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ABSTRACT: The conductance of individual 1,4-benzenediamine
(BDA)—Au molecular junctions is measured in different solvent
environments using a scanning tunneling microscope based point-
contact technique. Solvents are found to increase the conductance
of these molecular junctions by as much as 50%. Using first
principles calculations, we explain this increase by showing that a
shift in the Au contact work function is induced by solvents binding
to undercoordinated Au sites around the junction. Increasing the
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Au contact work function reduces the separation between the Au Fermi energy and the highest occupied molecular orbital of BDA in the
junction, increasing the measured conductance. We demonstrate that the solvent-induced shift in conductance depends on the affinity of
the solvent to Au binding sites and also on the induced dipole (relative to BDA) upon adsorption. Via this mechanism, molecular junction
level alignment and transport properties can be statistically altered by solvent molecule binding to the contact surface.
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he past decade has seen rapid progress toward the understanding

and control of molecular-scale transport phenomena' > While
advances have been made in understanding how intrinsic factors, such
as intramolecular configuration and binding geometry, affect the
molecular junction conductance,*”” uncertainties regarding extrinsic
factors remain. In particular, the role of the liquid or solvent envi-
ronment, which are often necessary in nanoscale electronic transport
measurements, is generally not addressed in experiments and often
neglected in theoretical calculations.'” Understanding the impact of
solvents on molecular junction conductance will serve to elucidate
ways in which nanoscale device properties may be manipulated
through control of their environment.

Here, we report and explain the modification of the conductance
of a single molecule junction through the solvent environment. We
use 1,4-benzenediamine (BDA)—Au molecular junctions as a test
bed, as past measurements and calculations have shown that its
conductance is well-defined and reproducible and originates with
specific metal—molecule contact geometries.*'"'> BDA junction
conductances (Gppa) are measured with a scanning tunneling
microscope-based break junction technique'® in 13 different ambi-
ent-solvated environments. We observe that Ggpa varies by more
than 50%, depending on the solvent. First-principles density func-
tional theory (DFT) calculations indicate that like BDA, select
solvent molecules can also bind to undercoordinated Au atoms on
the electrodes. The smaller surface dipoles induced by a solvent
molecule (relative to BDA) lead to a larger Au contact work function
and shift the BDA HOMO toward the Au Fermi level (Eg), resulting
in a larger conductance. We show that solvent-induced shift in
conductance depends on (1) the affinity of the solvent to Au binding
sites, which affects surface coverage, and (2) the induced dipole upon
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adsorption. With this mechanism, molecular junction level alignment
and transport properties can be controllably altered by solvent
molecule binding to the contact surface.

Single molecule junctions are created by repeatedly forming
and breaking an Au point-contact in a 1 mM solution of the BDA
under a 25 mV bias with a pulling rate of 15 nm/s in a home-
built scanning tunneling microscope.14 Conductance (current/
voltage) is measured as a function of tip/sample displacement
to generate conductance traces (Figure 1B inset). The process
of breaking an Au point-contact in a solution of BDA creates
numerous undercoordinated Au atoms on each electrode, where the
amine-terminal groups can bind to form single-molecule junctions.
Conductance traces show plateaus at multiples of the quantum of
conductance, G, = 2¢*/h, as the tip—surface contact area is reduced,
followed by either a tunneling background or an additional con-
ductance plateau due to the formation of a BDA junction.

Normalized histograms of the conductance traces in three re-
presentative solvents—chlorobenzene (CIPh), bromobenzene
(BrPh), and iodobenzene (IPh)—are shown in Figure 1A (mea-
surements for all solvents are shown in Figure S1 in the Supporting
Information). We see that the peak positions, which give us the most
probable junction conductance, are highly solvent-dependent; the
Br- and I-based solvents shift the conductance peak to larger values
relative to CIPh. Furthermore, experiments in BrPh, which evapo-
rates after about 5000 traces, show a peak at 82 X 10> G, when
solvent is present and ~7 X 102 G, immediately after solvent
evaporation. The lower conductance value compares well with the
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Figure 1. (A) Conductance histograms of BDA junctions in three representative solvents constructed with over 6000 measurements (CIPh in green,
BrPh in red, and IPh in blue). Dashed black line show the fit to the BrPh histogram, which is a sum of a power law and Lorentzian. The power law and
Lorentzian components are also shown by gray dashed lines. Upper inset: Conductance histogram when BrPh is present (red) and after evaporation
(black). Bin size is 10~ * G,. Lower inset: Chemical structure of solvents (X is either Cl, Br, or I). (B) Conductance of BDA, determined from a
Lorentzian fit to histogram data, measured in 13 different solvents.'* Color indicates the type of functional group on the solvent molecule: green is Cl, red
is Br, blue is I, orange is other. The size of the marker represents the error bar in the peak positions. Inset: Example traces in each of the three

