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We propose a quantum-mechanical model to calculate the current through a single molecular junction
immersed in a solvent and surrounded by a thin shell of bound water under an applied ac voltage. The solvent
plus hydration shell are captured by a dielectric continuum model for which the resulting spectral density is
determined. Here the dielectric properties, e.g., the Debye relaxation time and the dielectric constant, of the bulk
solvent and the hydration shell as well as the shell thickness directly enter. We determine the charge current
through the molecular junction under an ac voltage in the sequential tunneling regime where we solve a quantum
master equation by a real-time diagrammatic technique. Interestingly, the Fourier components of the charge
current show an exponential-like decline when the hydration shell thickness increases. Finally, we apply our
findings to binary solvent mixtures with varying volume fractions and find that the current is highly sensitive to
both the hydration shell thickness as well as the volume fraction of the solvent mixture, giving rise to possible
applications as shell and concentration sensors on the molecular scale.
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I. INTRODUCTION

The miniaturization of electronic devices remains an enor-
mous challenge. To this end, the field of molecular electronics
has made considerable progress in recent years, to where it is
now routinely possible to wire an organic molecule, an object
as small as 1 nm, between two metallic leads and measure its
electronic transport characteristics [1]. Moreover, such single
molecular junctions provide a unique platform for simulta-
neous investigation, manipulation, detection, and stimulation
of chemical reactions [2]. Single-molecule junctions have
been realized as rectifiers [3], transistors [4], switches [5],
sensors [6,7], and have recently attracted much attention due
to their promising thermoelectric properties [8–10]. For the
experimental investigation of electron transport properties,
single-molecule junctions are usually immersed in solution.
The inclusion of the bridging molecule into the (bulk) solvent
alters the interacting network between the solvent molecules
in proximity of the introduced molecule. Thus the solvent
molecules must build stronger bonds among each other and/or
the junction molecule and form a solvation shell with distinct
properties different from the bulk solvent [11–13]. There-
fore, not only the type of the surrounding solvent can play
a significant role on the transport properties [14–16], but also
the formation of a solvation shell can drastically change the
electronic conductance of a metal-molecule-metal junction by
up to two orders of magnitude [17].

Theoretical description of the influence of the solvent on
the transmission properties has relied on utilizing density
functional theory (DFT) calculations for the molecular or-
bitals when placing few, i.e., one to two, water molecules in
the vicinity of the bridging molecule [17]. Their rigorous but
calculationally involved outcomes have predicted the influ-
ence of polar solvents and the hydration shell on the charge
transmission through molecular junctions [17,18]. Contrary

to these numerically expensive calculations, we were able to
provide a theoretical model in our previous work [19] based
on a few coarse-grained solvent parameters like the dielectric
properties to determine the role of a solvent, and mixtures
thereof, on charge transport properties of a molecular junc-
tion. There, we found a very good agreement between our
calculations and experimentally determined conductance data
of a molecular junction.

In the present work, we extend the previous model where
the electron transmission is described by incoherent charge-
hopping steps by additionally incorporating a hydration shell
surrounding the bridging molecule. We show that the influ-
ence of the hydration shell on the electric current can be
captured by a spectral density where the shell properties, i.e.,
its thickness or its dielectric function, directly enter. More-
over, we keep the focus on the linear transport regime (linear
response to a small external potential) where, from an exper-
imental perspective, it should be easier to distinguish solvent
and hydration shell effects from nonlinear effects like the neg-
ative differential resistance due to the interplay between two
conduction channels accessible by a finite applied dc voltage.
To this end we use a different control parameter than the ap-
plied dc voltage to study the influence of the solvent with and
without hydration shell. Exploiting a quantum-mechanical
master equation, we calculate the electric current across the
junction in dependence of the frequency of an applied ac
voltage. Interestingly, the Fourier components of the charge
current for different applied ac voltage frequencies portray a
nonlinear behavior when altering the thickness of the hydra-
tion shell. We finally propose a valid means to determine the
thickness of the shell through the current. An application of a
molecular junction acting as a sensor model under an applied
ac drive measuring the volume fraction of a binary solvent
mixture concludes our paper.
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FIG. 1. Spectral density J (ω) normalized to the reorganization
energy ηs of bulk water as a function of the frequency ω (normalized
to the cut-off frequency of water ωs) for various relative hydration
shell thicknesses as indicated. The cut-off frequency of the hydration
shell is ωbw = 10−2ωs.

