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The inﬂuence of a solvent on the electronic
transport across diamondoid-functionalized
biosensing electrodes
Maofeng Dou,

* Frank C. Maier and Maria Fyta

Electrodes embedded in nanopores have the potential to detect the identity of biomolecules, such as
DNA. This identiﬁcation is typically being done through electronic current measurements across the electrodes in a solvent. In this work, using quantum-mechanical calculations, we qualitatively present the
inﬂuence of this solvent on the current signals. For this, we model electrodes functionalized with a small
diamond-like molecule known as diamondoid and place a DNA nucleotide within the electrode gap. The
inﬂuence of an aqueous solvent is taken explicitly into account through Quantum-Mechanics/Molecular
Mechanics (QM/MM) simulations. From these, we could clearly reveal that at the (111) surface of the Au
electrode, water molecules form an adlayer-like structure through hydrogen bond networks. From the
temporal evolution of the hydrogen bond between a nucleotide and the functionalizing diamondoid, we
could extract information on the conductance across the device. In order to evaluate the inﬂuence of the
solvent, we compare these results with ground-state electronic structure calculations in combination with
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the non-equilibrium Green’s function (NEGF) approach. These allow access to the electronic transport
across the electrodes and show a diﬀerence in the detection signals with and without the aqueous solution. We analyze the results with respect to the density of states in the device. In the end, we demonstrate
that the presence of water does not hinder the detection of a mutation over a healthy DNA nucleotide.
We discuss these results in view of sequencing DNA with nanopores.

Introduction

DNA sequencing, after more than fifty years of development,
has broadened its applications from fundamental research to
clinical applications, like cancer diagnosis, which require realtime and high-accuracy sequencing.1–5 The traditional sequencing approaches still suﬀer from high-cost, low-speed, information-loss, and complexity.1 A sequencing technique with
high potential to overcome these issues involves nanopores,
that is holes in materials,6 which can electrophoretically
thread DNA.7–9 The translocation of the biomolecule through
the nanopore can be detected through the modulations in the
ionic current known as current blockades.10 The ionic blockades can be used to distinguish among diﬀerent biomolecules.11 Another potentially eﬃcient approach, which is
expected to achieve single-base resolution12 is to measure the
electronic tunneling current across the nucleotides and metallic electrodes embedded in the nanopore and thus detect the
identity of the nucleotides within a single DNA molecule.13
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However, the tunneling signals corresponding to the four DNA
nucleotides overlap leading to a low signal-to-noise ratio (SNR)
and many errors in the detection.14,15 It has been proposed
that functionalizing the electrodes with small molecules
enhances the detection currents and renders them more
nucleotide specific.7,16 In this way, a high SNR can be
achieved.17–20
A very promising functionalization towards this goal
involves the use of tiny diamond-like molecules, known as
diamondoids.21,22 These are terminated by hydrogen atoms,
are thermodynamically very stable, have tunable properties,
can be selectively tuned, and come in a variety of sizes and
modifications.23–27 For the functionalization of nanopore electrodes, derivatives of diamondoids28,29 can oﬀer grafting possibilities to the metallic surface of the electrode, as well as
donor/acceptor sites for binding to the DNA. These small diamondoid derivatives can form stable hydrogen bonds with
DNA nucleotides.30,31 Using these to functionalize electrodes
has shown high potential in enhancing the read-out signals
from nanopores.32,33 A diamondoid-functionalized device has
also shown high sensitivity in distinguishing among the canonical and mutated DNA nucleotides.34 This is a very important
aspect in DNA sequencing and epigenetics research,35–38 as
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sources of diseases can be detected with a very high impact on
cancer therapy.39–42
Nevertheless, all previous studies on diamondoid-functionalized electrodes involved proof-of-principles investigations
performed in vacuo. Experimental nanopore setups typically
include a salt solution, in which DNA molecules are guided
through the pore. The dielectric eﬀect of such a solvent
strongly influences the sensitivity and functionality of
biosensors.43,44 Previous theoretical studies combining QM/
MM methods with transport calculations also confirmed the
importance of a solvent on the conductance of DNA
sequencing.45–47 In nanopores, the structures of water confined therein are expected to be significantly diﬀerent compared to a bulk solvent aﬀecting the electron transport.48 A
first indication, though, that the corresponding conductance
should be around a constant value still leaves room for an
enhanced biosensitivity.49 In order to evaluate the solvent
influence, we consider here the presence of a solvent within
diamondoid-functionalized electrodes. At a first approximation, a simple aqueous solution of water is explicitly taken
into account. The qualitative change in the detection signals
for certain DNA nucleotides will be evaluated based on the
water structuring close to the electrodes and the electronic features within the electrode nanogap. Accordingly, this paper is
structured as follows: we begin with an outline of the simulation methods used for our calculations, move to the presentation of the results and the evaluation of the solvent eﬀect in
the electrode gap, and conclude with the relevance of our
results in detecting DNA and its mutations with nanopores.

