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ABSTRACT: This paper describes measurements of charge transport by
tunneling through molecular junctions comprising a self-assembled
monolayer (SAM) supported by a template-stripped metal bottom electrode
(M™), which has been immersed in an organic liquid and contacted by a
conical Ga,0;/EGaln top electrode. These junctions formed in organic
liquids are robust; they show stabilities and yields similar to those formed in
air. We formed junctions under seven external environments: (I) air, (II)
perfluorocarbons, (III) linear hydrocarbons, (IV) cyclic hydrocarbons, (V)
aromatic compounds, (VI) large, irregularly shaped hydrocarbons, and (VII)
dimethyl siloxanes. Several different lengths of SAMs of n-alkanethiolates,
S(CH,),_;CH; with n = 4—18, and two different kinds of bottom electrodes
(Ag™ or Au™) are employed to assess the mechanism underlying the

observed changes in tunneling currents. Measurements of current density through junctions immersed in perfluorocarbons (II) are
comparable to junctions measured in air. Junctions immersed in other organic liquids show reductions in the values of current
density, compared to the values in air, ranging from 1 (III) to S orders of magnitude (IV). We interpret the most plausible
mechanism for these reductions in current densities to be an increase in the length of the tunneling pathway, reflecting the formation
of thin (0.5—1.5 nm) liquid films at the interface between the SAM and the Ga,0;/EGaln electrode. Remarkably, the thickness of
the liquid film—estimated by the simplified Simmons model, measurements of electrical breakdown of the junction, and simulations
of molecular dynamics—is consistent with the existing observations of structured liquid layers that form between two flat interfaces
from measurements obtained by the surface force apparatus. These results suggest the use of the EGaln junction and measurements
of charge transport by tunneling as a new form of surface analysis, with the applications in the study of near-surface, weak, molecular
interactions and the behavior of liquid films adjacent to non-polar interfaces.

Bl INTRODUCTION

Measurements of tunneling currents across insulating self-
assembled monolayers (SAMs) supported by a template-
stripped metal bottom electrode"” (M™), with a eutectic
gallium indium alloy (Ga,O;/EGaln) top electrode—which
we call “the EGaln junction”—have been performed only
under “dry” conditions, that is, with the junction formed in air,
or some other dry gas.”~> The ability to carry out
measurements with the junction formed and immersed in a
liquid would make it possible to study a range of interesting
subjects (e.g, weakly bound complexes,” biologically relevant
systems,”® and wet-electrochemical gating”).

This paper demonstrates that measurements of charge
tunneling with the EGaln junction can be carried out with the
junction immersed in non-polar and low-polarity liquids.
These demonstrations suggest, depending on the molecular
nature of the liquid, the barrier through which charge tunnels
can include one or more liquid layers. The phenomena we
have observed correlate loosely with the studies of structured,

near-surface liquids by Israelachvili'”'" and others'*™*° who
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observed oscillatory solvation forces. Measurements with the
EGaln junction will make it possible to explore, for example,
problems ranging from the compactness (and thus, by
inference, order) of the SAM to short-range (molecular
scale) studies of interactions between SAMs and interacting
liquids. We propose, based on these studies, that SAM-based
molecular junctions formed in contact with organic liquids may
provide what is, in effect, a new form of surface spectroscopy
with three applications: (i) characterizing mechanisms of
tunneling through SAMs, (ii) characterizing weak, reversible
interactions at organic interfaces, and (iii) studying inter-
actions between organic surfaces and unstructured or “loosely
structured” organic liquids next to them.
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To explore and characterize this new method, we must first
address three basic questions. (i) Does charge tunneling
through EGaln junctions immersed in organic liquids involve
only regions of contact between the SAM and the Ga,0; skin
of the EGaln electrode or is there a mechanism in which the
pathway of charge transport involves the organic liquid, by
forming a liquid film that resists expulsion at the contacting
interfaces? (ii) If the liquid does not directly contribute to the
measured current by forming a surface film, does it change the
charge transport characteristics of the SAMs by other
interactions (e.g, by intercalation of the liquid into the
SAM)? (iii) Does the effect of the organic liquid on the overall
transport behavior of the junction depend on the interaction of
the liquid with the surface film of Ga,0;, the chemical nature
of the SAM, the M'™ bottom electrode (through the
supramolecular structure of the monolayer), or some
combination thereof?

To address these questions, we focused on SAMs made from
n-alkanethiols (SC,) of variable length (n = 4—18); we also
used SAMs of polyfluorocarbons for a control experiment. The
SAMs are formed on substrates made from template-stripped
silver or gold (Ag™ or Au™)*" which serve as bottom
electrodes in junctions of the form of MTS/SAM// organic
liquid//Ga,05/EGaln, where “/” indicates a covalent bond
and “//” indicates a non-covalent interaction.

When the junctions are formed under perfluorocarbon
liquids, the influence of immersion is too weak to observe. In
hydrocarbon liquids, however, the current densities decrease
by factors of 10% to 10°, relative to junctions formed in air.
These observed attenuations in current densities are
compatible with the hypothesis that a thin film of liquid,
which resists expulsion, forms at the interface between the
surface of SAM and the Ga,O; film of the EGaln electrode.
The inferred thickness of the liquid film (d;, nm) is dependent
on the structure of the liquid in ways that are consistent with
the observations made by Israelachvili, Christenson, Klein,
Heuberger, Benjamin, and others from surface force
apparatus,(’_9 FT-IR,'* XPS spectrosco ies,'"” and simu-
lations of molecular dynamics (MD)."®"

EGaln Junction. This testbed for carrying out physical-
organic studies for molecular electronics has been developed
and described extensively by us,® Nijhuis,”* Chiechi,”® and
others (Yoon,”* and Thuo™). As typically used, a shaped tip of
eutectic gallium—indium alloy (EGaln) covered with a
spontaneously formed film of electrically conductive metal
oxide (represented approximately as Ga,0;) is contacted with
a SAM supported on thin (~300 nm) films of template-
stripped (TS) gold or silver surfaces on glass." It is relevant for
this work that both the Ga,O; layer and the MTS/SAM have
structural roughness on scales ranging from nanometers to
micrometers, and the region of contact through the interface of
tip/SAM contact should probably be thought of as an array of
micro-/nanoelectrodes, rather than a region of continuous
electrical contact.”®”” The current density through the
observable region of contact is only a fraction (107 to 107*)
of that observed for largely conformal junctions, for example,
evaporated metal or mercury drop, which are themselves not
perfectly conformal.”®*

Although the EGaln junctions are remarkably consistent and
reproducible within a set of parameters—a fact that is
especially important for physical-organic studies, such as in
this work—the influence of the contributions from each
component of the junction needs to be considered to interpret
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the experimental results. For instance, the structures of SAMs,
the interfaces between SAMs and electrodes, and the physical
properties of electrodes are all reasonably defined.**>**%3973*
The influence of the footprint of the contact is reproducible
and consistent but can differ in some details in the approach
used for their fabrication among groups. Measurements using
the EGaln junction are normally performed in ambient
condition (room temperature, air, or dry N,), and a change
of humidity from ~45 to 10% does not result in a significant
difference in current densities through SAMs of Au™/SC,.*

Structure of Liquid at Interfaces. The inference by
Israelachvili and co-workers of structured thin films (<5 layers)
of organic liquids at the flat interfaces of the surface force
apparatus (SFA) changed the understanding of molecular
physics at solid—liquid interfaces.'”""*>*° Molecules with low
molecular weight in the liquid state form structured liquid films
between two mica surfaces, two metal surfaces, or mica and
metal surfaces.'’

