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Single-molecule junctions sensitive to binary solvent mixtures
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We propose a quantum-mechanical model to calculate the nonlinear differential conductance of a single
molecular junction immersed in a solvent, either in pure form or as a binary mixture with varying volume
fraction. The solvent mixture is captured by a dielectric continuum model for which the resulting spectral density
is determined within the Gladstone-Dale approach. The conductance of the molecular junction is calculated by a
real-time diagrammatic technique. We find a strong variation of the conductance maximum for varying volume
fraction of the solvent mixture. Importantly, the calculated molecular nonlinear conductance shows a very good
agreement with experimentally measured data for common molecular junctions in various polar solvent mixtures.
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I. INTRODUCTION

The wiring of an individual molecule between two metallic
leads has by now become a versatile technique for measur-
ing its electronic transport characteristics as a basis for the
miniaturization of electronic devices [1]. Aviram and Ratner
first proposed the idea of utilizing single organic molecules as
rectifiers [2]. Since then, there have been dramatic advances
toward the realization of electronic transistors integrated on
the molecular scale [3]. As a vital component of molecular
electronics, single molecular junctions have attracted signifi-
cant attention in both theory and experiment [1,4].

Not only was the first single-molecule transistor fabricated
already in 2000 [5], but single-molecule junctions have been
utilized as sensors [6] and have recently attracted much at-
tention due to their promising thermoelectric properties [7,8].
The tuning of the energy level alignment of the molecule,
e.g., the HOMO-LUMO gap, which is typically achieved via
a gate electrode, plays a major role in single-molecule junc-
tions. Thermoelectric properties, e.g., the Seebeck coefficient,
can be readily enhanced when the dominant transport level
is close to the chemical potential of the leads [9]. However,
an additional gate electrode may lead to technical challenges
for the integration because current leakage may occur [10].
To address this issue, solvent gating has been considered
as a potentially simple method to continuously fine-tune the
charge transport through single-molecule junctions. A strong
influence of the surrounding solvent on the charge transport
was recently reported for certain organic molecular junctions
with different anchoring groups in various solvent environ-
ments using the break-junction technique [11]. The molecular
conductance was shown to be tunable by nearly an order of
magnitude by varying the polarity of solvent. Furthermore,
gating efficiency due to solvent-molecule interactions was
found to depend on the choice of the anchor group.

Theoretical description of the influence of the solvent has
relied on utilizing density functional theory (DFT) calcula-
tions for the molecular orbitals. With this, the influence of

pure polar solvents on molecular junctions has been pre-
dicted [12]. Yet a simple theoretical modeling on the basis
of a few model parameters which provides understanding of
the role of a solvent, or mixtures thereof, on charge transport
is still lacking.

In this work, we propose a theoretical model of a molecular
junction in a polar solvent described as a dielectric continuum.
The latter forms a bosonic environment of fluctuating polar-
ization modes which couple to a single excess electron in a
molecular junction between two metallic electrodes. In par-
ticular, we consider pure solvents and miscible binary solvent
mixtures. Using a quantum mechanical master equation, we
calculate the junction’s electric conductance in dependence on
the fractional ratio of the solvent constituents and their respec-
tive chemical properties. We show that the influence of the
polar solvent on the molecular conductance can be captured
by its dielectric parameters. We compare the results of our
theory to measured experimental data of the conductance of a
molecular junction and find a very good agreement between
calculated and experimentally determined data. The approach
can readily be generalized to more complicated mixtures of
solvents, giving rise to technical applications as concentration
sensors on the molecular scale.

II. MODEL

To study the charge current through the single molecular
junction immersed in a polar solvent or a binary mixture
thereof, we use the Hamiltonian

H = Hmol + Hleads + Hsolv + Hmol−solv + Htun,

Hmol = εd d†d,

Hleads =
∑

k,r=R,L

(εk,r − μr )c†
k,rck,r,

Htun =
∑

k,r=R,L

(tk,rc†
k,rd + H.c.), (1)
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FIG. 1. Nonlinear differential conductance G = dI/dV as a
function of the bias voltage V in the absence of a solvent (gray
dashed line) and with various surrounding pure solvents (solid lines)
as indicated. G0 = 2e2/h is the conductance quantum. Parameters
are a = 5 Å, �μ = 5 D, T = 0.1 �, εd = 1.2 �, and � = 250 meV.
Inset: Sketch of the model of the molecular junction between two
metallic leads and surrounded by a dielectric solvent.

with the annihilation operator d for an electron on the
molecule with energy εd , and with ck,r for an electron with
energy εk,r in the lead r = L, R which is held at the chemical
potential μr , respectively (see inset of Fig. 1 for a sketch).
We limit our consideration to two molecular electronic states,
describing an oxidized state with N and a reduced state with
N + 1 electrons on the molecule. This standard assumption of
strong Coulomb repulsion pushes states with other electronic
occupations in energy regimes that are not accessible under
the experimental conditions [11,13].

