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The atomic structure and the electron transfer properties of hydrogen bonds formed between two
carboxylated alkanethiol molecules connected to gold electrodes are investigated by employing the
non-equilibrium Green’s function formalism combined with density functional theory. Three types
of molecular junctions are constructed, in which one carboxyl alkanethiol molecule contains two
methylene, –CH2 , groups and the other one is composed of one, two, or three –CH2 groups. Our
calculations show that, similarly to the cases of isolated carboxylic acid dimers, in these molecular
junctions the two carboxyl, –COOH, groups form two H-bonds resulting in a cyclic structure. When
self-interaction corrections are explicitly considered, the calculated transmission coefficients of these
three H-bonded molecular junctions at the Fermi level are in good agreement with the experimental values. The analysis of the projected density of states confirms that the covalent Au–S bonds
localized at the molecule-electrode interfaces and the electronic coupling between –COOH and S
dominate the low-bias junction conductance. Following the increase of the number of the –CH2
groups, the coupling between –COOH and S decreases deeply. As a result, the junction conductance
decays rapidly as the length of the H-bonded molecules increases. These findings not only provide
an explanation to the observed distance dependence of the electron transfer properties of H-bonds,
but also help the design of molecular devices constructed through H-bonds. © 2014 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4900511]
I. INTRODUCTION

Understanding electron transport at the single molecule
level is the first step to the design of molecular electronic devices in which individual molecules are used as functional
active component.1, 2 Organic molecules are always wired
to the metal electrodes through some appropriate linking
groups. For example, the thiol group is often used to connect
molecules to gold electrodes due to the formation of strong
Au–S polar covalent bonds.3, 4 Recent experiments reveal that
long-range non-covalent interactions such as the π -π interaction and the hydrogen bond also play an important role in the
formation and the electronic transport properties of molecular devices.5–7 Nishino et al. investigated experimentally electron transfer (ET) through the hydrogen bonds formed between two carboxylated alkanethiol molecules respectively
connected to one gold electrode,7 and found a pronounced
dependence of the ET on the molecule lengths. In detail, a Hbond conducts electrons better than a covalent σ bond at short
range; however, its conductance decays rapidly as the ET path
becomes longer. Since H-bonds are ubiquitous in both artificial and biological systems, many theoretical studies are devoted to understanding the nature of H-bonding.8–12 However,
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most previous studies focus on the atomic structures and the
interaction energies of H-bonding, and rather little is known
about their mechanism for ET.
In order to address this issue, here we investigate the
atomic structure and the electronic transport properties of Hbonds between two carboxylated alkanethiol molecules by
employing the non-equilibrium Green’s function (NEGF) formalism combined with density functional theory (DFT), i.e.,
the NEGF+DFT approach.13–22 Considering that in experiments ω-carboxyl alkanethiols (HS–(CH2 )n –COOH, which
we will denote by SCn COOH) with different molecular
lengths and gold are respectively employed as the central
molecules and the electrode material,7 we construct three
types of H-bonded molecular junctions. In these one carboxyl
alkanethiol molecule is chosen as the SC2 COOH incorporating two methylene (–CH2 ) groups and the other carboxyl
alkanethiol molecule is composed of one, two or three –CH2
groups. Our calculations show that, just as the cases of isolated carboxyl acid dimers, the two carboxyl groups in these
three molecular junctions also form two H-bonds leading to
a cyclic structure. When the self-interaction contained in approximate density functional is treated explicitly, the calculated values of the low-bias junction conductance agree well
with the experimentally measured values, illustrating the important effects of the length of the H-bonded molecules on the
ET properties of hydrogen bonds.
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II. CALCULATION METHOD