SFA experiments'® showed that, when two flat interfaces are
brought into contact with both immersed in a solvent, the
measured force versus distance curve oscillates with a
periodicity corresponding to the length of the shortest axis
of the molecules making up the solvent. These oscillations
result from the formation of ordered molecular layers at flat,
solid interfaces and are predominately geometric in origin (i.e.,
are mainly due to the excluded volume and not the
intermolecular forces; see Supporting Information S1 for a
more detailed description). The thickness and structure of the
ordered liquid film depend on the shape of the molecules
making up the liquids and, in most cases, are a multiple of the
shortest axis of these molecules. Thompson and Robins used
MD simulations of liquid (between two flat, gold plates) to
support the inference that hexane and benzene molecules are
oriented at a flat, solid interface.’”®

Previous studies with SFA have also examined the
interactions of organic liquids with SAMs. Christenson and
Claesson used their modified SFA system to show that liquid
(e.g, hexane, decane, and hexadecane) films form at the
interface between an alkanethiol SAM (Au-SC;,) and a mica
surface.”” Klein et al. have shown that layers of water are
formed between an alkanethiol SAM (Au-SC;,) and a mica
surface.”” These studies (and others™’) provide evidential
background to the work we present but differ in at least four
ways (and thus provide four key components to consider in
our system): (i) surface roughness: mica, gold, and SAMs are
assumed to be flat, while the EGaln/Ga,O; surface is rough (at
the nanoscale and probably the microscale). (ii) Surface energy:
gold, silver, and Ga,O; all have high interfacial surface
energies; the SAMs we examined, in general, have a low
surface energy. (iii) Dynamics: bulk movement of solvent at the
interface, and time-dependent rearrangement (on the scale of
microseconds) in liquid structure seem not to be important in
our system. Previous work has suggested that in Hg/SAM//
SAM/Hg junctions,”" hexane forms thicker liquid layers at the
SAM//SAM interface than ethanol. This observation suggests
that bulk dynamics of the liquid can be important in certain
circumstances, depending on some physical property of the
liquid (e.g., polarity, strength of intercalation, interaction in the
liquid, and dielectric constant).

Tunneling Junctions Immersed in Liquid. Existing
studies of tunneling across junctions involving SAMs in contact
with liquids do not resemble SFA studies. Three techniques
have previously been employed to investigate the influence of

https://doi.org/10.1021/acs.jpcb.2c07901
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Figure 1. Measurements with the EGaln junction immersed in organic liquids. (A) Photograph, (B) microscopic image, and (C) schematic
diagram of an EGaln junction with the structure: MTS/SAM// organic liquid//Ga,0;/EGaln. Schematic diagram (D) of the junction containing
SAMs of C,,, immersed in perfluorohexane, as well as the corresponding plot (E) of the Gaussian mean values of log(IJl) at —0.5 V vs the number
of carbon atoms, n, in a SAM of Ag™-S(CH,),_;CHj. (“~” indicates that the EGaln electrode is at a negative voltage—that is, the EGaln electrode
is reducing relative to the bottom metal electrode, which is grounded). Schematic diagram (F) of the junction containing SAMs of C,g, immersed
in hexane, and the corresponding plots (G) of the Gaussian mean values of log(IJ) vs the number of carbon atoms, n. Schematic diagram (H) of
the junction containing SAMs of C,,, immersed in cyclohexane, and the correspondin§ plots (I) of the Gaussian mean values of log(I]l) vs the
number of carbon atoms, n. The dashed lines are the values of log(IJl) measured in air.** The schematic diagrams are approximate representations
in two dimensions of inferences from experiments and observations from MD simulations.

solvents on tunneling through molecules: scanning tunneling decreases) in conductance in STM break junctions,™ in
microscopy (STM),42 STM break junctions,43 and mechanical contact with polar liquids (ie., 1,2,4-trichlorobenzene or 1-
break junctions.** Tao et al. used STM break junctions with bromonaphthalene), which they claimed to result from (or
solvents of different characteristics to infer that contacting correlate with) molecules having delocalized orbitals (e.g.,
liquids do not contribute significantly to the measured polyacetylene with the arylthiomethyl group as the anchor
conductance of fully saturated molecules, such as alkanedi- group). (ii) SAM-based tunneling junctions can be prepared
thiols in the STM break junction.”> In contrast, Tao and by techniques that include direct-deposited metals,”” liquid
Venkataraman measured changes (both increases and metals (Hg or EGaln),>"' graphene,48 conductive polymer,49
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or nanoparticles.”® Only the Hg-drop double-layer junction
(ie, Hg(or Au)-SC,//C,S-Hg junctions) has been used to
measure the charge transport through two layers of SAMs
immersed in liquid (ethanol and hexane).”"** Capacitance
measurements of such double-layer junctions showed an
increase in capacitance when SAMs of alkanethiolates were
immersed in hexane, and this observation was interpreted to
suggest that the tunneling distance increased due to the
trapping of molecules between the SAMs.

Simplified Simmons Equation. We use the simplified
Simmons equation (eq 1) to characterize and compare charge
transport across junctions in contact with air or liquid as a
function of alkyl chain length of the molecules in the SAM

J=Jpe (1)

Here, f (nc™' or A™') represents the tunneling decay
coeflicient, which is related to the mean height of the
tunneling barrier with an assumed rectangular shape; d (n or
A) represents the width of the tunneling barrier; and J, (A/
cm?) represents the “apparent injection current density” when
J(V) is extrapolated to d = 0. The Simmons equation, as
Simmons>® and many others®™>> have noted, is internally
inconsistent and is not appropriate for detailed quantum
mechanical treatment of transport data. The simplified
Simmons equation does, however, provide a very useful and
widely employed empirical interpretation of empirical results:
it describes a large number of systems involving tunneling and
facilitates comparison among literature data.”*“*” The
experimental values of # deduced from many studies of n-
alkanethiolate SAMs are close to 1.0 nc~" (~0.8 A71);>*%%° the
values of ], differ by approximately 12 orders of magnitude
depending on the experimental systems.” %7 In a given
system, and especially in the one used here, the values are very
reproducible.”***

Here, we demonstrate that the influence of a liquid
contacting the electrically conducting region of the junction
on measurements of ] ranges from “no effect” to a substantial
decrease (~10 to 10°) in tunneling current densities. The
values of f# can also increase when the junction is measured in
liquid. We have not, however, observed a contacting liquid that
increases the values of J(V) for a junction immersed in that
liquid relative to that junction in air.

Junctions Immersed in Organic Liquids. Figure 1A—C
shows photographs and schematically illustrates the EGaln
junction in contact with liquid, summarizing our hypothesis
that a liquid film forms at the SAM//Ga,O; interface. If the
film forms, the total tunneling distance (d, nm) would be the
sum of the thickness of the SAM (dguy, nm) and the thickness
of the liquid film (dyy nm). Figure 1D—I shows the
dependence of log(J) on the number of carbons in the SAM
of alkanethiolates immersed in perfluorohexane (Figure 1D,E),
hexane (Figure 1F,G), and cyclohexane (Figure 1H,I); the
dashed line represents the data measured in air, and the solid
line is the data measured in liquids, fit to the Simmons
equation. In these experiments, we observed three types of
tunneling behaviors:

—pd

i Figure 1E presents the values of log(J) and S (the
slope), for n-alkanethiol SAMs measured in perfluor-
ohexane. These data are indistinguishable from the
analogous junctions measured in air. We interpret these
data to mean that the barriers to tunneling in these
experiments are equal and that the perfluorocarbons

410

therefore do not interact with the exposed hydrocarbon
(specifically, —CH; groups) surface of the SAM or the
Ga,0;. Considering the very weak interactions of
perfluorocarbons with hydrocarbons,’* these observa-
tions are not surprising.

Measurements of n-alkanethiol SAMs in n-hexane are
compatible with the hypothesis that there has been an
apparent increase in the width of the tunneling barrier
which is proportional to the increase in the thickness of
the SAMs (Figure 1G). The measured value of I]l for C,,
in contact with n-hexane is approximately the same as
measured for C; in contact with air. The contact with n-
hexane (in this case) adds an apparent thickness of C,
(i.e., three carbons, ~0.35 nm) to the thickness of the
barrier (assuming that its height remains effectively
unchanged). Comparison between the measured values
of the tunneling decay coeflicient, f, for experiments in
n-hexane and in air indicates that S, peane/Par = 1.3.
This result is compatible with two hypotheses: either (i)
the thickness of the liquid film increases with the length
of the alkyl chains in the SAM or (ii) the extent to which
the n-hexane intercalates into the SAM increases with
the length of the alkyl chains in the SAMS. Our detailed
results from further experiments and simulations
(described below) suggest the former mechanism (i);
however, the latter mechanism (ii) cannot be entirely
ruled out based on the existing evidence and would
require further investigation.