2. Methodology
The system we focus on here is a device made up of gold (111)
electrodes. The left electrode is functionalized with a diamondoid. This is an amine-derivative of the smallest diamondoid and is known as memantine, a drug for Alzheimer’s
disease.50 Here, we modify memantine adding a thiol group
in order to provide an anchor to the electrode. In the
following we will use the notation ‘memS’ for denoting the
functionalizing molecule. Within the memS-functionalized
gap, we place a DNA nucleotide. The initial placement assures
that the amine group of the memantine forms hydrogen
bonds to the nucleotide. As a representative nucleotide, we
consider cytosine (abbreviated in the following as ‘C’). The size
of the supercell is set to 14.806 × 14.806 × 39.963 Å with the
number of atoms for the Au electrode, memS, and C being
250, 34, and 34, respectively. Water molecules are then added
to the empty space of the nanogap. We investigate three water
contents involving 30, 58 and 83 H2O molecules, corresponding to a water number density of 0.01, 0.02, and 0.03 Å−3,
respectively. These water densities are lower than the number
density of liquid bulk water (0.033 Å−3) at room temperature.
However, further increasing the water density in our setup
would lead to over-structuring of the water molecules, which
in addition to the hydrophobicity of the diamondoid molecule
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would lead to computational instabilities. In any case, as our
work provides a proof of principles, it attempts to unravel
trends. These are well captured here. It should be noted that
the water number density in the nanopore is estimated
through n = N/(VP − VC), where VP and VC are the volume of the
nanopore and a hydrogen bonded complex made of memS
and cytosine, respectively. We refer to this complex as memS–
C in the following.
A typical setup of the memS functionalized electrodes with
a C placed in between and a water number density of 0.03 Å−3
is depicted in Fig. 1. From this part, we extract the diﬀerence
in the water structuring within the nanogap with respect to the
water density. We also monitor the dynamics in the hydrogen
bond and the electronic features of the device. At a further
step, we take the highest water content and analyze the electronic conductance for diﬀerent DNA nucleotides. In addition
to C, we also consider adenine, guanine, and thymine, abbreviated as ‘A’, ‘G’, and ‘T’, respectively. In order to evaluate the
eﬃciency at distinguishing a modified nucleotide from its
canonical form, we consider the methylated form of C known
as 5-methyl deoxycytidine monophosphate (abbreviated as
‘d5mC’). It should be noted that unless otherwise stated, the
hydrogen bond between the diamondoid and the nucleotide is
defined as the distance between the N atom of the diamondoid
and the closest H atom of the nucleotide. These correspond to
the acceptor and donor sites to the hydrogen bond, respectively.
An exception was found only for the case of adenine, for which
the shortest hydrogen bond length was found between the H
atom of the diamondoid and the closest N atom of the nucleotide throughout. Although more hydrogen bonds may occur for
certain configurations, we have monitored the dynamics of the
shortest bond length as this approach would lead to the largest
conductance (see eqn (1)), thus to possible measurable values.
All calculations are based on quantum-mechanical
approaches. We use diﬀerent schemes here for evaluating the
solvent eﬀect on the nanogap conductance properties. We

