extrusion of a second
- [ C ] . . .
210° b 3 210° Hg drop, (Figure 2b), performed at a more negative potential,
FolaA ] E, = —0.75V, results in a small cathodiet transient consistent
-310° | J -310° with the electrical double-layer charging in the absence of
10" . 1 1 1 l ] 410° adsorbed monolayer of alkanethidfsSubsequently, the Hg
) 0 20 40 60 80 100 drops are brought into contact using micromanipulators. Im-

Time (s) mediately after achieving a point contact between the Hg drops
Figure 2. Current-time curves recorded in the course of a junction a sudden “twitch” leading to a substantial increase of a junction
?Sse:‘:ggsiigntthfezg'rgizndi?itﬁraﬁd (‘;Vri(t)h t')?e;:gﬁﬁa;‘tetuié"- é?e)ﬁg:;rem area is observed. The “twitch” event, shown in Figure 3, is
lr8%5 V. (B) Current-time trar?sie?lt rec%rde% during Hg drc?p expansion |dent|cr';1I for. monolaye.r ar.1d bilayer junctioffs.
at the potentiaE, = —0.75 V. (C, D) The current response recorded after The junction formation is followed by the flow of a steady-
the Hg drops are brought together. The junction #ea5.4 x 10~ cn. state tunneling current between the two electrodes as shown in
. . ) Figure 2, C and D. Electron tunneling from the bottom Hg drop
monolaygr and bilayer HgHg junctions can be formed (Ez2, curve D) to the top electrodeE{, curve C) across the
reproducibly. ) . L hexadecanethiolate monolayer is caused by the bias voltage
An alkaneth.|olatg m(?nolayer is fprmed in situ on one or both between themy = |E; — E,|.15 An analogous approach can be
of Hg drops via oxidative adsorptidh:* used to measure the tunneling current through in situ formed
alkanethiol bilayer. In the latter case both thke and E;
potentials are sufficiently positive to allow the monolayer
formation on each of the Hg drops.
The steady-state tunneling current (Figure 2, C and D) is
observed for at least-5400 s for each tunneling junction
indicating constant thickness of a monolayer/bilayer within this

Hg + NR—SH— Hg(RS),¢s,* NH +1ne” (2

In this approach the mercury electrode is held at the potential
at which the formation of a monolayer (eq 2) is allowed, and a
fresh Hg drop is rapidly extruded at the tip of a glass capillary.

A typical i—t transient recorded during Hg drop expansion at time frame!® Thus, possible squeezing of the hydrocarbons out

the potentialE; = —0.35 V is shown in Figure 2A. . . .
. ) of the junction area under electrostatic pressure does not
The rapid current increase and then decay to zero corresponds

to a formation of a monolayer of Hg(Rsks) Chronocoulo- influence our tunneling measuremeks.
. . Y 9 s) . The fundamental problem in interpreting the tunneling data
metric experiments have shown that the formation of a full

. . . in Hg—Hg junctions arises from the unknown structure of the
monolayer occurs within the time frame of tens of millisecofids. 97y
Further oxidation of Hg is blocked by a compact alkanethiolate (12) magnussen, 0. M.; Ocko, B. M.; Deutsch, M.; Regan, M. J.; Pershan, P.
monolayer. The average charge corresponding to the oxidative __ S.; Abermathy, D.; Grubel, G.; Legrand, J.iRature 1996 384, 250.

y K 9 . 9 p. 9 (13) (a) Bard, A. J.; Faulkner, L. RElectrochemical Methods Fundamentals
self-assembly (Figure 2A) is ca. §€/cn? independent of the and Applications John Wiley & Sons: 2001. (b) The differential
potential in the range of-0.4 to +0.2 V in agreement with capacitance measured &0.75 V is independent of the presence of

. - af . . alkanethiol in a solution, thus indicating that no physical adsorption occurs
previous studie$. The self-assembly process described in eq 2 at this potential.
results in transfer of one electron per hydrocarbon regardless(14) The diameter of a Hg drop varied between 0.84 and 1 mm. The final
L . diameter of a spontaneously formed tunneling junction was always ca. 26%
of the stoichiometry of the final product. Thus, the charge due of a drop diameter for both monolayer and bilayer junctions. The current
to the self-assembly process corresponds to a mean moleculay density was independent of the junction radius.

15) The bias voltage can be varied by changing the potential of one drop while
keeping the potential of the second drop constant. The symmetric carrent

(11) (a) Stevenson, K. J.; Mitchell, M.; White, H. &.Phys. Cheml998 102
1235. (b) Muskal, N.; Turyan, |.; Mandler, D. Electroanal. Cheml996
409, 131. (c) Weisshaar, D. E.; Lamp, B. D.; Porter, M.DAm. Chem.
Soc 1992 114, 5860.