=4

i

=

iii Cyclohexane produces a qualitatively different behavior
compared to hexane. The value of f for the n-
alkanethiolate SAM immersed in cyclohexane is
indistinguishable from that of air, but the value of log|
Jol changes from 3.8 (in air) to —1.0 (in cyclohexane).
Thus, while the two lines (Figure 1I) are parallel, the
apparent width of the barriers for experiments in
cyclohexane is approximately equivalent to an increase
of 11 CH, groups (or d ~ 1.27 nm) compared to that in
air. The immediate interpretation of these observations
is that there is a surface-associated liquid film with a
thickness corresponding to a few (~2) layers of
cyclohexane, which resists expulsion from the region
between the SAM and the surface of the Ga,0;/EGaln
electrode (Figure 1H). We estimate the thickness of a
cyclohexane film from the mean intermolecular separa-
tion of czclohexane molecules in its crystalline state
(~3.2 A)® and from our MD simulations (see the MD
Simulations section).

We will discuss these results in greater detail in the Results
and Discussions section. Briefly, it seems that the liquid in
which the junction is immersed does interact with the SAM,
but the interaction depends on the thickness of the SAM, the
type of the bottom electrode (Ag"™ or Au™, which influences
the structure of the SAM), and the molecular structure of the
contacting liquid.

B EXPERIMENTAL DESIGN

Selection of Bottom Electrodes. Gold (Au) and silver
(Ag) are the two most commonly used metals for fabricating
electrodes for SAM-based tunneling experiments since they are
easily and reproducibly prepared as flat surfaces (root-mean-
squared roughness < 0.5 nm) and form stable covalent bonds
with the sulfur atoms of organic thiols.”* The difference

https://doi.org/10.1021/acs.jpcb.2c07901
J. Phys. Chem. B 2023, 127, 407—-424
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between a Au—S (sp* hybridization) and Ag—S (sp hybrid-
ization) bond affects the packing structures of n-alkanethio-
lates.®* In particular, Schlenoff® and we* have reported that
n-alkanethiolate SAMs formed on Au have 10% lower surface
coverage than those formed on Ag. We use both Au and Ag as
bottom electrodes to examine whether the charge transport
through SAMs under liquid depends on the structure of the
bottom electrode (i.e., in principle, both the M—S interface
and the structure of the packing and the SAM). We conclude
from the information in the following sections that the metal—
sulfur interface does not affect the structure of the ordered
liquid layer.

Selection of SAMs. Charge transport measurements
through SAMs of n-alkanethiolates (SC,) with different
molecular lengths are usually used as an internal standard to
establish the quality of a new type of junction. They also form
a consistent standard for related sets of experiments, such as
immersing the junction under different liquids, as reported
here. In particular, the tunneling decay constant can be used to
assess reproducibility and provide comparisons with measure-
ments made with other approaches using different top contacts
(e.g, Hg-drop, graphene, and conducting atomic force
microscopy).28’48’55

We measured charge transport through polyfluorinated
SAMs of Ag"™-S(CH,),(CF,),CF; under a variety of non-
polar liquids as a control experiment to isolate contributions
from interactions between the liquid and the monolayer or the
liquid and the EGaln electrode. We expected that hydrocarbon
liquids would not interact with the fluorinated SAMs, and thus,
any change in current density would result from interactions
between the liquid and the surface of the Ga,0;/EGaln
electrode.

Selection of Liquids. In order to understand the
relationship between the molecular structure of the organic
liquid under which the junctions were formed and charge
tunneling, we have conducted measurements in seven types of
environments: (I) air, as a control experiment; (II)
perfluorocarbons, for example, perfluorodecalin and perfluor-
ohexane, liquids that we assume do not strongly interact with
SAMs of SC,; (II) linear hydrocarbons, for example,
hexadecane (which has long alkyl chains), decane (which is
intermediate in length), and hexane (which is shortest); (IV)
cyclic hydrocarbons of differently sized rings (e.g., cyclohexane,
cyclooctane, cyclohexene, and cyclooctadiene); (V) aromatic
compounds (e.g., benzene, toluene, and hexyl benzene) which
we assume might have a lower total tunneling decay coefficient
due to the delocalized 7-electrons; (VI) large molecules with
complex shapes (e.g, diphenylmethane, cis-decalin, trans-
decalin, tran,tran,cis-1,5,9-cyclododecatriene, and methylcyclo-
pentadiene dimer) which we assume (based on SFA
measurements'’) inhibits the formation of a structured liquid
layer; and (VII) dimethyl siloxanes in linear and cyclic
structures (which are non-polar but have a —(Si—0)—
backbone rather than a —(C—C)— backbone) which are
more flexible than the corresponding hydrocarbon molecules.
This set of liquids was chosen to elucidate the role of
molecular size and shape and intermolecular forces on the
variations in tunneling current density.

Formation of EGaln Junctions Immersed in Liquids.
The procedure for forming EGaln tips in air has been
extensively described elsewhere.””* The procedure used here
is similar. We begin with a sacrificial bare template-stripped
(TS) Au™ (or Ag™) surface freshly cleaved from the Si/SiO,
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(111) surface against which it is formed by electron beam
evaporation of metal. An approximately spherical drop of
EGaln is then extruded from a 10 uL syringe (Hamilton) with
a stainless steel needle under air. We use a micromanipulator,
which holds the syringe, to bring the drop of EGaln into
contact with the Au™ (or Ag™) surface, which it wets and to
which it spontaneously adheres. We then pull the syringe away
from the surface. The EGaln elongates into the shape of an
hourglass and finally breaks at the thinnest region of the neck.
This process generates a conical tip with a radius of contact of
10—20 um.*® To form EGaln junctions in liquid, we use the
micromanipulator to bring this freshly made EGaln tip into a
rectangular glass container (~10 mL in volume) containing the
liquid of interest, with the SAM (M™5-SC,) in it. We do not
flatten the tip prior to forming the contact with the SAM
because the process of tip-flattening can contaminate the
surface of the tip by physisorption of dust and other
impurities.”” To confirm that the EGaln tip is in physical
contact with the SAM, we use a microscope connected to a
CCD camera to observe the deformation of the EGaln tip
when it comes into contact with the SAM. This type of visual
observation might be subjective, but we keep it consistent with
the procedure used for the formation of EGaln junction in air
(see Figure 1A,B for the images of junctions under liquid).
This procedure allows us qualitatively to estimate that the
contact area on the interface of tip/SAM in liquid is
comparable to that at the same interface in air that we have
reported before.”®

Dynamic Range of the Electrometer. This work
involved measuring small tunneling currents across electrically
resistive SAMs, and we were thus concerned with the dynamic
range of the electrometer. The lower limit of current detection
for a Keithley 6410 electrometer is 0.1 fA. Due to the noise
from the connection of cables and magnetic interference from
the environment, the lowest current we can measure is
approximately ~0.1 pA (current density = ] ~ 10™* A/cm?*
with an area of contact of ~1000 um?, using our conical EGaln
tip). The junctions immersed in cyclic hydrocarbons yield
lowest values of ] among junctions in all liquids. The lowest
values of J (£0.5 V) we measured with SAMs of C4 in
cyclohexane is only 10X greater than the detection limit (J ~
10~® A/cm®). We cannot measure any reasonable J(V) signal
(only random fluctuations of J at ~107® A/cm? as a function of
V) for junctions with SAMs of C,4 (either on Ag™ or Au™) in
liquids of cyclic hydrocarbons.

