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U
nderstanding energy conversion
at the molecular level is of funda-
mental importance in nanoscience,

and single-molecule junctions can provide
highly controlled systems with which to
probe electrical and thermal transport at
the nanoscale.1,2 Recent experimental
demonstrations3,4 of thermal to electric en-
ergy conversion in single-molecule junc-
tions have sparked significant interest in
their thermoelectric properties. Due to the
mismatch in phonon density of states at
metal�molecule interfaces, such junctions
are expected to have small phonon thermal
conductance.5 Coupled with the potential
of tuning both the resonance levels and de-
gree of coupling by chemical functionaliza-
tion,6 it has been predicted that the thermo-
electric figure of merit, ZT, can in principle
diverge for single-molecule junctions.5 To
guide the rational design of
organic�inorganic assemblies for thermo-
electric applications, it is important to be
able to understand and predict, from first
principles, quantitative values and trends of
the thermopower or the Seebeck coeffi-
cient, S, of single-molecule junctions and
connect these quantities to their intrinsic
structural and electronic properties.

The thermopower, S � ��V/�T, is a
physical measure of the voltage �V that de-
velops upon application of temperature
gradient �T across a junction at zero electri-
cal current. It is closely related to but dis-
tinct from the low-bias conductance, G �

�I/�V, the amount of electrical current �I
generated in a junction by an external volt-
age bias. An understanding of independent
measurements of S and G for single-
molecule junctions using a common theo-
retical framework provides opportunities to
significantly deepen our understanding of

the physics governing charge transport
through nanoscale hybrid interfaces at the
molecular level. The ability to compute both
S and G values in quantitative agreement
with experimentally measured values
would also provide a much-needed consis-
tency check in the field of molecular
electronics.

Prior theoretical work based on a steady-
state Landauer formalism7,8 has suggested
that S is less sensitive to the molecule�lead
coupling strength (and, implicitly, contact
geometry) and is therefore more amenable
to theoretical predictions than G,8,9 where
there has been notable disagreement be-
tween theory and experiment for thiol-
terminated molecules.10�13 Other authors
have argued that important non-
equilibrium transient thermal effects14 are
missing from the steady-state scattering
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ABSTRACT Using a self-energy corrected scattering-state approach based on density functional theory (DFT),

we explain recent measurements of the thermopower or the Seebeck coefficient, S, for oligophenyldiamine�gold

single-molecule junctions and show that they are consistent with separate measurements of their electrical

conductance, G. Our calculations with self-energy corrections to the DFT electronic states in the junction predict

low-bias S and G values in good quantitative agreement with experiments. We find S varies linearly with the

number of phenyls N, with a gradient �S of 2.1 �V/K, in excellent agreement with experiment. In contrast, DFT

calculations without self-energy corrections overestimate both S and �S (with a DFT value for �S three times too

large). While �S is found to be a robust quantity independent of junction geometry, the computed values of S show

significant sensitivity to the contact atomic structureOmore so than the computed values of G. This observation

is consistent with the experimentally measured spreads in S and G for amine�Au junctions. Taken together with

previous computations of the electrical conductance (as reported in Quek, S. Y.;

et al., Nano Lett. 2009, 9, 3949), our calculations of S conclusively demonstrate, for the first time, the consistency

of two complementary yet distinct measurements of charge transport through single-molecule junctions and

substantiate the need for an accurate treatment of junction electronic level alignment to describe off-resonant

tunneling in these junctions.
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picture.7,8 In practice, it has been found that DFT ap-
proaches within the Landauer formalism using gradi-
ent corrections in the local exchange-correlation func-
tional overestimate S,15 while the use of certain hybrid
functionals and a wide-band approximation can result
in better agreement between theory and experiment
for aromatic dithiol�Au junctions.9 However, the latter
approach overestimates the measured conductance by
a factor of 5,9 thus leaving open questions about the re-
lationship between conductance and thermopower for
these systems and their connection to the intrinsic
properties of these junctions.

