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Electrostatic and dynamical effects of an aqueous solution on the zero-bias conductance
of a single molecule: A first-principles study
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The electrostatic and dynamical effects of an aqueous solution on the conductance of benzene-1,4-dithiolate
are examined using the ab initio nonequilibrium Green’s function method and Car-Parrinello molecular dy-
namics. The peak of the conductance histogram shifts downward by 0.01-0.02 G, which is attributed to the
electrostatic effects of the aqueous solution. Dynamical changes in molecular motion induced by the aqueous
solution are observed in the molecular dynamics, resulting in emergence/disappearance of new peaks in the

conductance histograms.
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In recent years, electronic-transport properties of single
molecular junctions have been investigated in experimental
and theoretical studies to explore possible applications such
as nanostructured devices. Benzene-1,4-dithiolate (BDT) be-
tween gold electrodes has been used as a benchmark mol-
ecule in such experimental'™ and ab initio theoretical
studies.>™8 In experimental studies, the observed values of
conductance of the BDT molecule ranges from 107* to
1072 Gy(=2¢%/h)."~* On the other hand, the BDT conduc-
tance calculated using the density-functional theory (DFT)
(Ref. 9) and nonequilibrium Green’s function (NEGF)
method'? are about 0.4 G,.”® The difference in conductance
between experimental and theoretical studies is a well-
known problem of single molecular conductance. In a quan-
titative comparison, however, we must take into account the
experimental/theoretical conditions used in these studies:
most of the observed conductances were obtained at room
temperature and in solution,' whereas the calculated con-
ductances were obtained assuming 0 K and a vacuum
environment.>® Several experimental works were devoted to
addressing the temperature and solution effects on the elec-
tronic conductance of a single molecule. Li and co-workers
observed no solution or temperature effects on conductance'!
while Griiter et al. observed solution effects especially in the
low-conductance (<G,) regime.!> In theoretical studies,
various effects such as adsorption configuration,'*-!7 inelas-
tic current,'®22 and limitation of DFT (Refs. 23—26) have
been studied extensively, which contributed to our under-
standing of the transport properties of molecular junctions.
However, solution effects on conductance of single mol-
ecules have not been explored in theoretical fashion so far.

Since the observed conductance fluctuates considerably
and is usually analyzed through histograms, theoretical
analyses based on conductance histograms are expected to
provide a better understanding of the electronic transport
through a single molecule. Andrews et al. calculated BDT
conductances in a vacuum for a large number of BDT con-
figurations by the NEGF method and obtained conductance
histograms.27 However, their method based on the extended
Hiickel method is not reliable enough. This approach has not
yet been reported on the DFT level, except for a DFT study
assuming random fluctuations of configurations.?
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PACS number(s): 31.15.A—, 85.65.+h, 73.63.—b

In this Brief Report, we report our calculation of a large
number of conductances of a BDT molecule sandwiched be-
tween Au(100) surfaces, in which BDT is surrounded by an
aqueous solution of 1.0 g/cm?, using the ab initio NEGF-
DFT method and Car-Parrinello molecular dynamics
(CPMD). We used the Au(100) contact as electrodes in stead
of more realistic Au(111) one intentionally because our ob-
jective is to extract bare effects of aqueous solution on con-
ductance and adsorption structures of thiolate molecules on
Au(111) are complex.?

Analysis of the results including conductance histograms
clearly reveals the effects of the aqueous solution surround-
ing the BDT. For comparison, we also investigate the mo-
lecular junction without the aqueous solution. We abbreviate
the systems with and without the aqueous solution as
Au(100)/BDT+water/ Au(100) and Au(100)/BDT/Au(100),
respectively.

We adopted the following computational procedures: we
first perform CPMD calculations using the code3*3! (Step I)
and then NEGF-DFT calculations using the code ATOMISTIX
TOOLKIT (ATK) (Refs. 32-35) (Step II) to obtain zero-bias
conductances for configurations selected from the results of
Step 1. Finally, we make histograms of the calculated con-
ductances (STEP III).