Simulation of the Structure of EGaln Junctions
Immersed in Liquids by MD. To provide insights into the
structure of the liquid films in the junctions and visualization to
help understand and describe the molecular mechanisms
responsible for the observed change in tunneling currents, we
performed atomistic MD simulations of a selected set of
solvents and SAMs. Due to the absence of parameters that
describe the pairwise interactions of the atoms in the EGaln tip
with the organic molecules of the SAMs, we have instead used
a block of gold Lennard—Jones atoms. These simulations are
thus meant to illustrate qualitatively what might be happening
at the interface as the EGaln tip contacts the SAM. The
simulations were run by applying a fixed pressure to the gold
slab and observing the resulting equilibrium structure. Details
of the simulation methods are given below.
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B EXPERIMENTAL METHODS

Formation of SAMs. We used ultra-flat template stripped
metal (Ag™ or Au™) substrates’ with a root-mean-square
surface roughness of ~0.5—0.6 nm for Ag™® and ~0.4—0.5 nm
for Au™ (see the Supporting Information for the preparation
of TS substrates). We cleaved the metal substrate from the Si
wafer in air and immediately (~$ s) immersed it in a 1.0 mM
solution of thiols dissolved in anhydrous ethanol. The sample
was incubated for 3 h at room temperature to allow for the
formation of a SAM—during this time, a needle attached to a
balloon filled with N, was inserted into the septum that sealed
the vial to ensure positive pressure of an inert atmosphere
inside the container (these systems are not particularly
sensitive to oxygen). After the formation of the SAMs, the
substrates were rinsed gently with ~20 mL of ethanol and
dried in a stream of N, gas.

Electrical Characterization. We measured J(V) by charge
tunneling across the SAMs with the junction in air (as a
reference) and with the junction immersed in liquids. Our
experimental procedure has been described previously:***" we
grounded the Au or Ag bottom electrodes with a gold probe
that penetrated the SAM; the top electrode of Ga,O;/EGaln
was biased from 0 V -0.5 V>0V - —0.5V — 0V, with a
step size of SO mV (i.e., ten S0 mV steps between 0 and 0.5 V),
and a 0.1 s delay at each step. We carried out the following
types of experiments to facilitate comparisons. (i) We
measured the junctions of Ag">-SC, in all liquids, compared
the log(I]1) against different liquids, and sorted the liquids into
seven different contacting fluids (including air). (ii) We carried
out more extensive studies to determine the values of § and J,
using SAMs of SC, immersed in several liquids representing
different electrical and molecular classes: perfluorocarbons,
linear hydrocarbons, and cyclic hydrocarbons. (iii) We also
compared the values of log(lJl) measured on the SAMs of
S(CH,),(CF,),CF; to that of SC,, immersed in six liquids
from the seven classes of media.

To study the dynamics of the interaction of the EGaln tip
with the SAM in contact with the liquids, as well as the stability
and reproducibility of these junctions, we performed four
additional kinds of experiments (Supporting Information S3):
(i) we immersed freshly cleaved Au'® surfaces (i.e.,
immediately after separating the Au™ surfaces from the
surface of the silicon wafer) in hexane or cyclohexane and then
brought the EGaln tip into contact. We found that all junctions
formed this way exhibited electrical shorts. (ii) We measured
tunneling currents through junctions of SAMs of Ag'-SC,
that were formed in air and then subsequently immersed in
hexane (by slow injection of the liquid into a S mL glass
container, ~1 mL/min), and we did not observe statistically
significant changes in the values of J. (iii) We carried out 1000
replicate traces in one junction (SAMs of C,, immersed in
hexadecane) and did not observe any statistically significant
changes log(lJ(+1.0 V)I) over the course of these measure-
ments; all measured values were within 1 standard deviation of
Ologg = 0.3 log(A/cm?) obtained from the standard protocol
including seven distinct junctions and 20 scans per junction.
This observation indicates that the junctions are stable against
electrical shorts under an applied voltage of 1.0 V. (iv) We
examined tunneling through junctions of SAMs of Ag'-SC,
that had been removed from hexane, cyclohexane, or benzene,
after allowing the liquids to evaporate from the surface of the
SAM in air. We compared the results of these experiments with
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junctions of SAMs that had not been immersed in liquids and
observed no differences in J.

Measurements of Electrical Breakdown. The mecha-
nism of electrical breakdown of SAM-based junctions has been
examined by Cahen,”” Nijhuis,”® and us.*' This breakdown
involves the electromigration of metal atoms from the bottom
electrode to the EGaln tip. The electromigration generates
conducting structures that penetrate the SAM form micro-/
nanofilament bridges and result in electrical shorts between
one electrode and the other.*""**~"° This mechanism does not
seem to include the dielectric breakdown of the SAM because
the breakdown electrical field (E,q) depends strongly on the
nature of the bottom electrode rather than the SAM.*"**~7°
Based on this mechanism, we assume that Ey, is the same for
the junctions formed under organic liquids, and we can thus
estimate the thickness of a dielectric layer between the two
electrodes based on a measured breakdown voltage (Vy,4). It is
possible that the presence of structural defects in the SAM
could have an effect on Ey 4, but all existing evidence suggests
that such effects are less important than the nature of the
electrodes.***~7° We have reported that eq 2 describes the
electric field required for electrical breakdown.*®

Epg = Vig/d ()
where d is the width of the insulating tunneling barrier and V}4
is the applied voltage (in our case, it is the voltage applied to
the EGaln electrode relative to the grounded bottom
electrode) between two electrodes when the junction shorts.*'
Experimentally, the values of V4 increase with the thickness of
the SAMs. Au-SC,//C,S-Hg (n = 5—20) junctions show a
linear dependence of V}4 as a function of d with a slope. The
value of breakdown electrical field estimated from this
procedure is Epy = 0.85 GV/m. Nijhuis et al. report similar
values (Eyq = 0.81 GV/m) with junctions of the form Ag"™-
SC,//Ga,0,/EGaln.”®

It is not possible to observe the liquid film in situ by
spectroscopy or microscopy. Therefore, we apply measure-
ments of electrical breakdown to estimate the thickness of the
liquid film based on the fact that materials with a similar
electrical dielectric constant break down under similar
electrical fields, for example, for a polyethylene film, Eyy =
0.6—0.8 GV/m.*" We hypothesize that the thickness of a liquid
film incorporated into a junction (Ag™-SC,/organic liquid/
Ga,0;/EGaln) can be approximated by measuring the
breakdown voltage of the junctions immersed in the liquid.
With this approach, d would be the sum of the thickness of the
SAM (taken as the length of the molecule), and the thickness
of any liquid film (measured perpendicular to the mean surface
of the electrode) between the “top” of the SAM and the surface
of the Ga,0;. We note that this approach for inferring the
thickness of the junction relies on the assumption that the
voltage drop per unit length is the same for the liquid layer and
the SAM. Since we expect the voltage drop to be slightly
steeper across the liquid layer based on the difference between
“through bond” and “through space” tunneling,”" the thickness
estimated in this way represents an upper bound for the actual
thickness.

MD Simulations. All MD simulations were run using
LAMMPS and visualized using OVITO.”””” The initial
conditions for the MD simulations were prepared by arranging
256 equally spaced molecules, at a density of 22.6 A*/chain, on
a gold (111) slab. Next, 1000 solvent molecules were randomly
deposited above the monolayer. The simulation was specified
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Figure 2. Survey of the effects of different organic liquids. (A) Molecular structures of organic liquids studied in this work. (B) Values of log(]l) at
—0.5 V through junctions of the form AgTS/ SC,o//organic liquid//Ga,0;/EGaln. The x-axis corresponds to the number listed in (A). The plot is
separated into seven different regions by the types of solvent: air (I), perfluorocarbons (II), linear hydrocarbons (III), cyclic hydrocarbons (IV),
aromatic hydrocarbons (IV), large compounds (VI), and siloxane (VII).

with periodic boundaries in the x, y dimensions and fixed
boundaries in the z dimension (box dimensions, 81 X 70 X
140 A%). Dynamics were run using the GAFF force field,”*
which includes Lennard—Jones plus electrostatic pairwise
interactions, harmonic bond and angle potentials, and dihedral
potentials described by a Fourier series. Lennard—Jones
interactions were truncated and shifted to zero at a cutoff
radius of 12 A. Long-range electrostatic interactions in the x, y
dimensions were treated using an Ewald summation to a
specified force accuracy of 1 X 10™* kcal/mol A. Due to the
quasi-2D nature of the system, long-range electrostatic forces
in the z dimension were set to zero. Parameters specific to the
gold—sulfur interactions were taken from the work of Ghorai
and Glotzer;”> the gold—sulfur bond was treated with a
pairwise additive Morse potential. Once the initial conditions
were specified, we ran a conjugate gradient energy
minimization. Subsequently, the system was thermalized
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using a Nose—Hoover thermostat (time constant = 100 fs)
that increased the temperature from 0 to 400 K over the course
of § ns, using a timestep of 1 fs.”> We ran dynamics at 400 K
for 10 ns, cooled the system to 300 K over S ns, and then
equilibrated the system at 300 K for 5 ns. For the production
runs, a rigid slab of gold was placed in the vacuum region
above the solvent and then pushed toward the surface at a fixed
rate of displacement of 10 A/ns. When the gold slab was in the
vicinity of the surface (3 nm), a constant downward pressure of
10° kPa was applied to the gold slab, and the simulation was
allowed to come to equilibrium over the course of 10 ns.