The tunneling hybridization between the molecular level
and the corresponding lead r is given by �r = 2π |tk,r |2D(εF ),
where we assume as usual an energy-independent density
of electronic states D(εF ) around the Fermi energy εF ≡ 0
within both leads (wide-band approximation). Throughout the
work, the bias voltage V is symmetrically applied around
the Fermi energy, μL = −μR = eV/2, and the two tunneling
barriers are assumed equal, i.e., �L = �R = �. Furthermore,
we set h̄ ≡ 1 and kB ≡ 1.

The polar solvent is described by its electric field modes
with frequency ωm created by the bosonic operator a†

m (anni-
hilated by am), which gives rise to the Hamiltonian [14,15]

Hsolv =
∑

m

ωma†
mam. (2)

The polarization modes couple to the electronic occupation of
the molecule, with the interaction Hamiltonian

Hmol−solv =
∑

m

gmd†d (a†
m + am). (3)

The parameter gm denotes the molecule-solvent coupling
strength for each mode m individually. Their collection is
usually administered by the spectral density [14,15]

J (ω) =
∑

m

g2
mδ(ω − ωm). (4)

In the following, we use a continuous Debye form of J (ω)
which describes the dielectric properties of the solvent (mix-
ture) within the Onsager model of quantum solvation. With
this, the relevant solvent characteristics enter via its dielectric
constants and the Debye relaxation time.

III. SPECTRAL DENSITY FOR SOLVENT MIXTURES

We assume that the electronic charge distribution of the
molecule is located inside a spherical Onsager cavity with
radius a (inset of Fig. 1), which reflects the size of the
molecule, and with the vacuum dielectric constant of 1 [16].
Furthermore, the occupied and the empty molecular state are,
for ease of the analysis, assumed to have dipole moments
of different magnitude pointing in the same direction. We
assume that the molecule adjusts its dipole moment when
an excess electron enters or leaves the molecular junction
due to changes of the overall molecular charge density. The
resulting molecular dipole polarizes the solvent which induces
a back-action (or reaction) electric field inside the cavity.
This reaction field interacts with the dipole and mediates
the leading coupling between the molecule and the solvent.
Although this model, which is based on the Onsager model,
does not include the microscopic details of the solvent, it cap-
tures the essential low-energy physics of the solvation process
in the regime of long polarization wavelengths [14,15,17].
For instance, some organic molecules considered below in
more detail, such as the standard oligophenylethynylene-
sulfurmethyl (OPE-SMe)-bridge, possess dipole moments in
the respective states [18–22].

The resulting spectral density incorporating the molecule-
solvent interaction is found to be [17]

J (ω) = (�μ)2

2πε0a3

6ε′′(ω)

(2ε′(ω) + 1)2 + 4ε′′(ω)2
, (5)

where ε0 is the vacuum permittivity, a is the radius of the On-
sager sphere, and �μ is the change in magnitude of the dipole
moment from the oxidized to the reduced state. Here ε′(ω)
is the real and ε′′(ω) is the imaginary part of the dielectric
function of the solvent.

In order to describe binary mixtures we exploit the simplest
approach of Gladstone and Dale for its effective dielectric
function [23]

ε(ω) = (1 − f )εh(ω) + f εi(ω), (6)

which includes the relative concentrations of a host (1 − f )
and an inclusive ( f ) solvent, with the dielectric permittivity
εh(ω) and εi(ω), respectively. Inserting this effective dielectric
function into Eq. (5), we obtain

J (ω) = 2η1
ωω1

ω2 + ω2
1

+ 2η2
ωω2

ω2 + ω2
2

, (7)

where all parameters η1, η2, ω1, and ω2 depend on the relative
volume fraction f , the high- and low-frequency dielectric
constants of the host and of the inclusive solvent, and their
respective Debye relaxation times (see Supplemental Mate-
rial [24] for the detailed expressions). For f → 0 (or f → 1)
the spectral density in Eq. (7) corresponds to that of the re-
spective pure solvent, which has the Debye form [17] J (ω) =
2ηωωc/(ω2 + ω2

c ). Here ωc = 2εS+1
2ε∞+1τ−1

D is the characteristic
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FIG. 2. (a) Spectral density J (ω) normalized to the reorganization energy ηNBZ of nitrobenzene as a function of the volume fraction
f and the frequency ω (normalized to the cutoff frequency of nitrobenzene ωNBZ

c ) for the solvent mixture between nitrobenzene and
toluene. (b) Maximum of the spectral density as well as the reorganization energy η, both normalized to ηNBZ, for the solvent mixtures
toluene-nitrobenzene, chlorobenzene-nitrobenzene, and dimethylformamide-nitrobenzene. The solvent parameters are given in Table S1 of the
Supplemental Material [24].

