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Abstract: Electron tunneling experiments involving Hglg junctions incorporating two alkanethiolate
monolayers are described. Formation of a symmetric junctior-&{g—C,S—Hg) is accomplished by bringing

in contact two small (3x 1072 cm?) mercury drop electrodes in a20% (v/v) hexadecane solution of an
alkanethiol. Formation of asymmetric junctions (H§G:—CnS—Hg) and junctions containing-alkane-3-
thiopropanamide bilayers are also described. Tunneling currents in the junctions were measured for voltage
biases extending te-1.5 V. The currents decrease exponentially with the junction thickness yielding the
tunneling decay constant,= 0.89+ 0.1 per CH. The decay constant exhibits only a weak dependence on
the voltage bias suggesting that electron tunneling follows a through-bond mechanism. Tunneling currents in
the n-alkane-3-thiopropanamide bilayer junctions were larger than those in alkanethiolate junctions with the
same number of atoms suggesting that introduction of an amide group increases the strength of the electronic
coupling through these types ofbonded systems.

Introduction on electrodes play the dual role of the tunneling medium and a
Electrochemical measurements of the long-range electron_barner structure designed to restrict access of a redox probe to

transfer kinetics have contributed an increasing volume of new the electrode surface to within a specific distance. A number
information to our understanding of electron tunneling phe- of factors related to the structure of the metal electrodes and

nomena-2 In this report, we describe formation of Héflg the chemical characteristics of the monolayer-forming molecules

tunneling junctions incorporating alkanethiolate-type monolayer restrict the range of molecular systems that can be successfully
films. The results reported below convince us that the mercury used to play these two roles simultaneodsRecent experiments
juntion technique will further expand the range of experimental With mercury electrodes showed that the liquid nature of this
capabilities in this area. metal lends itself very well to the task of forming pinhole-free
Detailed electrochemical characterization of the distance and alkanethiolate-type monolayer filnds:2> Moreover, we have
medium effects on the strength of electronic coupling have beendemonstrated recently that tunneling experiments combined with
successfully carried out for a number of molecular systéms.  gradual expansion of the alkanethiolate-coated mercury drop
Recent measurements involving alkanethiol monolayers, their electrodes can result in quantitative characterization of the
derivatives, and strongly-conjugated monolayer films have  strength of electronic coupling in alkanethiolate films along two
been particularly revealing 2 In this research, monolayer films  pathways involving through-bond and chain-to-chain cou-
pling.16:26The Hg—Hg junctions and the tunneling experiments
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described below further expand the range of our capabilities in
the investigations of the electron tunneling kinetics.

Mercury has been used before in the formation of tunneling
junctions. Mann and Kuhn used mercury to form various metal
LB—metal tunneling junctions (LB represents a Langmuir
Blodgett monolayer of variable chain lengff)LB and self-
assembled monolayer-type tunneling junctions (usually constructed
by direct metal vapor deposition) and their properties have been
a subject of several repoftg?and reviews?-32 Of most direct
relevance to our research is a report of Porter and Zinn, who
studied water structure in the Hgrdg tunneling junctions3
They described electron tunneling experiments involving two
Hg drop electrodes suspended at the adjacentrii6Pt disk
electrodes. The Hg drops were progressively grown via mercury
electrodeposition. While each of these experiments ended by
coalescence of the two Hg drops, distinct levels of the tunneling
current could be observed during the final stages of their growth.
The tunneling current corresponded to just a few, ordered,
molecular layers of water trapped between the mercury surfaces
In a more recent report, Rampi and co-workers described a
method to form noncoalescing Hdfg junctions by bringing
together two volumes of mercury in a glass tube (2.5 mm in
diameter) filled with a solution of an alkanethiol.The junction
capacitance was inversely proportional to the length of the
alkanethiol chains (withe = 2.7 + 0.3) indicating that the
junctions consist of two alkanethiolate monolay&rsThe
authors did not measure tunneling currents, due to the instability
of the junctions at voltage biases in excess of 0.15 V.