B RESULTS AND DISCUSSION

Comparison of the Junctions of SC;, Immersed in
Liquids. We begin our discussion with a survey of the effects
of different organic liquids (Figure 2A) on the tunneling
currents through EGaln junctions of the form Ag'™/SC,,//
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Figure 3. Plots of the Gaussian mean values of log(IJ) at —0.5 V against the number of carbon atoms in the alkanethiol, C,. The dashed lines are
the log(1]1) measured in air and the solid squares or circles are measured in either perfluorohexane (A,C) or perfluorodecalin (B,D). The error bars
represent the standard deviation of the Gaussian mean values (for details of measurements and analysis, see the Supporting Information). The solid
lines are the Simmons equation (eq 1) fit to the solid squares or circles.

organic liquid//Ga,0;/EGaln. The measured values of log(l
J(=0.5 V)I) under organic liquids of different molecular
structures are shown in Figure 2B. We partitioned the data into
seven sets, corresponding to seven different types of environ-
ments: (1) air, (II) perfluorocarbons, (IIT) linear hydrocarbons,
(IV) cyclic hydrocarbons, (V) aromatic compounds, (VI)
large, irregularly shaped compounds, and (VII) siloxanes.

Compared to control experiments performed in air, the
current densities measured in organic liquids ranged from “no
change” in perfluorocarbons (II) to “reductions of S orders of
magnitude” in cyclic hydrocarbons (IV). The current densities
measured under liquids of perfluorocarbons suggest that these
molecules do not interact with any of the components of the
junction, either by intercalation into the SAM or by adsorption
to the surface of Ga,O; or the SAM. This result is not
surprising, given the weak intermolecular interactions between
alkanes and perfluorocarbons. In contrast, the results obtained
from the various hydrocarbon liquids of different sizes and
shapes are consistent with what would be expected from the
formation of liquid films between the SAM and Ga,O;
interfaces that resist expulsion upon formation of the
junction.14

The structure of ordered liquid films at solid—liquid
interfaces is known from SFA measurements to depend
sensitively on the shape of the molecules comprising the
liquid (assuming that all other relevant factors such as surface
roughness and chemistry are held constant, as is the case with
these experiments). In general, spheroidal molecules form
liquid films with longer range order and more pronounced
oscillatory solvation forces (i.e., higher amplitudes and more
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repeating periods) than irregularly shaped molecules.'® This
general picture is consistent with our observations that linear
hydrocarbons (II) yield much smaller reductions in current
than cyclic hydrocarbons (III). Although these molecules are
similar in the size of their shortest molecular axis, the
asymmetric shape of linear alkanes would be expected to
form less-ordered liquid films. Moreover, considering the
results from the aromatic hydrocarbons (IV), we observed that
molecules of similar shape (11—18, except for 13) gave similar
reductions in current density. The single outlier from group IV
was hexylbenzene (13): the only molecule in the group
containing a flexible alkane side chain, which would be
expected to frustrate the formation of ordered structures. The
observation that cyclic hydrocarbons (III) yield much larger
reductions in current densities than large, irregularly shaped
hydrocarbons (VI) suggests that multiple solvation layers must
be present in liquid films of group III, as each layer of
molecules from group VI would be expected to have a more
pronounced effect on the current density than smaller cyclic
hydrocarbons of group III. Siloxanes (VII) produced
reductions in the ] intermediate between the reductions in |
from linear (III) and cyclic (IV) hydrocarbons. These results
suggest the formation of monolayers of liquid. Because 27 is a
larger molecule (in terms of the length of the shortest axis of
the molecule) than 24—26, it was surprising that junctions
measured in molecule 27 showed a higher current density than
molecules 24—26. We do not understand the physical
mechanism underlying this observation.

Chain Length Dependence of SC,, SAMs in Organic
Liquids. While the single-point current density data presented
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Figure 4. Plot of the Gaussian mean values of log(IJ1) at —0.5 V against the number of carbon atoms in the molecules of the SAM. The dashed lines
best fit from the log(IJl) measured in air, and the solid squares are those measured in either hexadecane (A,C) or hexane (B,D). The error bars
represent the standard deviation of the Gaussian mean values, and the solid lines are the fit of the data to the Simmons equation (eq 1).

in Figure 2 allowed for a preliminary comparison of the effects
of structure of different organic liquids on the charge transport
characteristics of the junctions to build a more detailed
understanding of the mechanisms involved, we performed
measurements of chain length dependence with a selected set
of organic liquids (Figures 3—5). In these experiments, we
compared bottom electrodes of Ag™ to Au'®, values of J, (at
+0.5 V), and the value of f generated by these sets of
measurements against control experiments performed in air.
Since SAMs on Au"® are less tightly packed than on Ag'®, the
use of these two bottom electrodes allowed us to compare a
controlled variation in the structure of the SAMs that was
independent of the effect of the liquid. SAMs of n-
alkanethiolates are more vertically oriented with respect to
the surface on silver (with a tilt angle, @ = 11°) than on gold (8
= 31°) (and thus, in principle, there is less potential for the
intercalation of molecules from the liquid phase in between the
chains) but have similar values of ], and f (suggesting similar
pathways of tunneling, i.e., through bond tunneling). These
control experiments allow us to distinguish and characterize
different types of interactions between the SAMs and liquids
included in the junctions. We note here that the shape of the
J(V) curves for different liquids are all symmetrical, and we do
not observe current rectification at +0.5 V. (See the values of
all averaged J(V) curves in the Supporting Information.)

Air (I). As a control, we first determined the values of # and
Jo for SAMs of SC, (with n = 4, 6, 8.., 18) with the EGaln
junction in air, using previously reported procedures.”® The
dashed lines in Figure 3 show a fit of log(J) at —0.5 V as a
function of n to eq 1. The values of J(V), J,, and f for SAMs
supported by Ag™ and Au™ measured in air reported here are
statistically indistinguishable from the values reported
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previously.”®’®”” The agreement in the values of f (~1.0
nc"') among these measurements confirms the “high” quality
of the n-alkanethiolate SAM-based junctions.76

Perfluorocarbons (ll). Measurements of tunneling cur-
rents across alkanethiolate SAMs as a function of chain length
in liquids of perfluorocarbons gave similar results to measure-
ments conducted in air (Figure 3A—D). From these results, we
inferred that the perfluorocarbon molecules do not intercalate
into the monolayer or form a surface film with either the SAM
or Ga,0; surface. These results demonstrate that (i) if the
liquid does not interact with SAMs, it does not contribute to
the tunneling current density of SAMs. (ii) Since the
perfluorocarbons are liquids, and are more viscous than air,”®
these results indicate that the viscosity in the medium
surrounding the junctions does not influence the tunneling
current.

Although there is no evidence for interactions as measured
by tunneling current, perfluorocarbon liquids do seem to
stabilize n-alkanethiolate SAMs against short circuiting
between —0.5 and +0.5 V. We did not observe a single short
after measuring more than 100 junctions in perfluorocarbons
(see Table S1 in the Supporting Information for relevant
statistics). In comparison, the corresponding numbers of
failures in air would typically be 10 out of 100 junctions. While
the mechanism of junction stabilization is not clear, it is
possible that perfluorocarbons fill defective sites in the SAM
and prevent short-circuit contacts between the top and bottom
electrodes.” Regardless of the mechanism, we believe that
measurements performed in perfluorocarbons have the
potential to improve the stability of SAM-based junctions.