cutoff frequency, where ε∞ and εS are the high- and low-
(static) frequency dielectric constants, respectively, and τD is
the Debye relaxation time. The reorganization energy η is
related to the spectral density via [25]

η = 1

π

∫ ∞

0
dω

J (ω)

ω
= (�μ)2

4πε0a3

6(εS − ε∞)

(2εS + 1)(2ε∞ + 1)
. (8)

In Fig. 2(a) we show an exemplary plot of the spec-
tral density for a solvent mixture between nitrobenzene and
toluene. Additionally, in Fig. 2(b) we show the maximum of
the spectral density Jmax as well as the reorganization energy η

for the solvent mixtures toluene-nitrobenzene, chlorobenzene-
nitrobenzene, and dimethylformamide-nitrobenzene. It can be
observed that only for the mixture between nitrobenzene and
toluene is Jmax nonmonotonous, which subsequently results
in the nonmonotonous behavior of the maximum differential
conductance for this mixture; see Fig. 3 in the next section.

IV. STATIONARY CURRENT AND CONDUCTANCE

The charge current in the lead r = L, R is given by the
time-dependent change of the number of elementary charges
e > 0 as 〈Ir (t )〉 = e d

dt 〈Nr (t )〉 = ie〈[Htun, Nr](t )〉, where Nr =∑
k c†

rkcrk , which is equivalent to

〈Ir (t )〉 = −ie
∑

k

(tk,r〈c†
k,r (t )d (t )〉 − t∗

k,r〈d†(t )ck,r (t )〉), (9)

where 〈· · · 〉 indicates the expectation value as the trace over
all molecule, solvent, and lead degrees of freedom.

Using a quantum master equation according to
Refs. [26–28], we obtain

〈Ir (t )〉 = −e
∑

ψ ′
1ψ

′
2ψ3

∫ t

t0

dt ′Pψ ′
1

ψ ′
2
(t ′)�Irψ

′
1ψ3

ψ ′
2ψ3

(t ′, t ), (10)

with the matrix element of the reduced density operator of the
molecule Pψ1

ψ2
(t ) = 〈ψ1|ρmol(t )|ψ2〉. Here |ψi〉 are the reduced

and oxidized eigenstates of the molecule, i.e., Hmol|ψi〉 =
εψi |ψi〉, and the irreducible self-energy �

Irψ
′
1ψ3

ψ ′
2ψ3

(t ′, t ) describes
possible charge migration processes between the molecule
and the leads while interacting with the solvent (see the
Supplemental Material [24] for more details). We exploit the
Markov approximation by assuming that all solvent relaxation

FIG. 3. Maximum of the nonlinear differential conductance as a
function of the volume fraction f for the binary mixtures between
butanol and ethanol, chlorobenzene and nitrobenzene, as well as
toluene and nitrobenzene. The solid lines show the results calculated
using the Gladstone-Dale effective dielectric parameters [Eq. (6)]
in an effective Debye spectral density. In addition, the circles mark
the conductance calculated with a single Debye spectral density of
the mixture with the directly measured dielectric parameters taken
from Ref. [29]. Parameters are a = 5 Å, �μ = 5 D, T = 0.1 �,
εd = 1.2 �, and � = 250 meV.
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processes are fast between two subsequent charge migration
processes, so that we neglect memory effects for the electron
ρmol(t ′) 	 ρmol(t ). Then, in this sequential tunneling regime,
the irreducible self-energy turns out to depend only on the
time difference τ = t − t ′ and consists of four summands of
similar form such as

�
Irψ

′
1ψ3

ψ ′
2ψ3

(τ ) = i
�

2β
〈ψ3|d†|ψ ′

1〉〈ψ ′
2|d|ψ3〉

× e
i(εψ ′

1
−εψ3 )τ

e−W (τ )e+iμr (τ− i
B )

sinh
[

π
β

(
τ − i

B

)] + · · · , (11)

where B is the bandwidth of the electronic leads (see the
Supplemental Material [24] for more details) and β = T −1 is
the inverse thermal energy. The exponent W (τ ) is found to
be [26–28]