Our Hg—Hg tunneling junction experiments involved two
micrometrically driven hanging mercury drop electrodes (HMDE)
described previousBf Each Hg drop electrode was coated with
an alkanethiolate monolayer via self-asseniBlgubsequently,
they were brought in contact using a micrometric positioning
device to form a junction either in a solvent or in air. We show
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Figure 1. A schematic diagram showing the shape and the extent of
deliberately induced distortion of two mercury drops forming a
tunneling junction. The cross sectional diameter of the junctifris(

ca. 600um. The two mercury drops were formed at the tips of 250
glass capillaries as described in the Experimental Section. All the
dimensions in the drawing are approximately to scale.

the amides were purified on a silica column with 60:40,CHEtOAC
mixture. This coupling procedure gave the products with an yield of
50—60%. The identity of the product was confirmed by elemental
analysis andH NMR spectroscopy. The later yielded spectra with the
identical position of all resonances to those reported for nhe
pentadecane derivative by Clegg and Hutchi§dilemental analysis:
Calcd forn-decane derivative (GH.7NOS): C, 63.62; H, 11.08; N,
5.71. Found: C, 62.2; H, 10.8; N, 5.2. Calcd fedodecane derivative
(C1sHaiINOS): C, 65.88; H, 11.42; N, 5.12. Found: C, 63.0; H, 10.4;
N, 4.4. Mercury (Quicksilver Products Inc., triply distilled) was used
without further purification. The following reagents were also used as
received: hexadecane (Aldrich,-9% anhydrous), chloroform (Aldrich,
reagent grade), ethanol and ethyl acetate (Fisher, reagent grade),

the exponential dependence of the observed tunneling currentspethanol (Fisher, spectroscopic grade), and NaQRgsher, purified

on the number of carbon atoms in both symmetric and
asymmetric junctions as well as in the case of bilayer junctions
involving n-alkane-3-thiopropanamides. We also demonstrate
that the tunneling decay constafit exhibits only a weak
dependence on the voltage bias, indicating a through-bond
tunneling mechanism, and discuss the advantages of the Hg
Hg tunneling junction method.

Experimental Section

ReagentsFresh samples of the alkanethiol$SEl,n = 10, 12, 14,
were purchased from TCI America ($56); nonanethiol (95%) was
purchased from Aldrich. They were used as received. f-decane
and n-dodecane derivatives of 3-thiopropionamide were synthesized
by a one-step coupling of 3-thiopropionic acid with an appropriate
primary amine®® A reaction mixture was refluxed overnight in THF in
the presence of dicyclohexylcarbodiimide and 1-hydroxybenzotriazole.
Following filtration, THF evaporation, and redissolution in chloroform,
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grade). House-distilled water was passed through a four-cartridge
Barnstead Nanopure |l purification system. Its resistivity was in the
range 17.6-18.3 MQ cm.