RESULTS AND DISCUSSION
In previous studies, we demonstrated that standard

DFT approaches to transport can significantly overesti-
mate the junction conductance11,16,17 because the
Kohn�Sham orbital energies place the frontier molecu-
lar resonances too close to the junction Fermi level EF

within the local density approximation (LDA) or gener-
alized gradient approximation (GGA).17�19 This mis-
alignment of the molecular levels arises from many-
electron self-energy effects on the carrier energies,
having the same physical origin as that of the well-
known DFT “band gap” problem in semiconductors.20

In this work, we employ a DFT-based scattering-state
approach that includes quasiparticle self-energy correc-
tions to level alignment in the junction (DFT��)21,22 to
compute and understand the thermopower S of single-
molecule oligophenyldiamine�Au junctions as a func-
tion of the number of phenyl rings N in the molecule.
Our results for S are in excellent agreement with experi-
ment.4 Remarkably, our computed values for G within
the same DFT�� approach also agree very well with an
independent experimental measurement of conduc-
tance23 in these junctions.21 The excellent agreement
between the DFT�� values with these separate mea-
surements of thermopower and conductance establish
a quantitative consistency between two related but dis-
tinct transport processes through single-molecule junc-
tions, a first in the field of molecular electronics. We fur-
ther demonstrate that, for the amine�Au system, S is in
fact more sensitive to the contact geometry than G, an
effect that is not captured by assuming8,9 a uniform DOS
in the leads and that is consistent with the observed ex-
perimental spread in thermopower for the systems
considered.

It has been established for amine�Au-linked molec-
ular junctions that the amine group binds selectively
to under-coordinated atop Au sites,17 which can explain
the observed statistical reproducibility of their conduc-
tance measurements.23 On the basis of this knowledge,
we model all junction geometries with oligophenyl-
diamine molecules bound at each amine group to atop
sites of adatom and “trimer” motifs on Au(111) sur-
faces (Figure 1a). (Trimer motifs are partially coordi-
nated binding sites consisting of groups of three Au at-

oms.) Similar geometries have yielded accurate

conductance values for amine�Au and pyridine�Au-

linked junctions using the DFT�� approach.17,21,22,24 All

of the junction geometries are fully relaxed within DFT-

GGA (PBE)25 using SIESTA.26 Details of the DFT calcula-

tions follow ref 17. The optimized dihedral angles be-

tween phenyl rings are �35° for all junction geometries

considered.27

Charge transport properties in all junctions are com-

puted within a first-principles Landauer formalism us-

ing a scattering-state approach (SCARLET code).12 All

calculations are performed in the zero bias voltage limit.

Since the DFT-GGA Kohn�Sham eigenvalues are poor

approximations for quasiparticle energies associated

with molecular resonances in the junction,28 we add a

Figure 1. (a) Optimized atomic structures of
oligophenyldiamine�Au junctions. Each amine group is
bonded to an atop site of a Au trimer (group of three at-
oms) (left panel) or a Au adatom (right panel). (b) Transmis-
sion plot �(E) for BDA�Au junctions (N � 1). (c) Plot of �G(E),
obtained from the least-squares linear regression fit for ln
�(E) versus ln N. In (b,c), pink (gray dashed) and red (black
dashed) curves represent, respectively, DFT and DFT�� re-
sults for trimer (adatom) junctions. The transmission in (b) is
obtained using an 8 � 8 k�-mesh at all energies, except for
the interval (�0.4, 0.4) eV for which a 24 � 24 mesh was
used. Transmission plots for N � 2 and 3 can be found in
ref 21.
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self-energy operator to the DFT-GGA scattering-state

Hamiltonian, of the form �̂ � �n�n|�n
mol�	�n

mol|, where

|�n
mol� denotes an eigenstate of the isolated molecule,

and �n is the self-energy correction for the nth molecu-

lar level.21,22 The transmission spectrum is generated

by solving the modified scattering-state Hamiltonian

in a “one-shot” calculation (DFT��).

The self-energy correction �n is computed as de-

scribed in the Methods section. Briefly, the self-energy

correction consists of two parts: first, a “molecular” term

representing the self-energy correction in the gas-

phase molecule; and second, an “image-charge” term29

accounting for the effect of electrode polarization from

both electrodes. When applied to benzenediamine

(BDA) and derivatives on Au(111), this self-energy cor-

rection predicted highest occupied molecular orbital

(HOMO) energies within 0.2 eV of high-resolution pho-

toemission measurements.30 For the junctions consid-

ered here, the gas-phase correction to the HOMO

ranges from approximately �2 to �3 eV, while the im-

age charge term reduces the magnitude of this correc-

tion significantly, by �0.7 to 1 eV,21 depending on the

length of the molecule and its orientation in the junc-

tion (Supporting Information Table 1).