Fig. 1 A schematic illustration of the memS-functionalized electrode
setup used in the QM/MM simulations. The legends ‘MM’ and ‘QM’
denote the parts calculated with the classical and the quantum mechanical description, respectively. The electrodes are shown on the left and
right. The left electrode is functionalized with memS. A nucleotide C is
also shown to interact with the memS in the presence of the water solution. In the QM/MM simulations, a vacuum layer 15 Å wide is added in
order to cancel the electrostatic interactions between cell images. This
vacuum space is not present in the DFT calculations. The atoms are
colored as denoted by the legend. This color coding will be used
throughout.
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begin with including explicitly the aqueous solvent using
the multiscale Quantum Mechanics/Molecular Mechanics
(QM/MM) method as implemented in CP2K.51–53 Within this
scheme, the Au electrodes are calculated at the MM level. The
respective interactions are modelled using the embedded atom
model (EAM) potential54 obtained from the LAMMPS database.55 The rest, DNA nucleotides, water, and memS, are calculated at the QM level, using density functional theory (DFT).
The core electrons are described by norm-conserving
Goedeker–Teter–Hutter (GTH) pseudopotentials.56,57 The
valence electrons are represented using double-ζ valence plus
polarization (DZVP) basis sets of a Molopt-type.58 The
exchange–correlation interactions are described using the
Perdew–Burke–Ernzerhof (PBE) functional,59 while van der
Waals interactions are accounted for through the Grimme D3
dispersion correlation.60 The energy cut oﬀ for the auxiliary
plane waves is set to 300 Ry. The calculations are performed at
the Γ-point. The interactions between the Au electrodes and
water, DNA nucleotides, and memS are modelled using
Lennard-Jones potentials with parameters from the
literature.61
For the QM/MM boundary across the Au–S covalent bond,
we tested integrated molecular orbitals/molecular mechanics
(IMOMM)62 and monovalent pseudo-potential63 schemes for
the description of the frontier orbitals and the compensation
of the valence electrons of the QM region. These methods lead
to diﬀerences in the interaction energies and charges as summarized in Table 1. A comparison of the data in this table
(mainly interaction energies and Mulliken charges) led to the
further use of the IMOMM scheme. This describes the frontier
orbitals, while a F linked atom is applied to compensate for
the valence electrons of the QM region. The electrostatic
screening eﬀect of the Au electrodes is described using the
image charge approach,64 where the charge distributions
induced in the Au electrodes are modeled by a linear expansion of Gaussian functions centered at the gold atoms. This
approach has been proven eﬃcient describing the complex
interactions between liquid water and transition metals such
as gold and platinum.64 The image charges and corresponding
electrostatic interactions are determined self-consistently by
imposing a constant-potential condition on the Au electrodes.
In order to prevent the spurious interactions of the image
charges, a vacuum layer with a length of 15 Å along the direc-

Table 1 Interaction energies (Eint in eV) and Mulliken charges on the S
atom (QS in |e|) of the functionalized electrodes (Au–memS–Au) in
vacuum calculated through the QM/MM approach for diﬀerent boundary conditions. These results are compared with the reference DFT (QM)
approach

Calculation

Link type

Link atom

Eint (eV)

QS |e|

QM
QM/MM
QM/MM
QM/MM
QM/MM

—
IMOMM
IMOMM
Pseudo orbital
Pseudo orbital

—
F
Cl
F
Cl

−2.45
−1.01
−0.30
−0.63
−0.27

0.28
0.29
0.09
0.23
0.15
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tion normal to the electrode surfaces is added during the QM/
MM simulations (Fig. 1).
The simulation is first performed in the canonical (NVT)
ensemble with a velocity-rescaling thermostat with a time constant of 10 fs at 300 K. A time step of 0.5 fs was used and the
simulation time was 30 ps. This equilibration step is followed
by a simulation in the same ensemble and thermostat with a
time constant of 100 fs for an additional 10 ps. The trajectories
of the last 10 ps are used for the analysis. During the simulation, the S atom, one carbon atom in the memS, and one
carbon atom on the backbone of the DNA nucleotide are kept
fixed in order to constrain the memS and DNA nucleotide
close to the Au electrodes.
The configurations from the QM/MM simulations are
further used for the evaluation of the transport properties
across the functionalized device. For this, we further optimize
our structures with DFT as implemented in SIESTA65 until the
maximum atomic forces are 0.01 eV Å−1. In principle, an
additional relaxation with DFT is not necessary, as the prior
dynamic simulations yield structures in the phase space of
configurations of the NVT ensemble. For a system with a large
number of disordered molecules, as the water molecules here,
performing a relaxation is not of high significance. Although
the qualitative trends observed here are not aﬀected, we have
chosen the additional DFT optimization in order to obtain a
converged density matrix for the NEGF calculations. In these,
the gold electrodes are represented by a single-zeta plus polarization basis set and the other atoms by the DZVP basis set.
The exchange–correlation is approximated by PBE.59 The
mesh-cutoﬀ was set to 200 Ry and the integration over k-space
was done with a Monkhorst–Pack grid of 4 × 4 × 1 k-points.
The final electron transport properties are calculated with
TRANSIESTA,66 using the non-equilibrium Green’s function
method (NEGF). For these calculations a k-space of 5 × 5 × 1
k-points was used. The tight-binding transport calculations
were done with TBTrans and a finer k-point sampling of
10 × 10 × 1. For additional details on this type of calculation,
refer to the literature.32