To begin with, we obtain the initial structure of Au(100)/
BDT/Au(100) using ATK calculation with Perdew, Burke,
and Ernzerhof (PBE) functional®® of the generalized gradient
approximation (GGA) and single zeta polarization numerical
atomic orbitals. Number of k points is 4 X 4, which is con-
firmed to be enough in this system. Electron temperature is
set to 300 K. The hollow-site adsorption with an interelec-
trode distance of 9.8 A is assumed which was found to be
the most stable among adsorption sites on the Au(100) sur-
face.

The initial configuration of water molecules in
Au(100)/BDT+water/ Au(100) was determined using the
MM2 force-field calculation’’ and subsequent annealing in
CPMD. In the annealing processes, the BDT molecule ad-
sorbed at the hollow site is fixed to the structure optimized
by the ATK calculation.

In the CPMD calculations (Step I), we performed three
types of molecular dynamics: in MD1, the BDT molecule is
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FIG. 1. (a) Calculated time evolution of oxygen positions (thin
lines) and conductance (points) of BDT in the aqueous solution.
Here, the z axis is perpendicular to the Au(100) surface and z=0
and 9.8 A correspond to the topmost layers of the Au(100) sur-
faces. The thick line shows the conductance value of BDT without
water. (b) Calculated conductance histogram using CONFI of
Au(100)/BDT+water/ Au(100).

fixed to the above optimized position (i.e., only water mol-
ecules are relaxed). Water and BDT molecules are relaxed in
MD2, and the BDT molecule without water is relaxed in
MD3. We abbreviate the configurations obtained in MDI,
MD2, and MD3 as CONF1, CONF2, and CONF3, respec-
tively. Note that Au atoms are fixed during the dynamics in
all simulations. The unit cell in the CPMD calculations in-
cludes 22 H,0 (1.0 g/cm®), BDT attached to the Au(100)
surfaces, and seven gold layers composed of nine (3 X 3)
gold atoms per layer. The CPMD calculations were per-
formed using the PBE functional®® of GGA and Vanderbilt
ultrasoft pseudopotentials®® with a cut-off energy of 35 Ry.
We adopted a fictitious electron mass of 1100 a.u. and a time
step of 4 a.u. (0.097 fs) at 300 K. The temperature is con-
trolled with the Nose-Hoover thermostat.>*? In the conduc-
tance calculations (Step II), the scattering region is com-
posed of a BDT, 22 H,O, and three gold layers constituted
by nine gold atoms per layer for each electrode.

Figure 1(a) shows the time evolution for 2.5 ps of the z
positions of oxygen atoms in MD1 and the zero-bias conduc-
tances of Au(100)/BDT+water/ Au(100) using CONF1. We
found that water molecules trapped between the electrodes
form a layer structure with an interlayer distance of about
2.5 A. Three layers of water are clearly visible after 0.5 ps
(equilibration) of the CPMD simulation and the numbers of
water molecules in each layer is 7, 7, and 8 (abbreviated as
Water778 hereafter) from the upper to lower layers in Fig.
1(a). The uppermost and lowermost layers of water appear at
about 2.5 A apart from the gold surface showing good
agreement with other simulations of water/metal interfaces.*!

We picked up a single configuration per 20 steps (1.94 f5s)
in the CPMD simulation in the shaded regions in Fig. 1(a)
and calculated the zero-bias conductances for the selected
configurations using ATK. We note that the physical meaning
of the time evolution of the calculated conductance is unclear
because the configurations used in the conductance calcula-
tions are not obtained by ATK but CPMD. However, the con-
figurations obtained in CPMD are expected to form a good
set for statistical evaluations of conductances using ATK.
Thus, we focused on using the conductance histogram.

Figure 1(b) shows the conductance histogram using a bin
size of 0.006 G constructed from ~500 selected configura-
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FIG. 2. (Color online) The differences in (a) effective potential
and (b) electron density between the configuration with water hav-
ing a conductance of 0.175 G and the configuration without water.