representative solvents.

conductance peak values for BDA in chlorinated solvents (see inset
of Figure 1A). This shift is reversible; the conductance increases
once again when additional BrPh solvent is added to the same tip/
sample pair. Measurements with solvent alone do not yield plateaus
in conductance traces or peaks in conductance histograms as shown
in Figure S2 in the Supporting Information. As we will show later,
we believe the common lower conductance value occurs when all
available binding sites on the tip and substrate are covered by BDA
rather than a mixture of solvent and BDA. Figure 1A also shows that
the area under the peak and peak width depends on the solvent, as is
most clearly visible in measurements in IPh (see also Figures $3 and
Table 1 in the Supporting Information). This is due to a significant
change in both the junction plateau length, which is shorter in IPh
than in CIPh and BrPh (see Figure 1B inset, and Figure S2 in the
Supporting Information), and the probability of junction formation,
which is lower by about 50% for measurements in IPh when
compared with the other two solvents. Additionally, for measure-
ments in IPh, there are successive sets of 1000 traces that do not
show a clear conductance peak (not included in Figure 1A),
indicating that molecular junctions are not always formed. Finally,
we see that this solvent-dependent effect is not specific to BDA.
Measurements with 4,4’-diaminostilbene show the same trends in
conductance, with almost a factor of 2 increase in conductance when
comparing measurements in a chlorinated solvent to that in IPh
(Figure S4, Supporting Information).

Conductance peak positions for BDA junctions determined in
all 13 solvents investigated'® are shown in Figure 1B. The choice
of solvents was restricted to commercially available high-purity
and high boiling point solvents with varying solvent parameters
such as molecular dipole moment, permittivity, and chemical
substituents such as halogens on the hydrocarbon backbone.
These conductance trends shown in Figure 1B do not correlate
with either the solvents’ intrinsic molecular dipole moments or
with their bulk dielectric constants (Figure SS, Supporting
Information). For example, BDA junctions measured in CIPh
(solvent 1), 1,2,4-trichlorobenzene (solvent 2), and 1,2-dichlor-
obenzene (solvent 3) are observed to be very similar even though
these solvents have very different molecular dipole moments.
This suggests that long-ranged solvent—BDA electrostatic inter-
actions are an unlikely mechanism for the observed conductance
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modulation. However, the BDA junction conductance is known
to arise from nonresonant tunneling through the BDA
HOMO,"! with a magnitude that depends on the alignment of
the HOMO relative to Egr. Any changes in the induced dipole
upon molecular adsorption to binding sites on the tip or surface
will affect this alignment. We thus hypothesize that the nature
and coverage of such adsorbates (both solvent and BDA
molecules) can influence conductance by altering the induced
surface dipole and vacuum potential, shifting the BDA HOMO
relative to the Au Fermi energy. Since Gppa is low in chlorine
containing solvents, higher in solvents with bromine groups, and
nearly highest in the solvent with an iodine group, we focus the
remainder of our study on three representative halogen contain-
ing solvents—CIPh (#1), BrPh (#8), and IPh (#12) which are
structurally identical—and explore their binding affinity and
effect on level alignment with first-principles density functional
theory (DFT) calculations.