II. MODEL

We consider a metal-molecule-metal junction immersed in
a polar solvent plus hydration shell which can be described by
the time-dependent Hamiltonian

H (t ) = Hmol + Hleads(t ) + Hsolv + Hmol−solv + Htun,

Hmol = εd d†d,

Hleads(t ) =
∑

k,r=R,L

(εk,r (t ) − μr )c†
k,rck,r,

Htun =
∑

k,r=R,L

(tk,rc†
k,rd + H.c.), (1)

where the operator d annihilates an electron on the molecule
with energy εd , and ck,r annihilates an electron in the left
(r = L) and right (r = R) lead, which is held at the chem-
ical potential μr (see inset of Fig. 2 for a sketch). The ac
voltage is explicitly included in the energies of the lead
electrons εk,r (t ) = εk,r + eVr cos(ωact ), with amplitude VL =
−VR = Vac and frequency ωac, respectively. We limit our con-
sideration 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 [15,20].

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). We investigate
the linear transport regime, i.e., we fix the dc voltage to
μL = μR = eVdc = 0, and the two tunneling barriers are as-
sumed equal, i.e., �L = �R = �. Furthermore, we set h̄ ≡ 1
and kB ≡ 1.

The polar solvent plus hydration shell is described by its
polarization modes with frequency ωm created by the bosonic

εd a
ΓL ΓR

μ

μ
ε εb

FIG. 2. First Fourier component of the stationary current Ik=1

as a function of the ac frequency ωac in the absence of a solvent
(gray dashed line) and for water with various relative hydration
shell thicknesses (solid lines) as indicated. Parameters are a = 5 Å,
�μ = 5 D, T = 10 �, εd = 0 �, eVac = 10 �, and � = 2.5 meV.

operator a†
m, which gives rise to the Hamiltonian [21,22]

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 plus hydra-
tion shell coupling strength for each mode m individually.
The couplings between the molecule and the solvent as
well as between the molecule and the leads can each
be eliminated by a canonical transformation that leads to
a renormalization of the parameter εd and the tunneling
matrix elements tk,r (t ) = tk,r exp[−i

∫ t
t0

dt ′eVr cos(ωact ′)] (see
Supplemental Material [23] for more details). From here on
we refer to the renormalized parameter as εd . The molecule-
solvent plus hydration shell coupling is usually administered
by the collective spectral density [21,22],

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 within
the Onsager model of quantum solvation [24–26]. By this,
the relevant solvent characteristics enters via its dielectric
constants and the Debye relaxation time.

III. SPECTRAL DENSITY FOR THE HYDRATION SHELL

We assume that the electronic charge distribution of the
molecule is located inside a spherical Onsager cavity with ra-
dius a (inset of Fig. 2), which reflects the size of the molecule,
and with the vacuum dielectric constant of 1 [27]. The cav-
ity is surrounded by a hydration shell of bound water with
outer radius b. This reflects the altered intermolecular-bond
network in the vicinity of the bridging molecule. Furthermore,
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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 backaction (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 captures the essential
low-energy physics of the solvation process in the regime
of long polarization wavelengths [21,22,24]. By assuming
that the hydration shell is thin compared to the radius of
the inner sphere, we perform a Taylor expansion in the rel-
ative shell thickness (b − a)/a, which yields the spectral
density [25,28]

J (ω) = Js(ω) + Jbw(ω), (5)

where the first term, Js(ω), represents the spectral density of
the molecule surrounded by a bulk solvent without hydration
shell. The second term, Jbw(ω), describes the contribution to
the spectral density due to the hydration shell of bound water.
In the limit of small shell thicknesses, both of the terms can
be written in Debye form [25,28] as

Ji(ω) = 2ηi
ωωi(

ω2 + ω2
i

) . (6)

Here, ωi = 2εi,S+1
2εi,∞+1τ−1

i is the characteristic cutoff frequency,
where εi,∞ and εi,S are the high- and low- (static) frequency
dielectric constants, respectively, and τi is the Debye relax-
ation time. The reorganization energy η is related to the
spectral density via [29] η = ∫ ∞

0 dωJ (ω)/ω, and for the two
contributing parts can be calculated [25,28] as

ηs = 3(�μ)2

4πε0a3

2(εs,S − εs,∞)

(2εs,S + 1)(2εs,∞ + 1)
, (7)

ηbw = 3(�μ)2

4πε0a3

(b − a)

a

(
ε2

bw,S + 2ε2
s,S

)
(εbw,S − εbw,∞)