5950 J. AM. CHEM. SOC. = VOL. 125, NO. 19, 2003

voltage dependences, for both monolayer and bilayer junctions, are
analogous to that reported earlier for two-electrode-Hg junctions (see

refs 6a-c). Within the voltage bias range &f0.4 V we did not observe
any rectification behavior.
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nonbonded—CHy/CHz— and —CHa/Hg interfaces. Therefore  bare Hg electrode:2* Both capacitance measurements and
we have probed the possible intercalation of solvent and ions kinetic measurements of redox processes indicate that alcohols
within the tunneling junction and possible electrostatic repulsion form monolayers on H&'
between the Hg drops. 1-Hexanol, present in the solution in the course of the-Hg
First, we consider interactions of the electrical double layers Hg junction formation, does not influence the magnitude of the
formed on both mercury drops. The interactions between the tunneling currents through both monolayers and bilayers of
electrical double-layers formed on the bare, electrochemically alkanethiol€? Interestingly, the “twitch” observed in every case
polarized Hg drops in aqueous solutions were previously Of junction assembly (see Figure 3) occurs after substantially
investigated by Usui and co-workéfThese authors determined  longer time (2-20 s) in the presence of 1-hexanol, indicating
the critical potentials of Hg coalescence as a function of relatively slow kinetics of its removal from the junction. It is
supporting electrolyte concentration and the electrochemical Worth noting that no measurable tunneling current flows before
potential. Clearly the quantity and the distribution of charge the ‘junction twitch” occurs (Figure 3A). This behavior is
stored in the electrical double layer depend on both the salt consistent with the model proposed by Creager and co-workers
concentration and on the electrode poterifiae have found ~ in which the alcohols form a relatively thick (35 A)
no influence of supporting electrolyte (lithium perchlorate) disordered layer on the top of self-assembled monol&yene
concentration on the tunneling currents, indicating no substantial @PParent removal of the hexanol molecules from the junction
influence of diffuse parts of double layers built on both drops aréa in the course of its assembly strongly suggests that both
on the junction formatioA? Another way to probe the double- ~Monolayer and bilayer HgHg junctions do not contain an
layer effects in Hg-Hg junction is to measure the tunneling €ntrapped layer of water.
current across both monolayer or bilayer junctions at different ~ Finally, the comparison can be made between the electro-
Hg potentials €1, E) while keeping a constant bias voltage ~chemically formed tunneling junction (Figures 1 and 2) and the
(E> — E1 = const.)?® No influence of potential on the magnitude ~ “classical” tunneling junction assembled in a hexadecane
of tunneling current was observed. The described experimentssolution and without supporting electrolyte. In the latter con-
indicate that that the solvent and ions are ejected from the figuration the tunneling current is measured as a function of a
junction area in the course of its formation. This conclusion is Voltage bias applied to both dropsor example the tunneling
not surprising in view of: (i) strong adhesion between a current recorded for HgS—Co/Co—S—Hg junction under
hydrophobic monolayer and a hydrophobic Hg surface (or a conditions of; = 0 andE; = —0.4 Vis ca. 0.02 Alcrhor 4
second monolaye?}, (ii) strong attractive dispersion forces * 107" A per pair of hydrocarbons. The identical current is
between relatively large Hg drops separated by a very short measured in a “classical” tunneling junction assembled in

distances22 (jii) electrostatic attraction of two drops due to the N€xadecane solution if bias voltage of 0.4 V is appfiedihis
bias voltagé® To further prove this conclusion we have result reaffirms the conclusion that ions or solvent do not

investigated the possible intercalation of 1-hexanol present in iNtercalate at the-CHy/CHs— interface.

the solution (with concentrations ranging from 1 mM up to the ~ The plot of the logarithm of the tunneling current density vs
saturation level) within the tunneling junction. 1-Hexanol the total number of carbon atoms in each junction yields
adsorbs on both alkanethiol monolayer surfaces and Hg surfacestunneling coefficients for monolayers & 1.06-+ 0.04/-CH,~)

For example, Creager and co-workers have found that the@nd bilayers./ﬁ = 102+ 0.07/~CH~) of alkanethiols in
kinetics of heroxymethylferrocene oxidation on a Au electrode agreement with previously reported data for analogous systems.

coated with a dodecanethiol monolayer is suppressed in the The identical values of for monolayer and bilayer systems
presence of 1-octand? The same authors determined that Indicate that the structure of both junctions is homologous except

alcohols ranging from 1-butanol to 1-decanol aggregate from for an additional—S—Hg in a bilayer junction. Furthermore
the aqueous solution onto the surface of a hydrophobic the linearity of Ini vs n plots indicate that there is no substantial

monolayer of alkanethiols self-assembled on the Au elec¥de. difference in the structure of junctions of different thicknes8es.