W (τ ) =
∫ ∞

0

dω

π

J (ω)

ω2

[
(1 − cos(ωτ )) coth

(
βω

2

)

+ i sin(ωτ )

]
, (12)

where J (ω) is the spectral density of the solvent. The Fourier
transform P±(ω) = 1

2π

∫
dτeiωτ eW (±τ ) describes the proba-

bility that an electron absorbs (P+) or emits (P−) the boson
energy ω [26–28]. Finally, we obtain the stationary current
〈I〉∞ = 〈Ir〉∞ = limt→∞〈Ir (t )〉, which is equal in both leads.
This result is used to investigate the influence of the solvent
on the current-voltage characteristics I (V ) as well as on the
nonlinear differential conductance G = dI/dV . In the follow-
ing, we set � = 250 meV so that a temperature of T = 0.1 �

corresponds to room temperature (300 K). The dielectric re-
laxation parameters of the respective solvents were used from
Refs. [29,30]. Additionally, we consider a realistic molecu-
lar radius a = 5 Å, and a typical dipole moment change of
�μ = 5 D [18–22,31].

Figure 1 shows the nonlinear conductance curve of the
molecular junction dissolved in the pure solvents toluene
(TOL), chlorobenzene (CBZ), ethanol (ETH), butanol (BUT),
water (WAT), and nitrobenzene (NBZ). The maximum of the
differential conductance is reduced and its width is enhanced
when the junction is immersed in a solvent (gray dashed line
for the case in absence of a solvent vs solid curves with a
solvent in Fig. 1). This is due to the fact that a part of the
electric potential energy eV , inducing the electric current, is
used for the reorganization of the solvent. Therefore, the larger
the reorganization energy of the solvent is, the smaller the
conductance maximum becomes. Furthermore, the additional
tunneling broadening occurs via the absorption or emission
of bosonic modes similar to the broadening dominated by
the emission of phonons into a substrate [32]. Frank-Condon
steps are not present in our case because the dielectric pro-
vides a continuum of modes instead of a single mode and since
temperature is higher.

To examine the influence of binary solvent mixtures, we
have determined the maximum of the differential conductance
Gmax and have varied the volume fraction f . The results are
shown in Fig. 3. We find that Gmax is highly sensitive to
both the volume fraction and the individual solvents them-
selves. While the conductance for CBZ-NBZ and BUT-ETH

FIG. 4. Full width at half maximum of the nonlinear dif-
ferential conductance as a function of the volume fraction f
for the binary solvent mixtures between nitrobenzene-toluene,
nitrobenzene-chlorobenzene, and nitrobenzene-dimethylformamide.
The data points have been calculated with an accuracy determined
by the voltage step size of 0.02 �, and we have used a cubic
spline interpolation for the final curves (solid lines). Parameters are
a = 5 Å, �μ = 5 D, T = 0.1 �, εd = 1.2 �, and � = 250 meV.

monotonously increases or decreases, respectively, the result
for TOL-NBZ shows a nonmonotonous behavior. The latter
originates in the nonmonotonous dependence of the spectral
density of the solvent mixture on the volume fraction; see
Fig. 2. Notably, we find an excellent agreement when we
compare the dependence of Gmax calculated with an effective
Gladstone-Dale-Debye solvent mixture of Eq. (6) with the dif-
ferential conductance calculated with a single Debye solvent
with the actual measured dielectric parameters of the binary
mixture directly as obtained in Ref. [29] (symbols in Fig. 3).
Additional conductance data are shown in the Supplemental
Material [24]. Hence, the Gladstone-Dale model of dielectric
mixtures can be a sensitive tool to directly read off the volume
fraction of binary solvent mixtures.

A measure complementary to the maximum of the dif-
ferential conductance is the full width at half maximum
(FWHM), which we have calculated for the solvent mixtures
between toluene-nitrobenzene, chlorobenzene-nitrobenzene,
and dimethylformamide-nitrobenzene. The results are shown
in Fig. 4. The accuracy of our results is determined by the
voltage step size of 0.02 �, and we have used a cubic spline
interpolation to show the general trend without extensively
exhausting numerical expenses. It can be nicely observed
that the FWHM directly follows the behavior of the spectral
density or the reorganization energy when comparing with
Fig. 2(b).