Comparison between junctions on both Ag™ and Au™
electrodes shows a small decrease in f§ (ﬁAg =1.01+0.01C™*
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Figure S. Plot of the Gaussian mean values of log(I]l) at —0.5 V against the repeating carbon number n. The dashed lines are the J(V) measured in
air, and the solid squares are measured in cyclohexane (A,D), cyclooctane (B,E), or cyclooctadiene (C,F). The error bars represent the standard
deviation of the Gaussian mean values, and the solid lines are the Simmons equation fit to the data.

and fBa, = 0.96 + 0.01 C™*). This difference is comparable with
a small difference we measured before with junctions in air (in
air: fp, = 1.00 £ 0.01 C™" and S, = 0.92 £ 0.02 C™').7° We
attribute the small difference in f to the difference in the
supramolecular structure of SAMs formed on Au™ vs Ag™: (i)
SAMs on Au™ (tilt angle & ~ 30°) tilt more relative to the
surface than that on Ag™ (6 ~ 10°) and (ii) the surface
coverage of SAMs on Au"® is about 10% less than that on
AgTSS70

Charge Transport in Linear Hydrocarbons (lll). Linear
hydrocarbons (n-alkanes with n = 6, 10, and 16) have the
potential to interact with SAMs by intercalation within the
monolayer or by layering on its surface. The results obtained
from SAMs on silver and gold substrates under linear
hydrocarbons are similar: the extrapolated values of J, for
junctions immersed in hexane or hexadecane are very similar to
those in contact with air (Figure 4A—D). The values of  from
junctions immersed in liquid hydrocarbons are, however,
markedly different: # changes from 1.01 n. " in air to 1.33—
1.39 nc ™! (1.60—1.67 A™") under linear hydrocarbons for Ag™
and from 0.96 nc™! in air to 1.31 nc™' (1.57 A™') for Au™.
(For reference, the value of f for vacuum between two
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electrodes separated by 1 nm is reported to be ~2.8 to 3.1
A~1) Thus, the hydrocarbon liquid causes a larger reduction in
tunneling currents for SAMs of longer chain length. There are
two possible mechanisms for this effect: (i) the transition from
liquid-like SAMs (C, < 10) to crystalline-like SAMs (C, > 10)
could increase the order of the liquid film formed on the
surface of the SAM and result in a thicker film or (ii) the
solvent molecules could intercalate into the SAMs of longer
chain length and disrupt through-bond charge tunneling.
Cyclic Hydrocarbons (IV). Compared to linear hydro-
carbons, cyclic hydrocarbons are entirely different in their
influence on the chain length dependence of the charge
transport characteristics in these junctions. Their values of
are similar to those in air, but the curves (Figure S; solid and
dashed lines), although approximately parallel, are separated by
10* to 10° A/cm?. This substantial difference in current density
between the measurements in air and in cyclohexane (Figure
SA,D), cyclooctane (Figure SB,E), and cyclooctandiene
(Figure SC,F) was initially unexpected but is compatible
with the formation of a thin film of liquid at the surface of the
SAM. Assuming that this hypothesis is correct, the following
questions arise: (i) how thick is the liquid film formed by cyclic
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hydrocarbons? (ii) What is the driving force for the adsorption
of solvent molecules—interactions between liquid/Ga,0O; or
liquid/SAMs or both? To understand better the liquid film we
believe to be trapped in the junctions, we performed (and
describe in the following sections) (i) an analysis of log(lJl)
and f as a function of liquids and bottom electrodes, (ii) a
comparison of the current density measured from the SAM of
Ag™-S(CH,),(CF,),CF; and Ag™-C,, in liquids, (iii) an
estimation of the thickness of the liquid films, and (iv) MD
simulation of the solvation layer at the interface between a gold
slab and the top surface of C, SAMs (n = 6, 10, 18) immersed
in hexane and cyclohexane.

Effect of Bottom Electrodes. Figure 6 shows the values of
log(lJo]) and S obtained from a best fit of the Simmons

Figure 6. Log(IJyl) (A) and tunneling decay coefficient f (B) as a
function of liquid measured with SAMs formed on Ag™ (black solid
square) and Au"® (red solid dot). The black dashed lines separate the
liquids in different catalogs as shown in Figure 1B. The red dashed
lines are guide to eyes that illustrate the common values of f and
log(J,) measured with the SAMs of n-alkanethiolates in air using
many testbeds.>’%*

equation (eq 1) to the experimental data as a function of
selected organic liquids and bottom electrodes. We observed
that the identity of the bottom electrode only produced small
differences in log(IJyl) and f. The values of log(IJl) for liquids
in category IV are significantly lower than those in other
liquids, which implies a large reduction of tunneling current at
the interface of SAM/Ga,0;. In liquids of category IV, the
difference in log(J,|) between SAMs on Ag™ and Au"® reflects
a slight difference in the values of # (since it is obtained by
extrapolation using the f of best fit). In liquids of type II and
IV, the values of f are indistinguishable from those in contact
with air and remain the same when Ag™ or Au™ bottom
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electrodes are used. In liquids of type III, the values of f
increase when SAMs are formed on Ag™ or Au'. This
difference in f suggests that there is either an increase in the
height of the tunneling barrier or a gradient change in the
width of the tunneling barrier with the number of carbons in
the SAM. In a later section, we determine the width of the
tunneling barrier of junctions in liquids and found out that the
change in § can be accounted for by a gradient change in the
width of the tunneling barrier with the number of carbons in
the SAM. To further investigate the role of intermolecular
forces on these observations, we measured charge transport
through SAMs of S(CH,),(CF,),CF; under various solvents
(Figure 7).

Figure 7. Plot of the Gaussian mean values of log(lJl) at —0.5 V
measured with the SAMs of Ag™5-SC, (black solid square) and Ag™-
S(CH,),(CF,),CF; (red solid dot) against different liquids. The
dashed lines separate liquids in different groups.

Polyfluorinated SAMs Measured in Liquids. Figure 7
compares the values of log(IJl) measured from SAMs of Ag™-
S(CH,),(CF,),CF; and Ag™-SC,, under different perfluor-
ocarbons and linear and cyclic hydrocarbons. We used
polyfluorinated SAMs to alter the nature of the interactions
between the liquid and SAM. We assume that hydrocarbons do
not strongly interact with the SAMs of Ag'®-S-
(CH,),(CF,),CF;), and we expected the values of current
density to resemble those measured in air. In both
perfluorocarbons and linear hydrocarbons, we found that the
values of log(I]l) were statistically indistinguishable from
junctions formed in air. When junctions were measured
under cyclic hydrocarbons, however, the current density
decreased by 3 orders of magnitude. This observation suggests
that the liquid/SAM chemical interaction is not the sole reason
for the current reduction in liquid of cyclic hydrocarbons, but
the whole interface of SAM/liquid/Ga,O; must be considered.
Our data shows that there are nearly no linear hydrocarbons
present during the charge transport measurements of the SAM
of Ag™-S(CH,),(CF,),CF;. This result suggests that linear
hydrocarbons, which may be absorbed on the EGaln tip and/
or the SAM of Ag™-S(CH,),(CF,),CF;, can be “squeezed
out” upon bringing the EGaln tip into contact with the SAM
(corresponding to a pressure ~3—4 kPa).”® Cyclic hydro-
carbons, however, remain “trapped” in the junction and form a
packed film between the EGaln tip and the SAM."'
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Table 1. Summary of Breakdown Measurements and Molecular Dimensions of Solvent Molecules

no. liquid log(J) Voa(V)