Effective potential and electron-density differences are depicted on
the benzene plane.

tions. Fitting the histogram with a Gaussian, we estimated
the peak position to be 0.188 G, and the standard deviation
to be =0.013 Gy. The peak position is 6.5% smaller than the
conductance value for Au(100)/BDT/Au(100), 0.201 G,,.
Here, the number of samples and bin size in the histogram
are checked carefully to fit it reasonably with the Gaussian.
Since the BDT molecule is fixed in MD1, the peak shift and
standard deviation clearly result from the interactions be-
tween the water molecules and BDT. To elucidate the effect
of water molecules on conductance, we analyzed the effec-
tive potentials and electron densities for several configura-
tions corresponding to the conductance values of 0.175 G,
0.185 Gy, and 0.200 G,. Figures 2(a) and 2(b) show, respec-
tively, the difference in effective potential and electron den-
sities between the configuration with water having 0.175 G,
and the configuration without water. The effective potential
around the benzene ring is higher in the configuration with
water than in that without water, which corresponds to the
decrease in conductance in the presence of water molecules.
The rise of effective potential around BDT is also confirmed
in other configurations (0.175 G, and 0.185 G,) but no such
change in effective potential is seen in configurations of
0.200 G,. Figure 2(b) shows the charge transfer from water
molecules to BDT. In contrast to the effective potential, the
charge transfer from water molecules to BDT of about 0.1e~
in Mulliken charge is seen in all configurations. Thus, we
conclude that the conductance decrease induced by water
molecules is not due to the charge transfer between the water
and BDT but to the electrostatic effect from the dipole mo-
ments of water molecules.

We also considered other water structures having 8, 6, and
8 (Water868) and 7, 6, and 9 (Water769) molecules in re-
spective layers. Note that the two- and four-layer structures
are energetically unstable for water molecules of 1.0 g/cm?
in a nanogap of 9.8 A. The peak positions and standard de-
viations, which are evaluated by fitting the histograms with a
Gaussian, are almost the same for Water868 and Water778,
while the peak position in the Water769 case, 0.178 G, is
clearly different from the others and 11.4% smaller than the
conductance of the configuration without water. Thus, we
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FIG. 3. (Color online) Calculated conductance histograms using
(a) CONF2 (Water769) of Au(100)/BDT+water/ Au(100) and (b)
CONF3 of Au(100)/BDT/Au(100). The curves denote the respec-
tive Gaussian functions obtained by the fitting and the sum of the
Gaussians.

can say that the difference in the local concentration of water
affects the transport properties of the single BDT. It is worth
mentioning that the average total energy in the Water769
configuration is higher than that in Water778 and Water868
by 2.16 and 1.49 eV per unit cell, respectively. However,
such unstable configurations easily appear in BDT-relaxed
simulations (MD2), as described later.

To obtain further insight into the dynamical effects of
water molecules on BDT conductance, we performed MD2/
MD3-type simulations, in which BDT and water molecules
are relaxed. The same initial configuration as in MD1 was
used. The CPMD simulation at 300 K was performed for 1.6
ps including equilibration. The Water769 layer structure ap-
peared in MD?2 after 0.5 ps.

Figures 3(a) and 3(b) show the conductance histogram
obtained using CONF2 and CONFS3, respectively. The bin
size of both the histograms is 0.006 G,. By comparing Figs.
1(b) and 3, we can clearly see that the fluctuation in conduc-
tance is larger in the CONF2 and CONF3 histograms (Fig. 3)
than in the CONF1 histogram [Fig. 1(b)]. This difference can
be attributed to the structural fluctuations of the BDT mol-
ecule. In addition, the positions of the main peaks (0.125 G,
in the CONF?2 histogram and 0.159 G in the CONF3 histo-
gram) are significantly different from the peak in the CONF1
histogram and conductance value without water. These large
differences in the peak position are an artifact of our compu-
tational procedure: the structure of BDT optimized with the
ATK code was used in MD1, whereas the BDT structure fluc-
tuates around the stable position derived from the effective
potentials by CPMD calculations in MD2 and MD3. Since
the conductance value of BDT (without water) using the
structure optimized with CPMD (Ref. 42) is calculated to be
0.147 Gy, we can say that the electrostatic influence of the
aqueous solution shifts the peak from 0.147 G, (without wa-
ter) to 0.125 G, (Water769) in the CONF2 histogram. The
peak shift of —0.022 G, corresponds well to the electrostatic
effect due to the aqueous solution found in Water769 in
MDI.