In this work we use the SIESTA code23 to compute the
atomic structure of molecular junctions formed by carboxylated alkanethiol molecules through H-bonding and the quantum transport code SMEAGOL20–22 to study their electronic
transport properties. SIESTA is an efficient DFT package,
which makes use of improved Troullier–Martins pseudopotentials for describing the atomic cores and adopts a finiterange numerical orbital basis set to expand the wave functions of the valence electrons.23, 24 While a double-zeta plus
polarization (DZP) basis set is used for H, C, O, and S, two
different types of basis functions are used for Au, respectively, in the bulk and at the surface. In more detail, a DZP
basis set is used for the surface Au atoms, while a singlezeta plus polarization (SZP) basis is used for the bulk. The
exchange-correlation functional is at the level of both the generalized gradient approximation (GGA) within the PerdewBurke-Ernzerhof (PBE) formulation and van der Waals density functional (vdW-DF).25–27 Geometry optimization is
performed by standard conjugate gradient relaxation until the
atomic forces are smaller than 0.03 eV Å−1 . For comparison,
all-electron calculations for isolated acetic acid molecules
and their dimers are also carried out using both the PBE
GGA functional and the MP2 method with the Gaussian 03
code.28, 29 Here, the 6-311++G(3df,3pd) basis sets are used
for hydrogen, carbon, and oxygen atoms.30
SMEAGOL is a practical implementation of the
NEGF+DFT approach, which employs SIESTA as the DFT
platform.20–22 We use an equivalent cutoff of 200 Ry for the
real space grid. The charge density is integrated over 32 energy points along the semi-circle, 32 along the line in the complex plane, while 32 poles are used for the Fermi function (the
electronic temperature is 25 meV). We always consider periodic boundary conditions in the plane transverse to the transport. The unit cell of the extended molecule comprises ten
Au(111) atomic layers with a (3 × 3) in plane supercell and
two carboxylated alkanethiol molecules. The total transmission coefficient T (E) of the junction is evaluated as
T (E) =

1
2DBZ



 E)d k,

T (k;

(1)

2DBZ

where 2DBZ is the area of the two-dimensional Brillouin
zone (2DBZ) in the transverse directions. The k-dependent
 E) is obtained as
transmission coefficient T (k;


 E) = T r L GRM R GR+
T (k,
M ,

(2)

FIG. 1. The optimized atomic structure of the acetic acid dimer in the gas
phase.

where GRM is the retarded Green’s function matrix of the
extended molecule and  L ( R ) is the broadening function
matrix describing the interaction of the extended molecule
with the left-hand (right-hand) side electrode. Here, we calculate the transmission coefficient by sampling 4 × 4 k-points
in the transverse 2DBZ.
III. RESULTS AND DISCUSSION

We start our investigations from the atomic structure of
the carboxylic acid dimers formed through H-bonding interactions. Taking acetic acid as the representative, the optimized
atomic structure of the acetic acid dimer is shown in Fig. 1.
As we can see, the most stable dimer configuration is a cyclic
structure in which the two carboxyl, –COOH, groups form
two strong H-bonds. The lengths of some typical bonds of the
isolated acetic acid and the dimer are listed in Table I. When
compared with the corresponding experimental value (2.680
Å),31 the hydrogen bond length O–H· · ·O optimized using the
vdW-DF functional is underestimated by 0.034 Å. Although
the bond lengths of the C=O double bond and the C–O
single bond in the carboxyl group are both overestimated,
which is a known drawback of the vdW-DF functional,32 the
lengthening of the C=O double bond and the shortening of
the C–O single bond due to the formation of H-bonds are
both predicted correctly. The binding energy is calculated to
be 0.67 eV, in good agreement with the benchmark value
(0.68 eV) calculated at the CCSD(T)/CBS level.12 This notation indicates that the level of electron correlation includes
contributions evaluated using a coupled-cluster approach
through perturbative triple excitations with a complete basis
set (CBS) extrapolation. In contrast, the H-bonding interactions are significantly overestimated and the hydrogen bond
length O–H· · ·O is only 2.525 Å, when the PBE GGA functional is employed in the SIESTA code. Although the performance of the PBE GGA functional is improved somewhat
when the much larger all-electron 6-311++G(3df, 3pd) basis is used, the optimized hydrogen bond length O–H· · ·O is

TABLE I. Optimized lengths of some typical bonds in the isolated acetic acid molecule and the dimer calculated
with Siesta and Gaussian03. The experimental values are also given for comparison.
Expt.a

vdW-DF

PBE/Siesta

PBE/G03

MP2

Bond

Mol

dimer

Mol

dimer

Mol

dimer

Mol

dimer

Mol

dimer

C=O (Å)
C–O (Å)
O–H· · ·O (Å)