1 perfluorohexane -09+04 11z+01
7 hexane —-1.8 + 03 14 + 02
8 decane -19+02 14 + 0.1
9 hexadecane —2.0 + 02 14 + 02
10 cyclooctane -56+04 22402
12 cyclohexane -59 + 03 23+ 03
15 benzene —43 £ 0.2 19 £ 0.1
16 toluene —42 + 03 19 + 02
23 trans,trans,cis-1,5,9-cyclododecatriene —3.6 + 0.4 1.6 + 0.2
25 trans-decalin -39 + 04 1.6 + 03
26 cis-decalin —-3.9 + 0.5 1.7 + 03
27  methylcyclopentadiene dimer -28+03 15+02

dyp estimated from

diy’ estimated from log(J) a’ )
(A)a (A)b l (A)L nlayerd

Vig (A)°

0 0 4.9 10.5 0
5.0+ 05 48 £03 4.7 10.2 1
52+ 04 5.0+ 02 4.7 158.5 1
54 +£05 S1+£02 4.7 23.1 1
152 £ 0.8 143 £ 0.6 S.5 8.6 2
157 £ 1.2 15.0 + 0.5 5.0 8.0 3
102 + 04 10.0 + 0.3 3.3 6.6 3
10.9 £ 0.6 9.7 £ 03 3.8 8.2 3
72 £ 0.5 83 + 0.5 6.9 10.4 1
7.7 £ 1.0 85+ 06 S.0 103 1
7.8 £2.5 8.5+ 038 5.7 10.0 1
6.0 +£ 0.5 6.2 + 03 S.5 9.1 1

“dyx calculated from eq 3, and d;;’ calculated from eq 4. “a stands for the minimum dimension of a molecule that can pass a slit-shaped pore. Data
are taken from refs 84 and.* “I stands for the molecular long axis. Data are taken from refs 84 and.® dnlayer is estimated from the ratio of d;z/a, d ¢
defined as the thickness of the liquid film estimated from measurements of electrical breakdown.

Figure 8. Measurements of electrical breakdown. (A) J(V) traces of a SC,y/hexane/Ga,0;/EGaln junction as the voltage is increased to 2 V. (B)
Histogram of the voltages at which the junctions short electrically, fitted with a Gaussian function. The dashed red line indicates the mean value of

the breakdown voltage.

Measurements of Electrical Breakdown. To estimate
the thickness of the liquid film in our tunneling junctions, we
measured the voltage at which electrical breakdown (Vi4)
occurs. The total tunneling distance d (the sum of the
thickness of the SAM and the thickness of a liquid film) can be
calculated from eq 2, assuming that Ey4 is a constant value of
0.81 GV/m.

d = (dsay + dip) = Via/Epg (3)

where dguy (= 1.1 nm)*>* is the thickness of the SAM of Ag-
SC,, measured by ellipsometry and XPS;**%°d, ;. is the
thickness of the liquid film estimated from electrical break-
down measurement (see Table 1). The assumption that Eyq is
the same for junctions with and without a liquid film can be
restated as assuming that the voltage drop per unit length is the
same for the liquid film and the SAM; this assumption is a
rough approximation, and we expect that the voltage drop per
unit length would be greater across the liquid layer due to the
requirement for through-space tunneling, and thus, the
thickness estimated in this way represents an upper bound
for the true thickness of the junction.

The breakdown voltage as a function of liquid was
determined as follows. First, a stable junction was formed
with the SAM of SCy, in the selected liquid, and its J(V)
characteristic was measured in the voltage window of +0.50 V
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to verify that the J(V) curve fell within 1 standard deviation of
the Gaussian log-mean J(V) curve. Next, we increased the
voltage in either the positive or negative direction starting from
0 to +2.5 V or —2.5 V with a step of voltage of 0.05 V. At some
voltage, the junction broke down abruptly. These voltages were
characterized by a sharp increase of | of several orders of
magnitude (see Figure 8A for examples). We repeated this
experiment 30 times, and the Vi4 values were plotted in
histograms to which a Gaussian curve was fitted to determine
the Gaussian average value of Vi4 and its standard deviation
(Figure 8B).

Estimation of Thickness from the Simmons Equation.
We also estimated the thickness of the liquid film (assuming
the formation of a liquid film in between the SAM and the
surface of the EGaln electrode) from the reduction in current
density using a modified form of the Simmons equation

]qu

J e Pixtdsa)
_ 0

] e—ﬁdsAM
0

air (4)
Here, di ¢’ is the thickness of the liquid layer estimated by eq 4.
Use of this equation requires the assumption that f is the same
for the liquid film and the SAM; we expect that j is larger for
the liquid film due to the requirement of through-space
tunneling. Table 1 contains the calculated values of d;y (from

https://doi.org/10.1021/acs.jpcb.2c07901
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Figure 9. Plots of log(J) as a function of a (A), Mlayer (B), and the tunneling distance (d) (C) estimated by the breakdown voltage. The solid line is
the fit to the data of Ag™/SC , in liquid by eq 1. The thickness of the monolayer was estimated from dielectric breakdown experiments using eq 3.

The molecules included in this analysis are listed in Table 1.

measurements of electrical breakdown) and di’ (from the
Simmons equation) for different liquids. The values of d;  and
di;" estimated by different approaches are in good agreement.
The fact that the values of d;p obtained by analysis with the
Simmons equation and by electrical breakdown measurements
agree allows us to understand how the formation of a liquid
film depends on the structure of the liquid molecules and
liquid/SAM interactions.

The last three columns of Table 1 contain the dimensions of
the liquid molecules calculated for each atom surrounded by a
van der Waal sphere (~1.5 A). Here, we used two critical
dimensions: the shortest dimension, a (A), and the longest
dimension, [ (A), of a molecule to account for the molecular
shape and size. The value of a is the diameter of the smallest
slit-shaped pore that the molecule can pass through and
represents the minimum distance through a molecule. The
value of [ is the longest molecular dimension in the X-ray
crystal structure of single crystals of these molecules. The
values of a and I, are taken from the literature.**®> Here, we
observed that in many cases, the difference between the
thickness of the monolayer and the thickness approximated by
electrical breakdown measurements is compatible with the
smallest dimension a of the liquid molecules. This result
suggests that we can estimate the number of liquid layers
(Mayers see all data in Table 1) trapped in the junctions. For
example, for hexane, 1,5, = 1 (diz = 5.0 A, a = 4.7 A), and for
cyclohexane, n,5, = 2 (diz = 15.2 A, a = 5.5 A), when the van
der Waals distance (3 A) between two cyclooctane layers is
included. Our findings suggest that the liquid molecules lie flat
(with their long axis parallel to the surface) at the interface
between the surface of the SAM and Ga,0Oj;, and they form
ordered liquid films. In our junction system, an interesting
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observation is that the linear and linear liquid molecules form
one layer between the SAM and Ga,Oj; surfaces, and the cyclic
liquid molecules form two to three layers of structured liquids.

Estimation of the Tunneling Decay Constant of the
Liquid Film (B,). Figure 9 shows the correlation between log(|
J1) and the values of a for the liquid molecules (listed in Table
1; Figure 94, for a plot of log(I]1) as a function of I, see Figure
S30 in the Supporting Information) to the number of
molecules in the liquid layers (nlayer) and to the tunneling
distance d. Here, we make three important observations. The
values of log(I]1) do not correlate linearly with a (nor do they
correlate linearly with I, Figure S30), so decreases in the
tunneling current through junctions in liquid do not solely
depend on the dimensions of liquid molecules. There is a weak
correlation between the values of log(IJ1) and Mlayer (Figure 9B).
Interestingly, a strong linear dependence between the values of
log(I]1) and d is observed (Figure 9C). The values of d for the
junctions in air are taken from our previous work.”*’® The
distance-dependent tunneling decay coefficient of the current
density through a thin film of liquid (£, = 0.78 A™") is like
that through SAMs of Ag™-SC, (Bgam = 0.84 A™'). This
finding suggests that the liquid film generates a similar
tunneling barrier to SAMs of Ag"-SC, of equivalent thickness.
The log(]o,hq) = 3.2 is similar to log(Jo,:) = 3.8. In other
words, the major source of the observed decrease in J through
a liquid film and a SAM, compared to that through just the
SAM in air, is the tunneling decay across the liquid film and
not the van der Waals interface between the liquid film and the
SAM.