As described below, S is a derivative of ln 
(E) with

respect to energy (eq 1), where 
(E) is the electron trans-

mission at energy E. S is therefore much more sensitive

than G (which is proportional to 
(E)) to small numerical

oscillations in 
(E) resulting from finite sampling of the

k� grid. While the conductance G was converged with an

8 � 8 k�-mesh,21 a 24 � 24 mesh is used for the ther-

mopower calculations.31

The thermopower S is computed from the transmis-

sion 
(E) through the junctions using the following

expression:7,8

where T is the mean temperature of the contacts (300

K in the experiment4 and in these calculations), and S0

� 0. Equation 1 assumes that 
(E) varies smoothly for |E

� EF| 
 kBT and that the temperature gradient �T

across the junction is small compared to T.7,8 Both as-

sumptions hold for the systems studied here (kBT �

0.026 eV and |�T| 
 15 K in the experiments4). More-

over, since the measured voltage drop �V is found to

be linear with �T for the small values of �T in the ex-

periments, the steady-state scattering formalism is also

valid.4

In Figure 1b, we show computed transmission func-

tions for DFT and DFT�� for two different BDA�Au

junctions. The DFT�� transmission has additional fea-

tures21 at approximately �1.5 to �2 eV that result from

hybridization of the HOMO with Au d states at under-

coordinated binding sites. By considering Figure 1b and

eq 1, we can draw several conclusions. First, the HOMO

resonance level is positioned �1 eV below EF in DFT-

GGA but �3 eV below EF in DFT��. The shallower

HOMO resonance in DFT-GGA not only results in smaller

tunneling barriers at EF (and therefore larger G) but

also gives rise to a steeper slope for ln 
(E) at EF. We

therefore expect that DFT-GGA will yield larger values

for S compared to DFT��. However, the difference be-

tween DFT and DFT�� values for S may not be as large

as those for G because the slope of ln 
(E) at EF is less af-

fected by the level alignment than the value of G �

(2e2/h)
(EF) � G0
(EF). Second, we note that there is an

additional shoulder centered at ��0.3 eV for transmis-

sion functions associated with the adatom junction ge-

ometries. (The shoulder is absent in the trimer junction

geometries.) This shoulder is due to the HOMO hybrid-

izing with Au adatom d states in this energy range.17

While these features 
(E) arising from localized adatom

d states actually result in a smaller difference in G be-

tween adatom and trimer junctions,17 they lead to a

steeper slope for ln 
(E) at EF than in the trimer junc-

tions, suggesting that S is more sensitive to contact ge-

ometry than G.

The conductance in oligophenyldiamine�Au junc-

tions23 is known to be consistent with off-resonant tun-

neling, where G � Aexp(��GN) and �G � 1.7 in both

DFT�� calculations21 and experiment. Our calculations

also indicated that the relation 
(E) � A(E)exp(��G(E)N)

holds close to EF (away from the molecular reso-

nances).21 Using this expression in eq 1 then implies

that

where �S � S0(�(�G(E)))/(�E)|E�EF
, that is, S varies linearly

with N, as observed in experiment.4 Interestingly, the

rate of change of S with N, �S, is proportional to the gra-

dient of �G evaluated at EF. The plots of �G(E) in Figure

1c suggest that, for oligophenyldiamine�Au junctions,

we expect �S to be positive and to be larger within DFT-

GGA than DFT��. �G(E) is inversely proportional to

the decay length of the evanescent states within the

HOMO�LUMO gap in the junction (LUMO: lowest unoc-

cupied molecular orbital). Away from the resonances,

�G(E) is smaller in DFT than in DFT��, reflecting less

penetrating evanescent states for wider quasiparticle

HOMO�LUMO gaps.21 A positive �S indicates that the

evanescent states become less penetrating as E in-

creases across EF, and this is consistent with the hole

character of states in this energy range. (As E increases

toward the middle of the HOMO�LUMO gap, the tun-

neling barrier for holes increases.) The smaller DFT��

value for �S compared to DFT reflects the fact that the

HOMO is further from EF in DFT�� for the case consid-

ered here, so that the decay length of evanescent states

near EF varies less rapidly with energy.