1.214
1.364

1.231
1.334
2.680

1.236
1.398

1.259
1.354
2.646

1.228
1.382

1.259
1.321
2.525

1.213
1.366

1.238
1.321
2.609

1.207
1.354

1.226
1.319
2.646

a

Reference 31.
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still much shorter than the experimental value. The situation
improves dramatically at the MP2/6-311++G(3df,3pd) level,
where the calculated bond lengths of these selected bonds are
all much closer to the experimental values, in agreement with
the well-known results that accurate non-covalent interactions
can be predicted by wavefunction theory if a sufficient level of
electron correlation is included and a sufficiently large basis
set is employed.10 Considering that the hydrogen bond length
and the binding energy calculated at the vdW-DF/DZP level
are in good agreement respectively with those calculated at
the MP2/6-311++G(3df,3pd) level and the CCSD(T)/CBS
level, we can conclude that the vdW-DF functional implemented in the SIESTA code is suitable for the investigations
of H-bonding interactions.33
Next we move our attention to the ET properties
of H-bonds. According to the experiment carried out by
Nishino et al.,7 we construct three types of Au–SCn COOH//
SC2 COOH–Au molecular junctions in which the number of
the –CH2 groups in the first SCn COOH molecule is 1, 2,
and 3. For the sake of brevity, these three junctions are denoted as the 1-2, 2-2, and 3-2. The atomic structure of the 2-2
junction is shown in Fig. 2(a), which is optimized by using
the vdW-DF functional. Just as the cases of isolated carboxyl

FIG. 2. (a) The atomic structure of the 2-2 molecular junction optimized using the vdW-DF functional, (b) the equilibrium transmission spectra of the
1-2, 2-2, and 3-2 junctions calculated using the PBE GGA functional, (c) the
equilibrium transmission spectra of the 1-2, 2-2, 3-2, and 3-1 junctions calculated using the ASIC approach, where the three marks give the experimental
values of the 1-2, 2-2, and 3-2 junctions.