3. Results and discussion
3.1.

Water structuring

The process of DNA translocation through a nanopore is dynamically very rich. The biomolecule can assume a vast number
of diﬀerent conformations interacting with the solution in the
pore. In this way, the density of the solvent in the nanopore is
not expected to be constant. In order to mimic the influence of
diﬀerent water densities in the nanopore, we have considered
three diﬀerent solvent number densities, as mentioned in the
Introduction. Typical snapshots of water in the memSnanogap for the three diﬀerent densities are depicted in Fig. 2.
From this, it is visually clear that hydration layers are formed
close to the electrodes. This is further verified by the sharp
peaks of the plane-average number density of the oxygen/
hydrogen atom with the distance from the Au surface. The
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Fig. 2 Top panels: snapshots of the water conﬁgurations in the
nanogap including a cytosine for the three water densities as denoted
by the legends on the top. Bottom panels: the corresponding planeaveraged number densities for the oxygen and hydrogen atoms of the
water between the electrodes. The position of the Au surfaces is also
denoted. The color coding follows that of Fig. 1.

exact features of these layers depend on the water content
within the nanogap. For a water number density of 0.01 Å−3,
the single sharp peak at about 2.35 Å indicates the formation
of a single water layer on the memS functionalized Au surface
(on the left). On the right Au surface, a first adsorption water
layer at a distance 2.42 Å is formed as indicated by the respective peak in the number density. This sharp peak followed by a
region of density depletion and a small peak at about 5.01 Å
from the right Au surface denotes the formation of a second
hydration layer. A small increase of the water number density
to 0.02 Å−3 reveals that the water molecules form a single
adsorption layer close to 2.22 Å on the left Au surface. On the
right Au surface, the first hydration layer forms at 2.42 Å. The
second hydration layer is found at 5.08 Å followed by two small
peaks midway within the nanogap. A further increase of the
water number density to 0.03 Å−3 shows that the first and
second hydration layers form on both Au surfaces. These are
indicated by the sharp peaks for the first layers at 2.15 and
2.40 Å and the second layers at 4.85 and 5.22 Å from the left
and right electrode, respectively.
Overall, pronounced peaks in the water number density are
found close to the electrodes decreasing towards the mid-point
in the nanogap. The water molecules near both surfaces of the
nanopore are over-structured. Further away from these regions,
the density decays rapidly and small fluctuations are observed
within the gap. No complete density depletion is found for the
higher water contents. We can also observe that as the water
number density increases (moving from the left to the right of
Fig. 2), peaks close to both the diamondoid and the nucleotide
are observed. For all water densities taken here, the nucleotide
cytosine binds to water through hydrogen bonds. In this way, a
hydration shell is formed around the nucleotide. The memS
molecule shows a more hydrophobic behavior as the average distances between its terminating hydrogen atoms and water
oxygen in the first hydration shell are around 3.0 Å. Accordingly,
the functionalizing molecule tends to repel water from its
surface. In this way, the diamondoid implicitly reduces the noise
arising from the thermal fluctuations of the water molecules.

This journal is © The Royal Society of Chemistry 2019

Paper

It is known from the literature that single water molecules
typically bind through the water oxygen atom on the top side
of gold surfaces.67,68 An almost flat configuration has been
observed with the distance between O and Au close to 3.02 Å.69
This relatively large distance is a consequence of the weak
binding of water monomers to the metal surface. Concerning
the adsorption of liquid water adsorbed on a Au(111) surface,
the energetically favorable structure of the first-adsorption layer
is the hexagonal hydrogen-bonded network, in which each
water molecule forms a hexagonal hydrogen bond network
with its nearest-neighbor water molecules.69,70 In order to
further elucidate whether these observations hold in a
nanogap, relevant snapshots are depicted in Fig. 3. For the
lower water content of 0.01 Å−3, the first-adsorption layer on
the left Au surface ( panel (a)) forms a chain-like hydrogenbonded network. Each water molecule is adsorbed on the Au
surface through oxygen (Au–O) or a OH group (Au–OH). One
hydrogen of a water molecule forms additional hydrogen
bonds to the oxygen of its nearest neighbor water molecule.
We can observe that the water molecules can assume three
diﬀerent types of orientations on the electrodes, flat, H-up,
and H-down. These orientations are similar to those of a Au/
water interface in a bulk solution.70,71 These observations do
not exactly hold for the right Au electrode (Fig. 3(a)). There,
the water molecules lie either flat or H-up on the surface. In
this way, the OH groups point towards the oxygen of the water
molecules in the second hydration layer. Increasing the
density of water to 0.02 Å−3 leads to diﬀerent configurations as
observed in Fig. 3(c) and (d). The hydrogen-bonded water networks on both the left and right Au surfaces become more
ring-like. The orientations of the water molecules are similar
to those of the nanogap with a water number density of
0.01 Å3. Further increasing the water content does not change
the nature of the hydrogen bond network of the first hydration
layer significantly as can be seen in Fig. 3(e) and (f ).