Reanalysis of log(J) as a Function of Tunneling
Distance. In Figure 10, we replot the data from Figure 4A for
junctions immersed in hexane by replacing the independent
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Figure 10. Plots of log(]) as a function of the tunneling distance (d)
in hexane (C) estimated by the breakdown voltage. The red data
points are the same from Figure 4A and correspond to the top axis.
The black squares and dashed line correspond to the bottom axis and
represent the tunneling distance inferred from measurements of the
breakdown voltage.

variable of carbon number to tunneling distance d = dguy + dig
(estimated from the breakdown measurements). Plotted in this
way, the current densities from junctions measured in hexane
overlap with the junctions measured in air, and the Sy (~0.76

A™') is comparable to the f,, (0.84 A™'). From this
observation, we interpret the results to indicate that the liquid
film absorbed at the interface of SAM and Ga,Oj; increases the
width of the tunneling barrier and in turn decreasing the
measured current density.

MD Simulations. Figure 11 shows snapshots of the
equilibrium dynamics of hexane (Figure 11A) and cyclohexane
(Figure 11B) in the vicinity of SAMs of alkanethiolates as a
gold slab is pushed toward the interface at a fixed pressure of
10° kPa. We chose this value of pressure from an iterative
approach, where the pressure was incrementally increased by
orders of magnitude until we saw behavior that was consistent
with the formation of structured liquid layers above the SAM.
Interestingly, this value of pressure is approximately 4—$
orders of magnitude larger than the indirectly measured
pressure of the EGaln tip (using a cantilever).” This difference
is in agreement with several other measurements, which all
suggest that the actual area of the EGaln tip in contact with the
SAM is 107* of the geometric area of the tip.””**

In all simulations, we observed the formation of liquid layers
with an increased density (relative to that of the bulk liquid) at
the gold surface. In agreement with our inferences from
electrical measurements, we observed that for SAMs of C4 and
C,p the hexane molecules formed a monolayer liquid film,

Figure 11. Results of MD simulations. Snapshots of a 2 nm cross section of a MD trajectory showing the equilibrium structure of (A) hexane and
(B) cyclohexane molecules in the vicinity of alkanethiolate SAMs of various lengths (C, = 6, 10, and 18) as a rigid block of gold atoms is pushed
down toward the SAM at a constant pressure of 1.55 X 10° kPa. (C) Plot comparing the time-averaged (5 ns) line density of carbon atoms along
the normal to the gold substrate for the equilibrated hexane and cyclohexane systems. The shaded regions of the plot indicate the contributions
from the carbon atoms in the liquid film, and the unshaded regions indicate the contributions from carbon atoms in the SAM.
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while the cyclohexane molecules formed a bilayer. For Cjg
SAMs in contact with liquid hexane, we observed that two
layers of hexane molecules persisted at equilibrium. It appears
that the solid-like surface of the longer SAMs promotes the
formation of ordered layers in the liquid, relative to the diffuse
liquid-like surface of shorter SAMs. Moreover, the simulations
showed that the solid-like C,3 SAMs were less prone to
intercalation of hexane molecules than the shorter, liquid-like
SAMs. We quantified our observations using the plots in
Figure 11C, showing the line density of carbon atoms (1/A%)
as a function of distance from the gold surface. Taken together,
these results suggest that, in linear alkanes, the apparent
change in # was the result of a gradient change in the width of
the tunneling barrier with the thickness of the monolayer, as
opposed to a change in the height of the tunneling barrier (due
to intercalation of molecules into the SAM). The fact that a
step change is observed in the simulations, but no sharp
transition is observable in the experimental data, probably
reflects the idealized nature of the simulation, in comparison to
the rough surface of Ga,0Oj; in the real system. We further note
that since these simulations do not take into consideration
grain boundaries in the Au™ and defects in the SAM, they
cannot be used to probe associated phenomena, such as liquid
molecules filling in defect sites; these phenomena would
require more sophisticated simulations to describe.

B CONCLUSIONS

These experimental results establish that the EGaln electrode
can be used to measure charge tunneling currents through
SAMs immersed in non-polar solvents. Junctions formed in
organic liquids demonstrate reductions in the rates of charge
transport as a function of the liquid. We attribute to these
reductions in current density to differences in the molecular
structures of the liquids and to SAM/liquid/Ga,O; inter-
actions. The sensitivity of this method to weak interactions
(ie, van der Waals interaction and electrostatic forces)
provides insights into the interaction of liquids with the
SAM/Ga,0; interface.

The physical-organic approach presented here varied all
components of the system and interactions at interfaces and
led to three conclusions. (i) Charge transport through
junctions of the form of MTS—SC,,/ /perfluorocarbon liquid//
Ga,0;/EGaln is like that in air. Thus, molecular junctions that
are sensitive to oxidation, electromagnetic radiation, or air
turbulence can be measured under degassed perfluorocarbons
to diminish experimental uncertainties. (ii) For junctions
measured under linear hydrocarbons, the reduction in current
as a function of chain length results in an increase of the
apparent f of the junctions, relative to f measured in air.
Electrical breakdown measurements used to approximate the
width of the tunneling barrier, as well as our MD simulations,
suggest that this apparent change in f is the result of an
additional liquid layer that forms on longer crystalline-like
SAMs compared to shorter liquid-like SAMs. (iii) We observed
a decrease in tunneling current density by a factor of ~10° for
SAMs of SC,—regardless of their length—when measured
under cyclic hydrocarbons, relative to junctions measured in
air. Their measured values of f_ qghexane (~1.0 nc™"), however,
are statistically indistinguishable with that in air (f3,;), which
leads to a ~10° times reduction in log(J,), relative to junctions
in air. We attribute this unexpectedly large and consistent
decrease of ] to be the result of a liquid film forming at the
interface between the SAM and Ga, O, surface (as opposed to
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intercalation of the liquid molecules into the SAM), with the
thickness of the liquid film being independent of the thickness
of the SAMs.

We note that using the electrical breakdown measurements
and the simplified Simmons equation model to estimate the
structure and thickness of the liquid film is both based on an
assumption that the ordered liquid film(s) forming in between
the surfaces of SAMs and EGaln electrode serves to increase
the tunneling distance relative to direct contact between the
EGaln tip and the SAM in air/. There are also two other
possibilities that are difficult to exclude: (1) the liquid
molecules could fill in the defect sites of the SAMs to block
leakage currents, resulting in a reduction of the measured
tunneling current in liquids, and (2) the conductivity of the
liquid film is unknown, and it could be much lower than we
assumed. To examine the former possibility would require
establishing a method to study the junction only at the defect
sites of the SAMs. For the second possibility, we have
attempted making direct contact with Au™ and EGaln in
hexane and cyclohexane, and both attempts yield only
electrical shorts: without the SAM layer, the EGaln tends to
alloy with Au. These open questions remain interesting for
further experimental and theoretical investigations.

Notwithstanding these limitations, our inference of the
formation of mono- and multilayers of structured liquid films
that resist expulsion between the contacting EGaln/Ga203
and SAM interfaces is consistent with the existing measure-
ments of molecular-scale oscillations in the force versus
displacement curves obtained when two flat surfaces are
brought together in a liquid environment using the SFA. While
it is difficult to draw a direct correlation between our results
and those of the SFA due to differences in the experimental
techniques (i.e., direct measurement of a force trace at a
constant rate of displacement vs inference of the equilibrium
distance between the two surfaces of electrodes brought
together at a fixed pressure of ~2 kPa*® from measured
changes in tunneling currents), our results provide additional
empirical evidence to contribute to the theory of nanoscale
solid—liquid—solid interfaces.'” Moreover, the experimental
simplicity of our approach, in comparison to the SFA, makes it
easier to perform physical—organic experiments with a wider
range of liquid molecules. Overall, we believe that measure-
ments of rates of charge tunneling with the EGaln junction
immersed in liquids can be used as a new form of very-near
surface analysis to examine the interactions between liquids
and SAMs to characterize SAMs in liquids and to explore new
relations between tunneling and (supra)molecular structure.
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