J. Chem. Phys. 141, 174702 (2014)

acid dimers, the two carboxyl groups in the 2-2 junction also
form two H-bonds resulting in a cyclic structure. However,
the chemisorption of the SC2 COOH molecule on the Au(111)
surface makes the two H-bonds different and their lengths
are, respectively, optimized to be 2.659 Å and 2.672 Å.
Similar geometric structures are obtained for the other two
junctions 1-2 and 3-2, the hydrogen bond lengths are, respectively, calculated to be 2.732 Å and 2.722 Å for the 1-2 junction and 2.740 Å and 2.715 Å for the 3-2 junction. It should be
noted that the hydrogen bond lengths in the 1-2 and 3-2 junctions are slightly more elongated than those in the 2-2 junction, compared to the calculated H-bonds in the corresponding
isolated dimers (2.634 Å in SC2 COOH//SC2 COOH, 2.656 Å
and 2.686 Å in SC1 COOH//SC2 COOH, 2.650 Å and 2.645 Å
in SC3 COOH//SC2 COOH). These differences are mainly
caused by the construction details of the junction models, especially the distance between the two gold electrodes. Therefore, the hydrogen bonds in the 1-2 and 3-2 junctions are more
stretched than those in the 2-2 junction.
Since, as expected, the electronic structures obtained with
the vdW-DF functional are essentially the same as those computed with PBE GGA,34 we calculate the transmission spectra of these three molecular junctions at the PBE GGA level
(Fig. 2(b)). At the Fermi level, EF , the transmission coefficients of the 1-2, 2-2, and 3-2 junctions are, respectively, calculated to be 2.0 × 10−4 , 2.3 × 10−4 , and 2.4 × 10−5 , much
larger than the corresponding measured values of 7.2 × 10−5 ,
1.9 × 10−5 , and 5.0 × 10−6 .7 Even worse, the calculated lowbias conductance of the 2-2 junction is unphysically higher
than that of the 1-2 junction. However, at energies higher
than 0.18 eV above EF the transmission of the 1-2 junction
becomes the largest while that of the 3-2 junction becomes
the smallest, which agrees qualitatively with the experimental trend for ET through H-bonds. We note that the transmission around the Fermi level originates from the tail of some
transmission peaks located in the energy range of −2.0 eV to
−1.5 eV (taken from EF ). It is well known that the molecular levels calculated by using local or semi-local exchange
and correlation functionals are usually too high in energy due
to the self-interaction error.9 Therefore, we infer that the discrepancy between our PBE-calculated low-bias conductance
and the experimental results may originate from the incorrect
alignment of molecular levels with respect to the electrode
Fermi level, which is caused by the self-interaction error contained in the PBE GGA functional.
In the literature several theoretical approaches including the GW approximation (G: the single-particle Green
function, W: the dynamic screened interaction function), the
DFT+ method and the atomic self-interaction correction
(ASIC) scheme have been developed to deal with the alignment problem.35–41 Considering that the GW approximation
demands a very high computational cost and that the DFT+
method is currently restricted to molecular junctions in which
the molecule remains intact upon adsorption onto the electrode surfaces, here we employ the ASIC method to discuss the effects that self-interaction corrections may have on
the calculated ET properties of H-bonds.39–41 The ASIC corrections are only applied to H, C, O, and S atoms in the
SCn COOH molecules, but not to Au in the electrodes as the
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self-interaction error for metals is small. The empirical scale
factor α, which is a measure of the deviation of the ASIC
potential from the exact SIC one, is set to be 0.70, thus
that the highest occupied molecular orbital (HOMO) of the
SC2 COOH molecule in the gas phase can be shifted downward to −8.68 eV (i.e., it is much close to the negative of the
ionization potential (8.69 eV) calculated at the PBEPBE/6311++G(3df,3pd) level). The transmission spectra of the 1-2,
2-2, and 3-2 junctions calculated with the ASIC approach are
presented in Fig. 2(c). As we can see, around the Fermi level
these transmission spectra now show the correct behavior, that
is, the transmission decreases quickly following the increase
of the number of the –CH2 groups contained in the SCn COOH
molecules. At the Fermi level the transmission coefficients of
the 1-2, 2-2, and 3-2 junctions are, respectively, calculated to
be 4.3 × 10−5 , 2.7 × 10−5 , and 3.0 × 10−6 , which are in
good agreement with the corresponding experimental values7
and the errors are never larger than 43%. It should be noted
that, compared with the corresponding measured conductance
values, the calculated low-bias conductance of the 1-2 and 32 junctions are underestimated whereas the calculated conductance of the 2-2 junction is overestimated. This might be
caused by the slightly larger hydrogen bond lengths in the 1-2
and 3-2 junctions.
The transmission around the Fermi level is still determined by the tail of the transmission peak located at about
−1.5 eV. At variance with the transmission peaks in the energy range of −2.0 eV to −1.5 eV calculated with the PBE
functional, which have a peak value approaching unity but a
molecule-dependent position (see Fig. 2(b)), the transmission
peaks calculated with the ASIC scheme are all positioned at
about −1.5 eV. Their peak values are much smaller and decrease rapidly as the central molecule becomes longer. An
in-depth insight can be obtained by analyzing the projected
density of states (PDOS) of the SCn COOH molecules in the
junction. Taking the 2-2 junction as an example, the PDOS
of the sulfur atom, the two –CH2 groups and the –COOH
group in one of the two SC2 COOH molecules are shown in
Fig. 3. Clearly, the PDOS peak at about −1.5 eV and the
PDOS around the Fermi level are both dominated by S. For
the –CH2 and the –COOH groups, their contributions to the
PDOS in this energy range decrease rapidly as the distance
between them and the S atom increases, demonstrating that
their coupling to S also decreases quickly with distance. The

FIG. 3. PDOS of the sulfur atom, the two –CH2 groups and the –COOH
group in one of the two C2 COOH molecules in the 2-2 junction calculated
using the ASIC approach, where the CH2 (1) group is closer to the sulfur atom
than the CH2 (2) group.