Hg—Hg Tunneling Junctions. The mercury junctions were as-
sembled using two micrometrically driven hanging mercury drop
electrodes (HMDE). These were Kemuliublik-type®” constructed
using Guidelli's desig# as described earliéf. Silanized, 250um
diameter capillaries were used. The two electrodes were positioned
vertically and coaxially, one above the other, with the top electrode
mounted on a vertically moveable stage. A small glass cell was mounted
coaxially with the glass capillary of the bottom HMDE, allowing for
immersion of a junction in a desired alkanethiol solution or pure solvent.
Most experiments were done ir-20% (v/v) hexadecane solutions of
a selected alkanethiol. Thus the self-assembly of an alkanethiol
monolayers took place momentarily upon generation of the new Hg
drops @ = 0.03 cn?).6 The junctions were always formed at open
circuit. Formation of the junction was monitored visually with a
stereomicroscope providing 20-fold magnification. Following the initial
pointlike contact of the Hg drops, the junction area was increased to
ca. 3x 1073 cn? by a deliberate, further decrease of the gap between
the tips of the two HMDE capillaries. This resulted in a small distortion
of the two Hg drops as shown in Figure 1 (see also Results and
Discussion). The junction are&f was measured by visual assessment
of the Hg—Hg contact lengthd (of ca. 600um), relative to the known
(250um) diameter of the two capillaries. We estimate that the precision
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of that step was cat100 um. This in turn resulted in cat30% T L B B IR B R |
uncertainty AA;)) in the determination of the junction’s surface area 4107 L B -
(AA = 0.57d Ad). All current—voltage bias measurements were done -
with a BAS 100A electrochemical analyzer in a two-electrode config- _
uration at room temperature of ca. 20. The measurements of the 2107
junction capacitance involved recordingV curves in a 5-20% (v/v)
hexadecane solution of an alkanethiol at 52 V/s extending30 mV
around zero bias. We note that the use of more polar solvents in these
measurements (particularly methanol and ethanol) resulted in substan-
tially larger capacitance values. This is due to the presence of ionic
impurities in these solvents and the resulting contribution to the 4107 7
measured capacitance from the mercury surfaces outside the junction. t
The values of the tunneling currents were corrected by subtraction of (S Y Y RN S S L
the capacitive component. 16 1.2 08 04 0 -0.4 -0.8 -1.2 -1.
Voltage bias (V)
) ) ) Figure 2. Two i—V curves obtained for HgCi,—Ci,—Hg tunneling
Two methods of the HgHg junction formation procedure  junctions in a 10% (v/v) hexadecane solution of dodecanethiol: (A)
were established. (1) The junctions can be formed directly in a the junction was formed between an Hg drop electrod @i cn?
solution of an alkanethiol ((SH) as described in the Experi-  Hg pool; (B) the junction was formed between two Hg drop electrodes.
mental Section. This procedure results in the formation of In both cases, the junction are & 3 x 1072 cn¥) is approximately
symmetric junctions (HgC,—C,—Hg) as in Rampi’s experi-  the same.
ments34 (2) To form asymmetric junctions (HgC,—Crn—Hg),
one electrode was coated with a monolayer of an alkanethiol
(CSH) and then it was brought in contact with the second r
electrode in a solution of a different alkanethiok&H). Most 28
tunneling data were collected in hexadecane. While we did not “
attempt to systematically screen many solvents, equally reliable
results can also be obtained in ethyl acetate, acetone, and
ethanol. Although less stable with time, both types of junctions
can also be formed in the absence of a solvent (in the air).
Reproducible current vs voltage bias{/) curves can be readily
recorded with very small junctions formed upon the first,
essentially point contact between the mercury drops. Neverthe-
less, to more precisely measure the junction area, we relied on
larger junctions (ca. 3 1072 cn¥ in contact area), obtained
by further decreasing the gap between the two capillary tips Number of carbon atoms
supporting the Hg drops (see Experimental Section). The final Figure 3. A plot of the inverse capacitance values vs the total number
position and shape of the mercury drops is depicted schemati-of carbon atoms in the symmetric alkanethiolate junctions. The data
cally in Figure 1. It is interesting to note that in most cases of represent averages and'stanf:Jard deviations of 10 independent measure-
junction assembling (hundreds of individual experiments), we Ments for each type of junction.
have observed a sudden, minuscule, but easily detectable “jump”
or “twitch” of the two Hg drops. In some cases, a small jump X : . X
takes place shortly after the initial contact of the Hg drops and oM junctions with shorter alkanethiolates thagS@.. Once
results in a sudden increase of the junction contact to ca. 0.003f°r_med’ _the Q—Cg junctions are stable for only ca. 1 min.
c?. In other cases, a minute twitch of the contacting drops is Thicker junctions are progressively more stable. The highest

observed secondster the two Hg drops were slowly distorted yoltage bias that can be applied across a junction without
and the final junction contact area was established. (An area Ofmdqcmg mercury coalesc_ence appears to dgpenq on the alkane
ca. 0.003 criwas chosen in those cases precisely in an attempt‘:ha'n length. Although th'_s property of the_juncnpns I_1as not
to reproduce the junction size spontaneously assumed by the?€en systematically investigated, thg;€Cye bilayer junctions

two drops in the “jump” events.) The twitch events resultinno &'® s”tgble under voltagoelzz als largetass V. T“”;el'ng currgr}ts
apparent change of the junction area. We associate these suddelf" @ Junctions reported below were measure a5 V. Initial
jump/twitch events with squeezing of solvent from the junction characterization of all the junctions involved measurements of

powered by the van der Waals attraction forces acting on the tN€ir capacitance. A plot of @vsn for nin the range 1836
two alkanethiolate-coated mercury surfaces. (n is a total number of alkane carbon atoms in the bilayer