ε2
bw,S (2εs,S + 1)2

, (8)

where ε0 is the vacuum permittivity, a is the radius of the
Onsager sphere, b is the radius of the hydration shell, and
�μ is the change in magnitude of the dipole moment from
the oxidized to the reduced state. From generic considera-
tions [25,28], one typically expects that εs,S � εs,∞, εbw,S �
εbw,∞, εs,S � εbw,S , and τbw � τs, since the solvent molecules
are stronger bound in the solvation shell. Hence, we set τbw =
10τs and obtain

ηbw ≈ εs,∞
εbw,S

b − a

a
ηs. (9)

In Fig. 1 we show an exemplary plot of the spectral density
for water with various relative hydration shell thicknesses.
The two contributions to the spectral density can be clearly
observed by the two separated peaks when the hydration
shell is present (colored lines). Without the hydration shell
only one peak appears at the cut-off frequency of the bulk
water (black line). Therefore an increase in the shell thickness

only increases the bound water part of the spectral density,
which in this case has its peak at ωbw = 10−2ωs. Interestingly,
one observes a strong impact on J (ω) already in the limit
(b − a)/a � 1 which signals the electrodynamically collec-
tive response of the strongly bound water in the shell. Clearly,
as follows from Eq. (9), the slope of J (ω) at low frequen-
cies depends linearly on the relative hydration shell thickness
(b − a)/a.

IV. FOURIER COMPONENTS OF THE CURRENT
UNDER AC DRIVE

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†

k,rck,r , which is equivalent to

〈Ir (t )〉 = −ie
∑

k

(tk,r (t )〈c†
k,r (t )d (t )〉 − t∗

k,r (t )〈d†(t )ck,r (t )〉).

(10)

Here, 〈· · · 〉 indicates the expectation value as the trace
over all molecule, solvent, and lead degrees of freedom.
The explicit time dependence of the tunneling matrix ele-
ments tk,r (t ) = tk,r exp[−i

∫ t
t0

dt ′eVr cos(ωact ′)] stems from
the time-dependent external ac voltage, which is compressed
into the effective tunneling element by a polaron transforma-
tion (see Supplemental Material [23] for more details).

Using a quantum master equation according to
Refs. [30–32], we obtain

〈Ir (t )〉 = −e
∑

ψ ′
1ψ

′
2ψ3

∫ t

t0

dt ′Pψ ′
1

ψ ′
2
(t ′)�Irψ

′
1ψ3

ψ ′
2ψ3

(t ′, t ), (11)

with the matrix element of the reduced density opera-
tor 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 Supplemental Material [23] for more details).
We exploit the Markov approximation by assuming that all
solvent relaxation processes are fast between two subsequent
charge migration processes, so that we neglect memory effects
for the electron ρmol (t ′) � ρmol (t ). In this sequential tunneling
regime, the irreducible self-energy consists of four summands
of similar form such as

�
Irψ

′
1ψ3

ψ ′
2ψ3

(t ′, t ) = i
�

2β
〈ψ3|d|ψ ′

1〉〈ψ ′
2|d†|ψ3〉

∑
q,p

eipωact

× Jq

(
eVr

ωac

)
Jq−p

(
eVr

ωac

)
eiμr (t−t ′− i

B )

× e
i(εψ ′

1
−εψ3 +(q−p)ωac )(t−t ′ )

e−W (t−t ′ )

sinh
[

π
β

(
t − t ′ − i

B

)] + · · · ,

(12)

where B is the bandwidth of accessible electronic states in the
metal leads (see Supplemental Material [23] for more details),
and β = T −1 is the inverse thermal energy. We describe the
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ac voltage in Eq. (12) by a Jacobi-Anger expansion in its
modes (here q and p) referred to as photon sidebands [33,34],
which correspond to photon (energy quantum) emission and
absorption processes, where Jq(x) are the Bessel functions of
the first kind; see also the Tien-Gordon model of a microwave
field [35]. The exponent W (t ) is found to be [30–32]

W (t )=
∫ ∞

0

dω

π

J (ω)

ω2

[
[1−cos(ωt )] coth

(
βω

2

)
+i sin(ωt )

]
,

(13)

where J (ω) is the spectral density of the bulk sol-
vent plus hydration shell. The Fourier transform P±(ω) =

1
2π

∫
dteiωt eW (±t ) describes the probability that an electron

absorbs (P+) or emits (P−) the boson energy ω [30–32]. With
the Markov approximation we can directly calculate the time
integral from Eq. (11) and find for the irreducible self-energy
in the stationary limit, i.e., for t0 → −∞, that �

Irψ
′
1ψ3

ψ ′
2ψ3

(t ) =∫ t
t0

dt ′�Irψ
′
1ψ3

ψ ′
2ψ3

(t ′, t ) = ∑
p �

Irψ
′
1ψ3,p

ψ ′
2ψ3

eipωact . We use the period-
icity of this expression of the irreducible self-energy and
Fourier expand the matrix element of the reduced density
operator of the molecule, i.e., Pψ1

ψ2
(t ) = ∑

k Pψ1,k
ψ2

eikωact . The

Fourier components Pψ1,k
ψ2

are calculated by solving the master
equation in Fourier space (see Supplemental Material [23] for
more details).