Fig. 3 Top views of the snapshots of the ﬁrst hydration shells close to
the electrodes. The top panels show the left electrode functionalized
with the diamondoid. The bottom panels depict the right electrode
close to the nucleotide (C). These conﬁgurations are shown for all water
number densities of 0.01 Å−3 in (a) and (b), 0.02 Å−3 in (c) and (d), and
0.03 Å−3 in (e) and (f ).
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The water structuring around the molecules (memS and C)
strongly influences their hydrogen bonding. In order to
monitor this influence, we have followed the temporal evolution of the memS–C hydrogen bond during the initial equilibrium processes for all water contents. For the lowest water
number density of 0.01 Å−3, we have observed abrupt increases
of this hydrogen bond leading to its final breaking. The
nucleotide (C) rather binds to its neighboring water molecules
through hydrogen bonds. During simulation, these water
molecules move towards the Au surfaces leaving an empty
space at the mid-distance between the electrodes. As a result,
cytosine also bends towards the electrodes. At the two higher
water concentrations the hydrogen bonding between memS
and cytosine keeps fluctuating with time, but does not break.
As the diamondoid–nucleotide bond is essential for promoting
a nucleotide-specific tunneling current across the device,
breaking of this bond implies a low read-out eﬃciency. In this
respect, we will not consider this low water content in the following. From the other two water concentrations, we will
further focus on the highest water number density of 0.03 Å−3
as in this case we do not observe any larger voids within the
nanogap (see Fig. 2) and believe that this case is more
realistic.
3.2.

Electronic features

We move on with the investigation of the electronic features of
the memS functionalized nanogap. This part reveals time-independent characteristics for a randomly chosen QM/MM snapshot. The aim was to provide a detailed microscopic insight by
removing the dynamic aspect. The following trends are though
qualitatively transferable to other snapshots, as well. We begin
with the distribution of the electron charge density within the
nanogap. In Fig. 4, the electron charge density diﬀerence Δρ is
depicted for one snapshot. This is given through the formula
Δρ = ρAB − ρA − ρB, where ρAB is the electron density of the
Au–memS–C–Au with water, ρA is the electron density of
Au–memS–C–Au without water, and ρB is the electron density
of water. An accumulation and a depletion of the electron

Fig. 4 The electron charge density diﬀerence Δρ for a Au–memS–C–
Au device with a water number density of 0.03 Å−3. The green and
yellow isosurfaces represent an electron accumulation and depletion,
respectively.
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charge are observed below and above the first hydration layer,
respectively. Nevertheless, no significant electron density
accumulation or depletion in memS or cytosine after including
the water solvent is evident. We can observe a clear separation
of the Δρ between Au and water. This indicates that no electron transfer between Au and water is expected. Accordingly,
the electronic current across the nanogap should mainly flow
through the Au–S bond. The vertical rearrangement of the
electron density points to a polarization of water towards the
Au surfaces.
In order to unravel the contribution of each part in the
nanogap to its electronic features and eventually electronic
transmission, we turn to the electronic density of states
(eDOS). In Fig. 5, the diﬀerent contributions are depicted
through the projected density of states (PDOS) for a cytosine
placed in the nanogap with a water number density of
0.03 Å−3. Two diﬀerent views of this PDOS are shown. The contribution of all atomic species in our nanodevice is given for
the cases without ( panel (a)) and with the water solvent ( panel
(b)). In panel (c) only the contribution of the water molecules
is emphasized. As a first observation, the oxygen, nitrogen and
carbon atoms of the two molecules mostly provide the electronic states to the nanogap system in vacuo, with oxygen
leading to the highest peak compared to C and N. By adding
water, the respective peaks of these atoms shift to energies
about 0.35 eV lower and the order of the peaks is reversed as N
shows the highest contribution compared to C and then O.
Apparently, the contribution of the oxygen atoms is suppressed by the presence of water. In panel (b), the shift of the
H and O contributions to the electronic energy spectrum
towards much lower energies is evident in the solvated case.
The distinct peaks seen in vacuo move into the broad spectrum
of the respective contributions in the lower energy range.
The influence of water in the DNA sensing device was evaluated through the eDOS and is now further analyzed using the
electronic transport properties across the nanogap. The
respective electronic transmission at zero applied voltage bias
is shown in Fig. 6 for the solvated and in vacuo cases. The
latter involves the initial relaxed nanogap setup with a cytosine
placed between the electrodes. Water was then added to this
setup in the QM/MM simulations. A typical snapshot after the
initial equilibration was then taken and relaxed further to calculate through the NEGF approach the electronic transmission. The same NEGF calculation was performed for the
same snapshot removing its water component. This we name
as the in vacuo case in the following discussion. It should be
noted that in order to qualitatively assess the influence of
water and show that this could still preserve some of the distinct transmission curves for the nucleotides, we have only
taken one of the equilibrated snapshots from the QM/MM
simulations to perform the transport calculations. The aim
here was only to provide a proof of concept that for a randomly
chosen representative snapshot, even with the addition of
water, nucleotide-specific features can be preserved.
The conductance across the nanogap can be extracted from
these curves as it is proportional to the electronic transmission
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Fig. 6 Electronic transmission across the memS-electrodes, including a
cytosine and water with a water number density of 0.03 Å−3. The results
for a certain QM/MM snapshot, with and without (in vacuo) water, are
shown as denoted by the legend. The energies are shifted so that the
Fermi level (EF) lies at 0 eV.