On the other hand, aliphatic alcohols are known to adsorb on AS can be seen in Figure 4 the tunneling current recorded
for a bilayer of 1-octanethiol or 1-nonanethiol is ca. 2-fold larger

(16) The stability of a junction depends on the chain length of the alkanethiol than a corresponding current recorded for the monolayers of

and not on the total number of carbon atoms across the junction. For 1-hexadecanethiol or 1-octadecanethiol, respectively. This is a
example the octadecanethiol monolayer junction is more stable (the steady- .. . . . .
state current is observed for a longer time) than the decanethiol monolayer SUrprising effect since the geometric thickness of a bilayer of

junction. On the other hand, an octadecanethiol monolayer junction is more glkanethiols is larger than the thickness of a monolayer
stable than a nonanethiol bilayer junction. o

(17) For longer times, beyond the steady-state conditions, the current decrease€ONtaining the same number of carbon atoms.
orincreases in an irreproducible manner. Clearly, the electrostatic squeezing
changes tunneling efficiency (gauche defects formation), and it also changes We note that Hgmonc’layer/mono'ayeng_ and HQ‘ .
the junction thickness (see ref 6b). Only steady-state current values are monolayer/Hg junctions both contain a mechanical break in their
used in our data analysis.

(18) Usui, S.; Yamasaki, T.; Shimoiizaka, . Phys. Chem1967, 71, 3195.

(19) Range of concentrations was@.1 M of LiClO4; lower concentrations of (24) (a) Romanowski, S.; Maksymiuk, K.; Galus,X Electroanal. Chenl995
a salt caused a large IR drop, and the measurements were not reproducible. 385 95. (b) Goledzinowski, M.; Kisova, J.; Lipkowski, J.; Galus, Z.
(20) For bilayer junctions botk; and E, must be kept in the range of 0.2 to Electroanal. Cheml979 95, 43. (c) Lipkowski, J.; Galus, Z1. Electroanal.
—0.4 V to ensure monolayer formation and to prevent bulk oxidation of Chem.1975 61, 11.
Hg at more positive potentials. For monolayer juncti@isnust be kept (25) We note that the attempts to form Heg junctions in the presence of
within the range of 0.2 t6-0.4 V to allow monolayer formation ani, 1-hexanol but in the absence mflkanethiol resulted in a coalescence of
must be kept at potentials more negative thel7 V to ensure that no a junction regardless of the applied potentials.
self-assembly process occurs. (26) Inview of the tunneling law (eq 1) the linearity of thei ms n plot indicates
(21) Pashley, R. M.; Israelachvili, J. Kolloids Surf.1981 2, 169. that addition of each-CH,— group results in the constant change in the
(22) Porter, J. D.; Zinn-Warner, A. hys. Re. Lett 1994 73, 2879. Hg—Hg distance. The argument can be made that shorter thiols form more
(23) (a) French, M.; Creager, S. Eangmuir 1998 14, 2129. (b) Creager, S. “liquidlike” and less ordered monolayers. This scenario would result in a
E.; Rowe, G. K.Langmuir1993 9, 2330. more shallow Ini vs n dependence for shorter thiols.
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L L L Thus, the main difference in tunneling efficiency across
homologous monolayer and bilayer junctions is in relative
efficiency of the tunneling acrossCHy/CH;— and —CHs/Hg

gaps. This efficiency, in a form ¢gfd product, can be expressed

o

E as:
T4l i
£ r ] IBHgng zﬂvdv+ In(IM/IB) +ﬁ (6)
ST 7] In view of the ratio of currents for homologous monolayers and
F E bilayers,lg/ly = 2.2, andf = 1 (see Figure 4), thBngdng =
42 L L] Bvdy + 1.8. Therefore, the tunneling across th€Hs/Hg gap

P E S
8 12 16 20 24

Number of carbon atoms is slightly less efficient than tunneling acrossCHz/CHz—

, . . contact. It was postulated that the efficiency of the tunneling
Figure 4. Plot of the natural logarithm of current density measured at the th der Waal bet t hvd b hai
400 mV bias voltage as a function of the number of carbon atoms in ?Cr(.)ss. e.van er vaals gap between two hy .rocar on chains
monolayers if = 9—18) and bilayers{ = 16—24) of alkanethiols in a is similar, in terms of rate decay, to the tunneling across 5
Hg—Hg tunneling junction. The experimental points represent the averages bonds?*"¢"27 Thus according to the eq 6, the tunneling across a
and standard deviations from 5 to 10 measurements for each junction. —CHgy/Hg contact would be an equivalent of tunneling across
6.8 0 bonds. This estimation assumes that geometriesQi/
CHs— and —CHg/Hg contacts are the same. In reality, the
—CHa/Hg gap is likely to be smaller tharrCH3/CHz— gap
thus generating even larger tunneling coefficignt, The above
analysis neglects the role of H& and C-S bonds in the
tunneling efficiency. From this standpoint the described results
indicate that the electron transfer across they/Elg contact is
less efficient then electron transfer acrosss@HH; + C—S +
S—Hg.