S ) -
π2kB

2T

3e
∂ln(τ(E))

∂E |E)EF
≡ -S0

∂ln(τ(E))
∂E |E)EF

(1)

S ) -S0(∂ln(A(E))
∂E |E)EF

- ∂(�G(E))
∂E |E)EF

N) ≡ SC + �SN

(2)
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We now discuss our computed values of S in the

context of the above physical arguments and compare

our results with experiment (Figure 2 and Table 1). We

see that, for each junction, DFT-GGA overestimates S

while DFT�� brings S into much better agreement with

experiment. For reasons discussed above, the adatom

junctions have larger S values than the trimer junctions,

the latter being in better agreement with the experi-

mentally measured values (Table 1). However, as de-

scribed below, the DFT�� values of S for both adatom

and trimer junctions are all within the observed experi-

mental spread,4,32 obtained from the variations in �V

measured at each �T. (Note that this is different from

the reported error bar in Table 1, which comes from the

goodness of fit for a linear relation between �V and

�T.) In contrast, the DFT-GGA values for S are outside

of the experimental spread for both binding motifs. Fur-

thermore, comparing the values of �S with experi-

ment, DFT�� yields a �S value that is almost identical

to experiment (2.1 �V/K), while DFT-GGA overestimates

�S by a factor of 3 (6.0 �V/K). The overestimation of S

and �S within DFT-GGA is consistent with the HOMO

resonance being closer to EF and with previously re-

ported DFT calculations on oligophenyldithiol�Au
junctions.15 On the other hand, the fact that DFT��

gives values of S and �S in good agreement with experi-
ment indicates that eq 1, together with a more rigor-
ous description of junction electronic structure from
DFT��, provides an accurate description of charge
transport induced by a thermal gradient in these
measurements.

The agreement between DFT�� and experiment is
equally good21 for G and �G (Table 1). The DFT�� val-
ues for G and S are both within the experimental
spread,4,23 while those for �G and �S are almost identi-
cal to experiment. Interestingly, �G and �S are largely in-
sensitive to the junction geometry, suggesting that
the junction geometry primarily functions to modulate

(E) by a multiplicative factor related to the Au DOS.
Thus, although our model geometries may not exactly
represent the most common junctions in experiment
(corresponding to the experimental histogram peak po-
sitions for G and S), �G and �S, which are intrinsic prop-
erties of the system, serve as robust quantities for com-
parison between theory and experiment.

We now discuss the impact of geometry on S in re-
lation to the observed spread in experiment. It is in-
structive to consider first a Lorentzian model for trans-
mission

τ(E) ) A
(Γ2 )2

((Γ2 )2
+ (E - EH)2)

and understand the dependence of S on the coupling
constant � and HOMO resonance energy EH. We have

Figure 2. Plot of thermopower S versus N. The experimental
error bars represent the error in the linear fit for Vpeak versus
	T4 and does not take into account the spread in measured
voltages at each 	T.32

TABLE 1. Calculated Values for G, S, �G, and �S in
Comparison with Experiment4,23a

DFT DFT�� Experiment

G (E-3 G0) N � 1 50.3 (41.3) 5.28 (4.43) 6.4023

N � 2 13.6 (11.6) 1.09 (0.832) 1.1623

N � 3 3.62 (2.90) 0.179 (0.149) 0.18023

S (�V/K) N � 1 12.3 (16.9) 3.9 (7.2) 2.3 � 0.34

N � 2 17.9 (25.0) 5.4 (9.6) 4.9 � 1.94

N � 3 24.3 (29.0) 8.1 (11.6) 6.4 � 0.44

�G 1.3 � 0.0 1.7 � 0.0 1.7 � 0.123

(1.3 � 0.0) (1.7 � 0.0)
�S (�V/K) 6.0 � 0.3 2.1 � 0.3 2.1 � 0.44

(6.1 � 1.2) (2.2 � 0.1)

aThe calculated values are given for the trimer junction, with the adatom junction
in brackets. The error bars for �G and �S are obtained from the least-squares fits to
G � Aexp(��GN) and S � SC � �SN. The error bar for S in experiment is re-
ported for the linear fit for Vpeak versus �T4 and does not take into account the spread
in measured voltages at each �T,32 which is shown in Figure 3.

Figure 3. Thermopower S versus 1/	E. Empty blue squares
denote values of S obtained from Lorentzian fits to DFT
transmission for 15 BDA�Au junction geometries (“DFT”),17