Figure 2 shows two typical—V traces obtained in two assembly) is shown in Figure 3. Linearity of that plot indicates
different experiments with HgC1,—Ci.—Hg junctions. Trace that the_junctions behave as ideal paralle_l plate_ capacitors. The
A corresponds to a junction formed between a Hg drop electrode SIOP€ Yielded an average value of the dielectric constant
and a 1 crimercury pool electrode in a 5% §H hexadecane 2.0 + 0.3, a value consistent with similar measurements by

: " i i
solution. A large hysteresis was always observed during the first Rampi et "?‘F' alr;dsg other _Ilterature reports f°F alkanet_hlol
i~V half-cycle. It is likely that this behavior reflects removal Monolayer films:**The thicknesses of our junctions obtained

of the solvent initially trapped in the junction. Trace B [TOM the measured capacitances using thisalue were in

corresponds to a junction formed between two Hg drop agreement with thqse calculated us_lnga5|mple bilayer model.
electrodes as described above. Th&/ curves obtained with Spec]flcally, t_he th_|ckness calculations assqmed_ known, per-
this type of junction were significantly more reproducible and pendicular orientation of all-trans alkane chains with respect to

rarely burdened with any hysteresis. Clearly, the use of two (39) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D.Am.
spherical Hg electrodes is a preferred strategy in the formation Chem. Soc1987 109, 3559.
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Figure 4. Plots of the logarithm of the tunneling currents obtained Figure 5. The dependence of the tunneling decay constaom the

with (A) a single Hg drop electrode coated with different alkanethiolate voltage bias obtained for the symmetric-Hgg junctions with nonane-,
monolayers recorded at an overpotentiakdf.45 V in a 0.5 M KClI, decane-, and dodecanethiolate bilayers (black circles) and calculated
1.0 mM Ru(NH)e*" solution (data from ref 16) and (B) HeHg according to Simmons thed®/(continuous line; see discussion in the
junctions formed with symmetric alkanethiolate bilayers of a given total text). The data correspond to averages of 10 separgiecurves
number of carbon atoms (black circles), asymmetric alkanethiolate recorded for each of the three junctions.

bilayers (Hg-C,—Cn—Hg, total number of carbon atoms n + m)

with nnm = 9:10, 10:12, 10:14, 12:14, and 12:16 (open circles), and linearity of this dependence indicates that conduction across the
symmetricn-decane-3-thiopropanamide amdiodecane-3-thiopropan-  junction involves electron tunnelinigz:304°Although the decay
amide for which “number of carbon atoms” includes the nitrogen atoms constant = 0.89+ 0.1 per CH, is somewhat smaller than

of the amide group (black triangles). Data in plot B were recorded in the valugs = 1.14+ 0.09 per CH obtained in our experiments
5—20% (v/v) hexadecane solutions of the alkanethiols and representWith alkanethiolate-coated Hg drop electrodes (also reproduced

averages and standard deviations of 10 measurements with newly. . 16 ; . Ly .
assembled junctions obtained at a voltage bias b V (see Figure 1N Figure 4);° it remains within a range of previously reported

2B). Then-alkane-3-thiopropanamide monolayers were formed on Hg Values®? Also included in Figure 4 are two data points
electrodes from their ethanol solutions and the junctions were then corresponding to junctions formed withdecane- and-dode-
assembled and investigated in hexadecane. cane-3-thiopropanamides (H8CH,),— CONH—(CHy),—H with
n = 10 or 12). Significantly higher values of the tunneling

the Hg surfaceé® and no chain intercalation at the bilayer current obtained in these two cases, relative to the alkanethiolate
midplane, and relied on the known values of the bond lengths junctions of the same number of atoms, indicate that insertion
and angled® This agreement is reassuring, but in view of poor of an amide group results in an increase of the electronic
precision of the capacitance measurements (related to lowcoupling. In support of this observation, Clegg and Hutchison
precision of the junction area measurements), it does notreported recently a substantially increased strength of electronic
eliminate a possibility of some chain disorder and/or their coupling acrosss-bonded fragments with three consecutive
midplane intercalation. Independent, precise junction thicknessamide groups$! This effect could be related to the presence of
measurements are required to resolve this and other structurathe lateral hydrogen bonding between the amide groups. The
issues. latter was determined earlier by Clegg and co-workers on the