Fig. 5 The density of states (PDOS) projected on all atoms of given
species C, H, N, O, P and S, for both systems with water (number density
of 0.03 Å−3) and in vacuo as denoted by the legends. Panel (a) and (b)
show a close view in the energy regime used to identify the nucleotide.
Panel (c) highlights the contribution of the water molecules to the
PDOS.

coeﬃcient at the Fermi level. We can first observe that the
dimensionless conductance with water (0.11 × 10−4) is very
close to that in vacuo (0.12 × 10−4). Accordingly, at the Fermi
level, at zero applied bias, no significant influence of the water
solution is observed. This suggests the use of a gating voltage

This journal is © The Royal Society of Chemistry 2019

in order to tune a real device for sensing. However, the energy
range away from the Fermi level can be accessed through
sweeping a gating voltage in the experimental setups.
Accordingly, we need to consider most of the energy range
shown in this figure. As a first comment, the highly pronounced nucleotide specific peaks of the in vacuo case can
also be observed in the solvated nanogap. It should be noted,
though, that these peaks are shifted to lower energies.
Evidently, the presence of water requires sweeping the gate
voltage at slightly lower values. The electronic density of states
suggests that mainly the carbon and nitrogen atoms contribute
to these peaks in the transmission coeﬃcient. The inclusion
of water also seems to lead to sharper and more well-defined
peaks. This suggests an even better resolution in identifying
the nucleotide with a tuned gating voltage.
A significant diﬀerence can be found in the energy range
from about −2.5 to −3.5 eV in which, without the solvent, no
high transmission peaks are found. Including the water
solvent adds transmission peaks in this exact range, underlying the influence of water. Specifically, the broad transmission peak below −2.7 eV originates from the water molecules. It should be noted, though, that care should be taken
when considering too high voltages, as these could lead to dissociation of water. The electronic current across the device is
roughly the integrated transmission curves. It can thus be
understood that in the negative energy range mentioned
above, the presence of water will be mapped through diﬀerences in the current signals compared to the in vacuo case.
This is also expected to be the case in the positive energy
regime, where the water molecules impose additional electronic states into the system and, on average, a higher transmission coeﬃcient. This will also result in a higher current
initiated by an applied voltage bias.
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Nanogap conductance

As a final step towards unraveling the influence of water on the
conductance of the diamondoid-functionalized electrodes, we
focus on the temporal evolution of the memS–nucleotide
hydrogen bonding. It is physically intuitive that the tunneling
is strongly aﬀected by the relative orientation of the diamondoid, the nucleotide, and the water. Hence, the rich dynamics
of the configurations should be mapped on the hydrogen
bonding and tunneling characteristics. Indeed, the respective
hydrogen bond distance dhb keeps strongly fluctuating with
time, as indicated in Fig. 7. The results for all three water concentrations are shown for the case of a cytosine placed within
the nanogap. It should be noted that as mentioned above, for
the lowest water concentration, water interferes between C and
memS and their direct hydrogen bond is broken. We show this
case here only as a comparison. In general, though, the
memS–nucleotide bond distance dhb can be directly correlated
to the conductance across the nanogap72,73 according to the
following equation. It should be noted that as we use only one
recognition molecule on the left electrode, but refer to the conductance across two electrodes, we need to add to the diamondoid–nucleotide hydrogen bond distance the distance
from the nucleotide to the right electrode. The value of the
resulting distance enters the equation through the dhb.
G ¼ G0 expðβdhb Þ;

ð1Þ

where G is the electron conductance, G0 is a reference conductance, and β is the electronic decay constant. The reference