While the theoretical explanation of the observed effect

structure. In view of the previous studies, the physical (non-
bonded) contact (van der Waals gap) between molecules is
associated with substantially weaker electronic coupling (larger
B) in comparison with tunneling along the fully bonded hydro-
carbon chain (through-bond, superexchange tunneling}!¢f
Hence, the “least efficient element” in the tunneling pathway
through a bilayer of alkanethiols is a van der Waals contact
(see Figure 1) at the monolayer/monolayer interface (abbreviated
as v). Analogously, the van der Waals contact between a
monolayer and an uncoated electrode (abbreviated as Hg) - : X )
exhibits different electronic coupling thanaabonded hydro- clearly requires further studies we note that there is a substantial

carbon. According to a model recently developed for analysis difference in a dipole moment at theCHy/Hg and —CH,—

of tunneling measurements using STM, the overall current S~H9 interfaces. This in turn may change the potential drop
recorded in both cases can be approximated as a product of thérofile at both ends of a molecule. We further emphasize that
probability of tunneling across the hydrocarbon chain and the the obtained tunneling efficiency-CHg/Hg interface= ca. 7
tunneling probability across either a monolayer/monolayer o bonds) is based on the assumption that the tunneling efficiency

(abbreviated as “v") or monolayer/Hg (abbreviated as “Hg”) 2Cross the-CHy/CHs— gap is well-known. Literature reports
gap® In view of this model, the tunneling current in a Hg  indicate that the current loss during tunneling between two

monolayer/monolayerHg junction can be described as: adjacent hydrocarbon chains is similar to the current loss during
tunneling along hydrocarbon chain containing between 5 and
Is=l,exp(pN) exp(p,d,) (3) 10 o bonds*627.28 While in our judgment the value of &
bonds is more reliable, the true efficiency of ET across the
where g is the tunneling coefficient for the “through bond” —CHa/Hg interface could be even lower than reported here.

tunneling,N is the number of atoms within the “through bond” Nevertheless, there is no explicit experimental evidence (as of
tunneling pathway,8, is the tunneling coefficient for the  Yet) on the efficiency of electron tunneling along th€Hy/

tunneling across the monolayer/monolayer gap, dnis the CHs— gap between the pair of aligned hydrocarbons such as
length of the monolayer/monolayer gap. the one in our bilayer junctions. Therefore the estimation of
junction can be described as: with caution.
Our work supports recent CP-AFM results obtained by
Iy = lo€Xp(=BN) exp(—LByq0g) (4) Lindsay and co-worker¥ 9 These authors have shown that the

conductivity of 1,8-octanethiol depends critically on whether
wherefg is the tunneling coefficient for the tunneling across ends of the molecule are chemically bonded to metallic Au
the —CHa/Hg interface. contacts. To this end our results disagree with the recent
Therefore, the ratio of tunneling currents through a bilayer measurements of contact resistance by CP-AFMhese
(Ig) and a monolayerl(;) of alkanethiols containing the same measurements indicate that the electrical properties of the tip-
number of carbon atoms can be expressed as (see Figure 1): CHz and substrate-S contacts are comparable. We note however
that contact resistance is measured at the low voltage regime
Ig/ly = [exp[—B(Ne + 1)] exp=g4,d,)l/ while the Hg—Hg junction measurements were obtained at 400

exp(~BN) exp(Bgthy) (5) mV voltage bias.

; (27) Yamamoto, H.; Waldeck, D. H.. Phys. Chem. B002 106, 7469.
where Nc is the total number of carbon atoms across & (5af \witike. b, 's.: Bjerrum, M. J.: Winkler, J. R Gray. H. Sciencei992

monolayer or bilayer of alkanethiols. 256, 1007.
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Finally, we would like to emphasize that the presented and the tunneling measurements using both electrochemical
analysis does not account for any possible defects within the approach and the tunneling junction approach are not burdened
alkanethiol monolayers on Hg. However, electrochemical by a large standard deviation.
experiments point out that alkanethiols form remarkably well-  Tynneling measurements involving electrochemically con-
ordered and ion-impermable monolayers on’Mgurthermore,  trolled Hg—Hg junctions provide experimental evidence for
the electron tunneling across alkanethiols is a dominating eak electronic coupling across the noncovalent molecule/
mechanism for ET between the Hg and a redox couples in the glectrode interface and thus emphasize the critical importance

solution for monolayers ranging from nonanethiol to octadecane- 5f the nature of metaimolecule contact on the efficiency of
thiol.2%a.¢€ Unlike in the case of monolayers on Au or Ag, glectron transport in nanostructures.
pinholes are never detected within Hg/alkenthiol assemblies,
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