We use DFT to compute the work function, Kohn—Sham
HOMO energies, and binding energies of BDA and solvent
molecules to undercoordinated binding sites on an Au(111)
surface. All calculations are performed with the VASP code'®
using the generalized gradient approximation (GGA)'” and the
projector augmented wave (PAW) formalism.'® A T'-centered
2 X 2 x 1 k-point mesh and a 500 eV plane-wave cutoff energy
result in good convergence of all total-energy calculations. All
geometries are optimized until Hellmann—Feynman forces on
atoms are less than 0.03 eV/A. Our supercell consists of a five-
layer 4 x 4 Au(111) slab geometry with two Au adatom binding
sites and two molecules. Previous studies have shown that
variations in contact geometry do not significantly change the
BDA—Au junction electronic structure.'' Because Epomo tracks
the BDA conductance, we forego a full transmission calculation
with a second electrode in what follows. Dipole corrections'”*°
are used to reduce unphysical electrostatic interactions between
the slab and its periodic images. Approximately 30 A of vacuum is
included between the Au surface and the top of the unit cell so
that the electrostatic potential reaches a constant value in the
vacuum region.

We first consider a single BDA molecule bound to one of the
two adatom binding sites in our 4 X 4 supercell, and compute
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Figure 2. (A) AEyonmo and @ as a function of 6, the angle of the N—Au bond relative to the surface normal. (B) An illustration of how the band
structure changes with the addition of a surface dipole induced vacuum level shift A.
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Figure 3. (A) A top-down view of the gold surface showing adatoms 1 and 2 in green. (B, C, D) Side-view snapshots of geometries with a single BDA,
two BDA, and BDA and BrPh. 6 is 15° for the BDA bonded to adatom 1. (E) Partial density of states of the N atom on the BDA bound to adatom 1 when
adatom 2 has no molecule (yellow), a solvent molecule at 0° angle (red, green, blue for BrPh, CIPh, and IPh), and a second BDA (black) at a 0° angle.

Inset: AEyoMmo for each trace.

level alignment and work function for different orientations of
the Au—N bond relative to the surface, as illustrated in Figure 2A.
We compute the work function @ for seven different geometries
defined by the angle of the N—Au bond relative to the surface
normal, 0, and determine the position of the Kohn—Sham
HOMO relative to Ex. (AEyono0) from the peak in the N-projected
partial density of states (PDOS).>' We note here that
although orbital energies are significantly underestimated by
Kohn—Sham DFT within the GGA,*>™** the work functions
@ and adsorbate-induced changes in level alignment due to
induced dipole effects can be captured accurately.”* In what
follows, we elucidate trends in AEyopmo and @ with 6 and
surface coverage.

In Figure 2A, we see that AEyono correlates closely with
@ for the range of geometries investigated. This can be under-
stood by considering the induced surface dipole at the N—Au
bond. This donor—acceptor bond involves some charge transfer
from molecule to surface which results in a significant charge
reorganization within the unit cell inducing a surface dipole. This
surface dipole changes the vacuum level across the surface®” as
illustrated schematically in Figure 2B. A net increase in the
induced surface dipole decreases the work function and increases
the magnitude of AEyopo. That the correlation between @ and
AEpoMmo is not exact can be attributed to the fact that the
magnitude of the charge transfer, which also depends on
hybridization and steric effects, changes slightly as 0 is changed.*®
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To explore how solvent affects conductance, we need to
determine BDA—Au level alignment when a solvent binds to
the Au surface, as well as the probability that the solvent binds,
which depends on its binding energy. Both factors are important
as our calculations, detailed below, show that at fixed coverage,
solvent-induced shifts of the work function for our three example
solvents are quite similar; however, computed solvent binding
energies suggest that their local coverage and induced dipoles are
significantly different on Au, leading to changes in work function
that explain measured trends in conductance.

To determine BDA—Au level alignment, we add an adsorbate,
either another BDA molecule or a solvent molecule, to the other
available binding site (Figure 3A) in our 4 X 4 supercell as illustrated
in panels C and D of Figure 3 and compute PDOS on the BDA N.
The CIPh, BrPh, or IPh solvent molecules are computed to bind to
Au only through the halogen atom within GGA. Example geome-
tries are shown in Figure 3B—D, and corresponding PDOS on the
BDA N atom are plotted in Figure 3E. We see that AEyomo is
largest when two BDA molecules are bound on the surface in each
unit cell since the induced surface dipole is largest in this case. When
a BDA is replaced with a solvent molecule, the induced dipole is
reduced, and @ increases up to the limit of one BDA per unit cell.
Thus replacing one of the two BDA molecules with a solvent
molecule reduces AEono.