Another important feature found in CONF2/3 histograms
is the emergence of several new peaks in the conductance
histograms. Fitting the histograms with several Gaussian
functions, we found two peaks in the CONF2 histogram
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FIG. 4. C-S bond-length histogram in MD3 (without water). The
total histogram is divided into four groups depending on the con-
ductance value G: (Group A) G<0.110 Gy, (Group B) 0.110 G,
=G<0.150 Gy, (Group C) 0.150 Gy=G<0.180 Gy, and (Group
D) 0.180 Gy<G.

(Water769) and three in the CONF3 histogram (without
water). The peak positions/standard deviations of the
respective  Gaussians are 0.127 Gy/ £0.020 G, and
0.168 Gy/ =0.004 G, in the CONF2 histogram, and
0.159 Gy/ £0.027 Gy, 0.142 Gy/ £0.005 Gy, and
0.102 Gy/ =0.008 G in the CONF3 histogram. The peak at
0.102 G, obtained in the CONF3 histogram disappears in
the CONF2 histogram while the peak at 0.168 G in the
CONEF2 histogram is not confirmed in the CONF3 histogram.
To wunderstand the cause of the peak emergence/
disappearance, we analyze the dynamics of BDT in MD2 and
MD3 by focusing on the peak at 0.102 G,. We found that
the dynamical fluctuations of the adsorption sites of BDT on
Au(100) are quite small in both MD2 and MD3 while those
of the C-S bond length differ between the two MD simula-
tions. To determine the correlation between the C-S bond
length and conductance, we divide the CONF3 histogram
into four groups in terms of the conductance G: (Group A)
G<0.110 Gy, (Group B) 0.110 Gy=G<0.150 Gy, (Group
C) 0.150 Gy=G<0.180 Gy, and (Group D) 0.180 G(<G.
Figure 4 shows the C-S bond-length histogram with showing
a breakdown by this grouping. Note that the BDT molecule
has two C-S bonds and their average was used in the bond-
length histogram. In the histogram, Ad corresponds to the
difference of the bond length from the optimized value
(dop=1.81 A). Group A is almost perfectly constituted of
the BDT configurations with a C-S bond length of 1.91
—1.85 A. Thus, the conductance peak at 0.102 G, can be
assigned to the BDT configurations with lengthened C-S
bonds. On the other hand, no such conductance peak is ob-
tained at 0.102 G, in the CONF2 histogram (Water769) and
the number of BDT configurations with lengthened C-S
bonds in MD2 (Water769) is less than that in MD3 (without
water), which indicates that the water molecules clearly af-
fect the dynamics, especially the C-S stretching mode of the
BDT molecular junction. We also analyzed the origin of the
peak at 0.168 G, in the CONF2 histogram and confirmed
that the large conductances (>0.168 G,) result from the
configurations with shortened C-S bond structures (not
shown). It is worth mentioning that the correlation between
the Au-S bond length and conductance is hardly seen in our
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system in contrast to Ref. 17. This discrepancy may be due
to the difference in computational condition: The BDT ge-
ometry is fixed while the Au electrode distance changes with
the Au-S bond length in Ref. 17. Thus, we can say that the
motion of the BDT junction is dynamically affected by the
surrounding water molecules, leading to the peak emergence/
disappearance in conductance histograms.

In summary, we have examined the effects of an aqueous
solution on the conductance of benzene-1,4-dithiolate at
room temperature using the ab initio nonequilibrium Green’s
function method and Car-Parrinello molecular dynamics. We
showed that the peak shifts in the conductance histogram of
0.01-0.02 G occurs by electrostatic effects of the aqueous
solution. We also found that the conductance peaks can be
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decomposed into a few peaks. Furthermore, subsidiary peaks
emerge or disappear due to dynamical effects of the aqueous
solution, which is correlated with the change in the C-S
stretching mode of the BDT molecular junction.
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