Fig. 7 The temporal evolution of the hydrogen bond distance (dhb)
between memS and cytosine (top panel) and the conductance ḠHB
(bottom panel), as calculated from eqn (1), for the three water concentrations, as denoted by the legends. It should be noted that ḠHB is the
conductance based only on the hydrogen bond length and not on the
total distance to the right electrode.
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conductance is given through G0 = g0T (EF), where g0 = 2e2/h is
the conductance quantum and T (EF) is the transmission at the
Fermi level, as obtained from Fig. 6 for C. For the other
nucleotides, the respective transmission curves were used for
these calculations. Based on the equations above, the values of
G0 are 61.51, 169.3, 174.0, 544.4, and 694.2 pS for adenine,
thymine, cytosine, guanine, and d5mC, respectively. The decay
constant β is extracted from hydrogen bond characteristics of
the memS–nucleotide complexes,74 leading to a value of 0.51,
0.56, 0.51, 0.41, and 0.56 Å−1 for adenine, thymine, cytosine,
guanine, and d5mC, respectively. Specifically, we have optimized the hydrogen bond distance between memS and the
DNA nucleotide using DFT. Based on this optimized hydrogen
bond distance, the electron decay constant was fitted using
distance dependent conductance data from the experimental
measurements.75 From this analysis on the hydrogen bonding
within the complex, this parameter was the optimal one
mapping the inverse distance at which the hydrogen bonding,
i.e. the interaction energy of the memS and the nucleotide,
becomes very weak. Using the dynamics of the memS–C hydrogen bonding shown in Fig. 7 and eqn (1), the conductance
across the nanogap is evaluated and sketched in the same
figure. As we only want to reveal the importance of a solvent
here, we use with eqn (1) only the hydrogen bond length and
not the total distance to the electrode. For this, we used here
ˉ HB’ for the conductance. The results indicate that
the label ‘G
the variations in the hydrogen bond length result in larger
variations in the conductance, due to the exponential relation
in eqn (1). Evidently, larger peaks in the conductance arise
from stretching of the memS–C hydrogen bonds. As expected,
the too large distance between memS and C leads to no conduction. In this case, the hydrogen bond network of water
around C is not suﬃcient to promote any tunneling current.
This clearly indicates that eqn (1) does not well represent cases
with a very dilute solvent.
For the higher water content (number density of 0.03 Å−3),
the time-averaged values of the memS–C hydrogen bond
length and the respective conductance were calculated to be
13.05 Å and 0.23 pS, respectively. The fact that the conductance does not deviate strongly from this average value indicates that nucleotide-specific signatures could be mapped on
the average conductance values. This would point to the
strong sequencing potential of the memS-functionalized electrodes. In order to investigate this further, we repeated the calculations for a memS-nanogap with a water number density of
0.03 Å−3, by placing separately the other canonical nucleotides,
A, G, and T, as well as the d5mC between the electrodes. From
all these additional calculations, we could extract the temporal
evolution of the hydrogen bond distance of memS to all these
DNA units. As in the case of cytosine in Fig. 7, we then follow
the behavior of the conductance with time related to all these
nucleotides. The respective electron conductance time distributions of cytosine (C), guanine (G), adenine (A), thymine (T),
and d5mC are summarized in Fig. 8. It should be noted that
for obtaining the conductance distributions in this figure, we
have added to the memS–nucleotide hydrogen bond the dis-
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Fig. 8 The probability distributions of the electron conductance G for
the diﬀerent nucleotides as denoted in the legend. These are separately
placed into the memS-nanogap, with a water number density of
0.03 Å−3. The data represent the dispersion of the single-molecule conductivity over time, which are based on diﬀerent inter-electrode distances for each nucleotide.