J. Chem. Phys. 141, 174702 (2014)

same phenomena are also observed in the 1-2 and 3-2 junctions. It has been shown for alkanethiol molecules assembled
on the gold substrate that electronic states near the Fermi
level are derived from the covalent bonding between the sulfur atom in the thiol group and the surface gold atoms. For
example, an occupied state at −1.4 eV is observed for the
octanethiol molecule adsorbed on the Au(111) surface with
the standing-up phase.42 Therefore, in these 1-2, 2-2, and 32 junctions the PDOS peak at about −1.5 eV can also be attributed to the covalent Au–S bonds. Because the Au–S bonds
are localized at the Au–SCn COOH interfaces, the junction
conductance is related to the interaction between the sulfur
atom and the –COOH group which is mediated by the –CH2
groups in between. As the number of the –CH2 groups is increased, the coupling between the –COOH group and S is
weakened quickly, resulting in the rapid decrease of the junction conductance. In order to further test this interpretation,
we construct another H-bonded junction model in which a
SC3 COOH molecule is connected to a SC1 COOH molecule
through two H-bonds (i.e., the 3-1 junction). By construction,
the hydrogen bond lengths in the 1-3 junction are optimized to
be 2.623 Å and 2.643 Å, indicating that the H-bonding interaction in the 1-3 junction is stronger than that in the 2-2 junction. Although the number of –CH2 groups is the same in the
2-2 and 3-1 junctions, the calculated transmission coefficient
at EF of the 3-1 junction is less than that of the 2-2 junction
due to the much weaker coupling between the –COOH group
and S in the SC3 COOH molecule (Fig. 2(c)), confirming the
proposed conducting mechanism of ET through H-bonds.
Since the ASIC corrections play a decisive role in the calculations of the transmission spectra of H-bonded molecular
junctions, we finally explore how the self-interaction affects
their calculated transport properties (taking the 2-2 junction
as the representative). This is realized by tuning gradually the
empirical scale factor α from zero to the final value of 0.7.
The larger the α value is, the less the self-interaction error is
contained in the approximate DFT exchange-correlation functional. When the scale factor α is set to zero, i.e., the PerdewZunger (PZ) local density approximation (LDA) functional is
used,43 the transmission spectrum of the 2-2 junction is almost identical to that obtained with the PBE GGA functional,
showing a double-peak structure at around −1.8 eV together
with a small shoulder at about −1.0 eV (Fig. S1 in the supplementary material).44 The PDOS analysis confirms that this
transmission doublet is dominated by the –COOH group and
that the shoulder is mainly contributed by the S atom. Eigenchannel analysis45, 46 reveals that the double-peak structure is
mainly contributed by some p-type orbitals of the two oxygen atoms forming the C=O double bonds, which form a
ppσ conducting channel connecting the two –COOH groups
(Fig. S2 in the supplementary material).44 Following the increase of the scale factor α, the double-peak structure dominated by the –COOH groups rapidly shifts downwards in energy and moves below −3.0 eV for α = 0.5 (Fig. S3 in the
supplementary material).44 In contrast, the downward shift of
the transmission shoulder is much slower: when α increases
from 0 to 0.7, it is only shifted from −1.0 eV to −1.5 eV and
dominates the transmission around the Fermi level. Therefore, compared to the transmission spectra obtained with the
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PBE GGA and PZ LDA functionals, the ASIC corrections remove the spurious contributions of the –COOH groups to the
transmission around the Fermi level. Thus the Au–S bonds
localized at the Au–SCn COOH interfaces and the coupling
between the –COOH group and the S atom become the critical factors determining the low-bias conductance of the Hbonded Au–SCn COOH//SC2 COOH–Au junctions.
IV. CONCLUSION

We have investigated the atomic structure and the electronic transport properties of hydrogen bonds formed between
two carboxylated alkanethiol molecules connected to gold
electrodes by means of the NEGF+DFT approach. Our calculations show that, similarly to the cases of isolated carboxylic
acid dimers, in the Au–SCn COOH//SC2 COOH–Au molecular
junctions (n = 1, 2, 3) two H-bonds are also formed between
the two carboxyl groups and thus they are in a cyclic structure.
When the self-interaction corrections are taken into account
explicitly, the calculated transmission coefficients of these
three H-bonded molecular junctions at the Fermi level are
well consistent with the measured values. PDOS analysis confirms that the low-bias junction conductance originates from
the covalent Au–S bonds localized at the molecule-electrode
interfaces. Since the coupling between the –COOH group and
the sulfur atom is weakened by the –CH2 groups in between,
the junction conductance decays rapidly as the ET pathway
becomes longer. Further investigations on the ET properties
of the H-bonds between conjugated molecules functionalized
with the –COOH groups will be carried out in the future, with
the emphasis on whether the H-bonds have more direct effects
on the low-bias junction conductance. Our findings will help
the design of molecular devices constructed through hydrogen
bonds.
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