Finally, we obtain the stationary current

〈Ir (t )〉 = −e
∑

ψ ′
1ψ

′
2ψ3

P
ψ ′

1
ψ ′

2
(t )�Irψ

′
1ψ3

ψ ′
2ψ3

(t )

= −e
∑

ψ ′
1ψ

′
2ψ3

∑
kq

P
ψ ′

1,q
ψ ′

2
�

Irψ
′
1ψ3,k−q

ψ ′
2ψ3

eikωact

=
∑

k

Ik
r eikωact , (14)

where, in the last line, the current under the applied ac voltage
is written in the form of a Fourier expansion where the Fourier
components are given by

Ik
r = −e

∑
ψ ′

1ψ
′
2ψ3

∑
q

P
ψ ′

1,q
ψ ′

2
�

Irψ
′
1ψ3,k−q

ψ ′
2ψ3

. (15)

This result is used to investigate the influence of the solvent
and different extensions of the hydration shell on the current
under an applied ac voltage. In the following we set the
molecule-lead coupling � = 2.5 meV so that a temperature of
T = 10 � corresponds to room temperature (300 K). Addi-
tionally, we consider a realistic molecular radius a = 5 Å and
a typical dipole moment change of �μ = 5 D [36–41].

V. RESULTS AND DISCUSSION

In order to investigate the influence of the hydration shell
as well as the bulk water on the tunneling current, we use
an ac voltage with amplitude eVac = 10 � and calculate the
Fourier components of the stationary current as a function of
the ac frequency ωac. Due to the fact that we are in the linear
transport regime with Vdc = 0, the zeroth Fourier component
of the current vanishes since it corresponds to the dc current.
Given the symmetry of our model where the leads’ Fermi level

align with the molecular level in the absence of an applied
voltage, all even Fourier components of the ac current vanish
and only the odd ones are nonzero. In Fig. 2 we show the
first Fourier component Ik=1 of the stationary current, both in
the absence of a solvent and for water, with various relative
hydration shell thicknesses (see Supplemental Material [23]
for the next nonvanishing Fourier component). Ik=1 is only in-
duced by the applied ac voltage so that in the limit ωac/� → 0
no potential difference can be built up across the molecule in
the relevant charge transfer timescale �−1 and Ik=1 goes to
zero. The Ik=1-ωac curve goes through a maximum close to the
frequency ωac = eVac = 10 �, which can be attributed to the
Bessel functions appearing in Eq. (12), because the product
of the zeroth and first Bessel function is maximal when the
argument eVac/ωac is close to 1. These two Bessel functions
are the main contributors to the first Fourier component of
the stationary current for frequencies at or above ωac = eVac,
because all higher Bessel functions are significantly smaller
in that frequency range. Put differently, the energy supplied
by the ac voltage (h̄)ωac matches the electric energy eVac

by the (time-dependent) voltage sweep across the molecule.
Higher ac frequencies ωac lead to an energetic mismatch and
Ik=1 declines. Similar observations are found in the photon-
assisted current in single molecular junctions where Ik=1 is
the related current induced when electrons exchange a sin-
gle energy quantum, i.e., a photon with the oscillating ac
field [33].

When water is considered as a solvent surrounding the
molecule, then the Ik=1-ωac curves significantly decrease, see
Fig. 2. This is due to the fact that a part of the electric potential
energy of the ac drive is used for the reorganization of the
solvent. Even more energy is needed to reorganize the solvent
when we additionally consider the hydration shell. That is
why the maximum current Ik=1

max decreases further with an
increase of the hydration shell as depicted in Fig. 2. Further-
more, we notice that the Ik=1 values for different ωac in a given
window (∼10–70 �) decline differently when increasing the
shell thickness. This behavior reflects the distinct coupling of
the molecular level to different polarization modes captured
by the spectral density (see Fig. 1).