In the measurements of the tunneling currents, the voltage basis of their external reflective FTIR spectroscopy data obtained
bias was applied linearly with a scan rate ranging from 0.1 to With monolayers of the analogous compounds on §ofdWe
50 V/s. In the case of the thinnest junction, fast scan rates werenote that the surface densities of thesalkane-3-thiopropan-
used to eliminate a small histeresis observed between theamides on Hg are the same as those obtained for alkanethiols.
forward and reverse currents. In all other cases, the magnitudeT0 make this determination, we carried out coulometric experi-
of the scan rate did not have any significant effect on the ments described previously to measure charge due to oxidative
magnitude of the observed tunneling current. A priori, one could coupling of then-alkane-3-thiopropanamides to HysSingle
expect that the electrostatic force between two charged HgHg drop electrodes were used in ethanol/water (2:1) NaClO
surfaces f = e,AV2/2h2, whereV is voltage bias and is the electrolytes. These measurements yielded values corresponding
thickness of the junction) might result in higher currents at larger to areas per molecule of 20./nolecule. This is an identical
biases due to the progressively larger distortion of the Hg drops value to that we reported for alkanethifland consistent with
increasing the surface area of the junction. One could also arguethe coverage assessment by Clegg &€ @his shows that the
that a decreasing Hg surface tension with charging might Presence of the amide groups does not lead to a looser packing
enhance that process. However, these voltage-induced distortion§lensity. Consequently, the higher tunneling currents reported
of the mercury drops should be more pronounced at slow thanhere cannot be explained by postulating a partial collapse or a
at fast bias scan rates. The fact that the scan rate has no effecgubstantial intercalation of the terminal alkane chains in the
on the magnitude of the tunneling current (with an exception bilayer junctions formed with the two-alkane-3-thiopropan-
of a small histeresis observed fog-€Cy junctions) suggests ~ amides.
that the distortions are negligible. We believe that the initial  In Figure 5, we compare the experimentally determined
distortion of the Hg drops deliberately applied to increase the dependence of on V with the Simmons theory of electron
junction surface area eliminates or minimizes that effect. (40) Barbara, P. F.; Meyer, T. J.; Ratner, M. &.Phys. Chem1996

The dependence of Ip(on n is shown in Figure 4 for a 100 13248. _ '
number of symmetric and asymmetric junctions. The data were _ (41 Clegg, R. C.; Hutchison, J. E. Meeting Abstracts, Vol. 99-1, No.

. g . . 919, The Electrochemical Society, Inc., 1999.

obtained at 1.5 V by averaging current values obtained in 10 (42) Clegg, R. S.; Reed, S. M.; Hutchison, JJEAm. Chem. S04998
independent measurements for each type of junction. The 120, 2486.
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tunneling between two metal plates across a dielectric layer molecular films compared to the electrochemical experiments.
through a square potential energy barrief? This theory yields In the latter case, background processes, inability to exponen-
B = (4a/h)[2m(¢ — V/2)]¥2, wherem is the mass of electron. tially increase rates of electron transfer beyond overpotentials
Clearly, electron tunneling in our junctions involving alkanethio- in excess of reorganization energy, as well as possible mass
late bilayers does not conform to this square barrier model. The transport limitations, restrict the thickness of molecular films
weak dependence ¢f on V observed here and also reported that can be studied electrochemically to ca—28 o-bonds.
by others in electrochemical experiments with monolayer-coated (3) Well-behaved character of the mercury junctions stemming
electrode¥1344appears to be a signature of the through-bond from the atomically smooth surfaces of liquid mercury allows
mode of electron tunneling. us to project that this methodology can be extended to
Concluding, the HgHg junctions described here present microscopic junctions using significantly smaller Hg drops
several important advantages in the studies of electron tunnelingsuspended on Pt microdisk electrodes. With microscopic junc-
processes relative to the usual electrochemical methods. (1)tions, investigations of single-electron tunneling phenomena
Since electron tunneling does not involve a redox probe, the would contribute to the rapidly growing field of molecular
junction method can tolerate some density of pinhole defects. electronics'> 46
Similarly, background processes such as mercury electrooxi-
dation and monolayer desorption do not affect tunneling current ~ Acknowledgmentis made to the donors of the Petroleum
measurements in the junction method. For example, due toResearch Fund, administered by the American Chemical Society,
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(see Figure 4). Moreover, the junction experiments can be
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