V. COMPARISON TO EXPERIMENTAL DATA

Finally, we compare the experimental results of the differ-
ential conductance of Ref. [11] with our theoretical results.
In the experiment, the electronic conductance of OPE-
SMe placed between two gold electrodes and additionally
embedded in a solvent has been measured for varying vol-
ume fractions of different solvent mixtures. The nonlinear
differential conductance of this single-molecule junction can
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FIG. 5. Nonlinear differential conductance of a OPE-SMe
molecular junction as a function of the volume fraction f for binary
solvent mixtures of ACN and TMB (red) as well as of THF and TMB
(blue). Parameters are a = 5 Å, �μ = 10 D, T = 10 �, εd = 120 �,
and � = 2.5 meV. Experimental data are taken from Ref. [11].

be tuned by nearly an order of magnitude by varying the po-
larity of the solvent. To recover the experimental data by our
model we use the static dielectric constants and the dielectric
relaxation times from literature (see Table S1 in the Sup-
plemental Material [24]) for the three investigated solvents
1,3,5-trimethylbenzene (TMB), tetrahydrofuran (THF), and
acetonitrile (ACN) and adjust the high-frequency dielectric
constants as fitting parameters. In Ref. [11] the length of the
molecular junction has been determined by the break-junction
technique to be stable around 1 nm. Thus, we choose a radius
of a = 5 Å. Moreover, we set the dipole moment change
to �μ = 10 D, which is in the typical range of OPE-SMe
molecular junctions [18–22,31], and � = 2.5 meV so that a
temperature of T = 10 � corresponds to room temperature
(300 K).

Figure 5 depicts the logarithm of the differential conduc-
tance calculated at a voltage corresponding to the dot energy
of εd = 120 � and normalized to the conductance quantum
G0 = 2e2/h for varying volume fractions between the host
solvent TMB and the two inclusions THF and ACN, respec-
tively. A very good agreement between theory and experiment
is achieved for the solvent mixture between TMB and ACN
(red in Fig. 5). For TMB and THF (blue in Fig. 5), a good
alignment between experiment and theory is obtained for vol-
ume fractions below 0.8.

In order to explore the mechanism of solvent gating on
the charge transport, control experiments with other bridge
molecules, which did not exhibit a significant solvent induced
shift on the conductance, have been reported in Ref. [11]. In
addition, the local density of states (LDOS) has been cal-
culated by means of DFT calculations for all investigated
molecules [11]. Only for OPE-SMe, the LDOS was found to
be mainly localized on the molecular bridge itself, while for
the other molecules, the LDOS was shown to be delocalized
almost equally over the gold electrodes as well as the molec-

ular bridge. Hence, only for OPE-SMe does strong LDOS
localization on the molecule imply a weak hybridization cou-
pling between the molecule and the electrodes together with
a strong influence of the solvent, in agreement with the as-
sumption of sequential tunneling of this work. In addition,
the precise form of the investigated molecules as well as the
spatial distribution of the LDOS on the molecule do not follow
a perfect spherical geometry, which we assume in our model.
Hence, deviations between our calculations and the experi-
mental data, such as for the conductance of THF, can occur
for these reasons. Moreover, the influence of the solvent on
the transmission spectra for OPE-SMe was investigated [11].
The solvent effect on the spectral shift is almost twice as
pronounced for ACN as compared to THF, which further
supports the very good agreement of our results for ACN. The
less pronounced spectral shift for THF in comparison to ACN
might be directly related to the polarity of the solvents, which
is roughly twice as large for ACN compared to THF [31]. A
more polar solvent in turn might lead to a stronger influence
on the electron density distribution of the solute and, thus, to
a stronger localization on the bridge molecule [33].

VI. CONCLUSIONS

We provide a theory to calculate the charge current through
a molecular junction surrounded by a polar solvent. It de-
scribes the influence of pure solvents as well as of binary
solvent mixtures on the junction’s nonlinear differential con-
ductance. We have used a quantum mechanical real-time
diagrammatic technique in the regime of sequential charge
tunneling, which includes the electrostatic molecule-solvent
coupling in the single electron transfer non-perturbatively. For
the solvent mixtures, we use the Gladstone-Dale approach
to determine the effective dielectric function and propose an
expression for the resulting spectral density of the polariza-
tion fluctuations of the solvent mixture. We believe that this
approach could be also relevant for optical absorption spec-
troscopy of solutes in solvent mixtures. Using the measured
dielectric constants of pure solvents as well as their respective
relaxation times together with tuning the volumetric fraction,
we have obtained a very good agreement of the nonlinear dif-
ferential conductance either calculated by the proposed model
and experimentally measured conductance values. Therefore,
the proposed theoretical methodology may be applied for a
molecular sensor to determine solvent concentrations with
high accuracy. Possible extensions of the model could be the
inclusion of explicit time-dependent solvent dynamics [34] or
solvent viscosity [35].
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