In Fig. 3(a) we show Ik=1
max with respect to the relative shell

thickness (b − a)/a and observe that it is consistent with an
exponential decrease. Such an exponential decrease of Ik=1

max
with respect to the shell thickness could be expected from
the real part of W (t ) from Eq. (13) where the spectral density
J (ω) enters. The dominant term in J (ω) is the reorganization
energy of the shell, which is directly proportional to its relative
thickness (b − a)/a [see Eq. (9)]. Note that deviations from
that behavior may occur due to the exact calculations of the
time integral over the self-energy in Eq. (11). The decline of
Ik=1
max directly reflects the enhanced collective response of the

strongly bound molecules in the hydration shell. Interestingly,
the position ωac(Ik=1

max ) at which Ik=1 is maximal is also in-
fluenced by the shell and shifts to higher frequencies when
compared to the case without the hydration shell, see Fig. 3(b).
Since the contribution from the irreducible self-energy (12)
to the current is maximal when the imaginary part of the
exponent vanishes, the observed increase of ωac(Ik=1

max ) with
a growing hydration shell can be related to the increasing
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FIG. 3. (a) Maximum of the first Fourier component of the stationary current Ik=1
max as a function of the relative shell thickness (b − a)/a.

(b) Frequency ωac(Ik=1
max ) position at Ik=1

max as a function of the relative shell thickness (b − a)/a. Parameters are a = 5 Å, �μ = 5 D, T = 10 �,
εd = 0 �, eVac = 10 �, and � = 2.5 meV. The insets show the trend for larger relative shell thicknesses within the expansion of Eq. (5). The
blue lines are fits to exponential functions as indicated.

imaginary part of W (t ) in Eq. (13) that makes the imaginary
part in the exponent in Eq. (12) smaller.

VI. APPLICATION TO BINARY SOLVENT MIXTURES

In our previous work [19], we have investigated the non-
linear differential conductance G in a molecular junction
under an applied dc voltage as a function of the volume frac-
tion f for the binary mixtures between butanol and ethanol,
chlorobenzene and nitrobenzene, as well as toluene and ni-
trobenzene. With the same methodology as in Sec. IV, we
now investigate the first-order Fourier component Ik=1 under
an ac voltage with given frequency and amplitude. Notably,
we find the same qualitative behavior for Ik=1 with respect
to f , Fig. 4, as for the nonlinear differential conductance.
Ik=1 and G in Ref. [19] are highly influenced by the volume
fraction f of the additional solvent. The Ik=1- f (G- f in [19])
behavior depends on the specific binary mixture and reflects
nonmonotonous characteristics of the dielectric function (see
Eq. (6) in Ref. [19]),

ε(ω) = (1 − f )εh(ω) + f εi(ω), (16)

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. In both cases this dielectric
function enters in the same functional way into the spectral
density, leading to a sum of two contributions as in Eq. (5).
The main difference is that we are now in the linear transport
regime and still find that Ik=1 is highly sensitive to both the
volume fraction and the individual solvents themselves.

VII. CONCLUSIONS

We present a theory to calculate the charge current un-
der an ac voltage through a molecular junction surrounded

by a polar solvent plus a hydration shell. We have used a
quantum-mechanical real-time diagrammatic technique in the
regime of sequential charge tunneling, which includes the
electrostatic molecule-solvent plus hydration shell coupling in
the single electron transfer nonperturbatively. Under ac drive
we focus on the Fourier components of the current in the
linear transport regime. By variation of the ac frequency we

FIG. 4. First Fourier component of the stationary current 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 effective dielectric parameters of Gladstone-Dale in an
effective Debye spectral density [19]. In addition, the circles mark
the current calculated with a single Debye spectral density of the
mixture with the directly measured dielectric parameters taken from
Ref. [42]. Parameters are a = 5 Å, b = 0, �μ = 5 D, T = 10 �,
εd = 0 �, eVac = 10 �, ωac = 10 �, and � = 2.5 meV.
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find a sensitive impact of the thickness of the hydration shell
around the molecule on the first Fourier component of the
current. We use the approach by Gilmore and McKenzie [28]
to determine the effective spectral density of the solvent plus
hydration shell. Here, the dielectric properties, i.e., dielectric
constants and Debye relaxation time, of the solvent and the
shell directly enter. We find that by comparing the results
of no solvent and water as a solvent both with and without
hydration shell we can determine the thickness of the shell
through the current under ac drive. The relative shell thickness
can be read off, for example, by the exponential-like decline
of the first Fourier component of the current. Another possible
application is given by a prototype molecular junction under

ac drive, measuring the volume fraction of a binary solvent
mixture. Therefore the proposed theoretical methodology may
be applied for a molecular sensor to determine the thickness
of a hydration shell or the volume fraction of a solvent mixture
with high sensitivity.
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