tance of the nucleotide to the right electrode for defining dHB,
as mentioned above. This is 14.22 Å, 13.14 Å, 13.05 Å, 17.39 Å,
and 19.59 Å, for A, T, C, G and d5mC, respectively. Inspection
of this figure directly reveals well-defined peaks with some
overlaps for all nucleotides. An exception is found in the case
of G and C pointing to a further tuning of the device. Overall,
the presence of a water solvent does not electronically interfere
very strongly with the nanogap in order to destroy the device
sensitivity in distinguishing among nucleotides.76 This is consistent with the electronic transmission calculations discussed
in Fig. 6. The most important aspect that should be underlined here is that the memS-nanogap leads to highly separated
peaks for almost all nucleotides, allowing for a potential clear
identification. We could not see any trend with the size of the
nucleotide, as might be expected. This could indicate a
diﬀerent hydrogen bond network environment (also for the
surrounding water) that accommodates more electrons (thus
enhances the current) for some nucleotides. Overall, though,
most diﬀerences are based on the variations in the hydrogen
bonding characteristics (length, angle, energy, number of
bonds) of each of these two molecules with the
diamondoid.77,78 These diﬀerences are enhanced in the
dynamic simulations we perform here and significantly aﬀect
the conductance through eqn (1). The largest, though, conductance was found for the largest nucleotide G. Guanine can fill
up a larger part of the nanogap increasing in this way the conductance. This is not followed by the next in size adenine. The
lowest conductance found for A seems to be based on the fact
that when binding to the diamondoid it shows an overall lower
strength of the hydrogen bond and an incomplete charge
transfer dynamics compared to the other diamondoid–nucleotide complexes.78 Thymine is also the only nucleotide that has
the same hydrogen bond strength to the diamondoid for two
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extreme configurations.78 This can justify its higher conductance compared to most nucleotides. For the others the much
diﬀerent hydrogen bond strengths and bond lengths/numbers
vary more and are averaged out leading to a lower conductance. Finally, the two cytosine versions show similar conductance distributions, but diﬀer in height and spread. The
longer tail for d5mC can be assigned to its additional methyl
group. This tail does not overlap with other distributions and
could be used for sensing purposes. The very pronounced
peak for C can be assigned to a more clear charge transfer behavior than in the case of d5mc.77 It should be noted, though,
that the conductance values we report here are very small and
this is related at first to the low water content and most importantly the absence of the ions in the solutions. We expect that
tuning these and other factors that are omitted will increase
the conducting properties of the nanogap and move the
respective values closer to the experimentally accessible range.

4.

Conclusions

In this work, we have focused on the influence of water on the
electron tunneling across functionalized gold (111) electrodes.
The electrodes are functionalized on one side with a small diamondoid particle and can potentially be embedded in a nanopore for detecting and reading-out DNA. A nucleotide is placed
within the electrode nanogap in the presence of a water
solvent. Based on quantum-mechanical calculations, both
dynamical and ground-state ones, we could reveal the water
structuring in the nanogap. We have found that the water
molecules form layer-like structures with hydrogen bond networks. Although water forms a hydration shell around the
nucleotide, the diamondoid molecule shows a more hydrophobic behavior. The fact that memS repels the water molecules
from its closest vicinity points to a reduction in the noise arising
from the water molecules around the memS. It is noteworthy
that memS plays a significant role in enhancing the conductance
peaks through its very specific interactions with each nucleotide.
We have further followed the temporal evolution of the memS–
nucleotide bonding, being able to extract the nanogap conductance. This shows well separated nucleotide-specific features,
reflecting the information we obtained from the electronic transmission calculations. These revealed that the nucleotide-specific
transmission peaks can still be observed also in the presence of
water, but are shifted towards lower energies. Accordingly, a gate
voltage in a real device needs to be adjusted to higher values.
Care though should be taken to not reach a voltage range at
which all the water in the nanogap will be dissociated.
In view of sequencing DNA with a nanopore, we could
reveal here that a functionalization of the pore edges (electrodes) with a small diamondoid molecule could still lead to the
read-out of the identity of a nucleotide, even in the presence of
water. Of course, many more issues need to be investigated, as
some of the read-out signals (or their tails) are overlapping
(e.g. for guanine and cytosine). In order to obtain better
resolved peaks, diﬀerent approaches can be employed:
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decrease the gap size, use another functionalization, add ions,
tune the salt solution characteristics, etc. Note, that since the
hydrogen bond distance was calculated from the QM/MM
simulations, it dynamically changes over time and diﬀers
among the nucleotides. For DNA sequencing applications,
though, the inter-electrode distances must be the same, in
order to more reliably measure the diﬀerences among the
single-molecule conductance. In addition, the conductance
given through eqn (1) provides a simple order of magnitude
estimate on the conductance and not exact measurable values.
However, our work showed that a careful tuning of the relevant
parameters can enhance the nucleotide-specificity in the readout device. These parameters include the water concentration
and the distance between the nucleotide and the functionalizing molecule. Based on these, a next step should include the
influence of a salt solution and the role of the ions in the
memS–nucleotide binding and thereby in defining the
nanogap conductance. Additionally, the rich dynamics of the
DNA, through the inclusion of a longer DNA molecule, need to
be taken care of. Further enhancement of the conductance
peaks for each nucleotide could potentially be achieved
through tuning the gate voltage and/or an additional
functionalization of the second electrode as well. This could
be done with the same molecule or a another one with a
similar size and other functional sites for binding to the DNA.
It still remains to be shown which of the above parameters
would lead to more pronounced read-out potential of functionalized electrodes embedded in nanopores.
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