Noting that the AEyopmo is similar for these three solvents, we
turn to calculations of the binding energy and thermally averaged
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Figure 4. (A) Total binding energy for each system for all structures considered: @, the maximum computed binding energy; +, the binding energies for
all other structures. (B) Thermally averaged work function (@) for the five systems considered, averaging between 15 and 25 different structures with
different Au—N and Au-halogen binding angles. Error bars represent the standard deviation of all @ determined for each system relative to the thermally

averaged value.

work functions at room temperature. Figure 4A shows the
calculated binding energies for a range of geometries where both
the BDA and solvent binding angles are varied between 0° and
60°.* Since CIPh, BrPh, and IPh all have similar molecular
structures and polarizabilities, we do not expect inclusion of van
der Waals interactions, which are not captured by DFT within
the GGA used here, to significantly alter their relative binding
energies (see Supporting Information). The calculated binding
energies per unit cell are largest when both binding sites in the
supercell are occupied by BDA molecules and decreases as one
BDA is first replaced with a solvent and then removed entirely.
Using these binding energies, we calculated a thermally averaged
work function of the system (Figure 4B). We see that the
thermally averaged @ increases upon replacement of BDA with
a solvent molecule.

We can relate these calculations to the experimental data in the
following way: During conductance measurements in a solvent
environment, there are undercoordinated Au sites on the tip and
surface away from the junction available to both solvent and BDA
molecules for binding, in addition to the BDA bridging the
junction. For a solvent to bind to (or occupy) a given under-
coordinated Au site, its binding energy to Au must be comparable
to that of BDA. Our results suggest that the relative coverage of
these sites can alter @, changing the most probable junction
conductance and peak positions in the conductance histograms.
Interestingly, this implies that the conductance of two BDA
molecules in a junction is not necessarily twice the conductance
of a single BDA in a junction.***!

The energetics computed here imply that, thermodynamically,
the system prefers BDA to occupy all uncoordinated surface sites on
the tip and substrate during break-junction measurements. How-
ever, solvent molecules vastly outnumber the solute (~10000:1 for
the 1 mM solutions used here). Using the maximum computed
binding energy of these systems to approximate the energy barrier to
replace a surface-bound BDA with a solvent molecule, we find that
the replacement probability is Pcipy, = 0.01, Pp,pp, = 0.27, and Prpy, =
0.99 using a simple two-state Boltzmann model for each of the three
solvents. CIPh’s weak binding energies result in a low replacement
probability which points to the general inability of chlorinated
solvents to replace BDA around the junction. This result explains
why Ggpa in CIPh and the other chlorinated solvents measured here
is nearly the same (Figure 1B). It also validates the neglect of solvent
in several previous theoretical works, since the comparisons were to
experiments conducted in a chlorinated solvent.'”** For BDA

dissolved in BrPh, the binding probability for the solvent is
significant. This suggests that a wide range of surface environments
(and thus work functions) would be sampled over the course of
many measurements, thereby leading to both a higher and wider
peak as seen in Figure 1A, in contrast to the lower, narrower peak
observed for BDA in CIPh. Finally, the high BDA replacement
probability of IPh suggests that the probability of BDA junctions
forming in this solvent is low. This is in excellent agreement with the
experiment, where the conductance histogram peak for BDA + IPh
is very small (Figure 1A) and yet at a higher peak value than the
others.

In conclusion, we demonstrate that the measured conduc-
tance of BDA—Au junctions can be modulated by the solvent
environment. First principles calculations explain experiments by
showing that the junction work function is altered when solvent
molecules bind to undercoordinated Au atoms around the
junction. The computed binding probabilities depend on both
the energetics and the relative concentration of solvents to BDA.
This novel mechanism for modulating molecular junction con-
ductance is suggestive of the rich variety of effects that the
environment may have on molecular-scale charge transport
properties.
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