while filled blue squares correspond to S obtained from the
Lorentzian fits with 	E increased by 2 eV due to self-energy
corrections (“DFT��”). The blue dashed line is a linear fit to
the values of S obtained from the Lorentzian fitsOthe gradi-
ent of the line is �2S0. Black circles and red triangles de-
note calculated DFT (empty) and DFT�� (filled) values for
BDA adatom and trimer junctions, respectively. The green
dashed line gives the experimental value for S in BDA�Au
junctions, while the shaded area denotes the experimental
spread 	S for S, obtained by fitting the full width half-
maximum of the voltage histograms, Vfwhm, versus 	T.4,32
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previously found, based on calculations on 15 junction
geometries, that the DFT-GGA HOMO transmission
peak for BDA�Au junctions fits well to a Lorentzian
function, except for additional features due to Au states
at under-coordinated Au sites.17 The resulting � varied
from 0.3 to 0.6 eV, and EH, as computed within DFT-
GGA, varied from �0.9 to �1.2 eV. (Note that the good
fit to a Lorentzian was found to hold true for BDA�Au
but may not be so for other systems.) Substituting the
Lorentzian expression for transmission into the formula
for S gives

S ) S0

2∆EH

(Γ2 )2
+ (∆EH)2

where �EH � EF � EH. Since in this case (�/2)2 

 (�EH)2,
we may simplify this expression, giving

In Figure 3, we plot estimated DFT and DFT�� values
of S for the 15 junction geometries in ref 17, using the
fitted values of � and EH in expression 3. For the DFT��

estimate, we add 2 eV to �EH and assume for simplic-
ity that � remains unchanged (2 eV is an average self-
energy correction computed for BDA�Au junctions).
Within the Lorentzian model, where a single molecular
level is interacting with a uniform Au DOS, both � and
the variations in �EH and � remain unchanged for a
deeper HOMO level.

Figure 3 has several interesting features. First, the
values of S estimated from Lorentzian fits to the trans-
mission follow closely the relation S � (2S0/�EH), reflect-
ing the fact that (�/2)2 

 (�EH)2. As a result, since �EH

� 1 eV in DFT-GGA and �3 eV in DFT��, the DFT esti-
mates for S are about 3 times larger than those with
DFT��. Since G � G0
(EF) � G0(A(�/2)2)/(�EH)2 under
the same approximations, the error in �EH results in a
larger difference between DFT and DFT�� estimates
for G than for S. Second, all the DFT�� estimates fall
within the experimentally measured spread, while all
the DFT estimates are outside of it. Third, the variation
in DFT�� values is very small (�0.5 eV) compared to
the experimental spread. This small variation suggests
that the observed spread in measured S values cannot

be explained by variations in �EH and � within the
Lorentzian model. Fourth, revisiting the actual calcu-
lated thermopower values for the trimer and adatom
junctions (Table 1, red and black points in Figure 3), we
see that, for both DFT and DFT��, the computed S val-
ues for the trimer junction are within the distribution
of the Lorentzian estimates, while the adatom values
are significantly larger. This is consistent with the fact
that the DFT transmission for the trimer junction fits
well to a Lorentzian function, whereas that for the ada-
tom junction does not;17 the additional shoulder close
to EF for adatom junctions increases S. These results
suggest that the experimental spread is likely to arise
from additional features in the transmission function
that arise from a non-uniform Au DOS, for example,
contributions from Au d states related to under-
coordinated Au contact atoms, which are different for
different samples.

In conclusion, we have used a self-energy corrected

approach (DFT��) to compute the thermopower S of

oligophenyldiamine�Au junctions. This approach takes

into account, without adjustable parameters, many-

electron effects in the renormalization of the molecu-

lar level alignments at the junction obtained from

Kohn�Sham eigenvalues and gives S values in good

agreement with experiment.4,23 Further, the variation

of S with the number of phenyl rings N, as quantified

by the constant �S, is predicted by DFT�� to be identi-

cal to experiment.4,23 We demonstrate and explain that

many-electron self-energy corrections are important for

describing S and also account for the observed experi-

mental spread in S. Together with the excellent agree-

ment obtained for G and �G, as found in our previous

studies,21 our results show that, for

oligophenyldiamine�Au junctions, the measured ther-

mopower and conductance, two distinct and indepen-

dent probes of transport, obtained in independent ex-

perimental setups, are consistent with each other and

with the physics of off-resonant tunneling as captured

by the DFT�� approach. These results are a strong vali-

dation of our approach and of the independent experi-

ments. Moreover, they are of particular value in a field

that has traditionally been plagued by a lack of agree-

ment between different types of experiments10,13 and

between experiment and theory.11,12

METHODS
This section expands on the description of our theoretical ap-

proach that is provided in the main text.
Our density-functional calculations are performed using the

generalized gradient approximation (GGA-PBE),25 as imple-
mented in the SIESTA code.26 An optimized single-� basis set is
used for the Au d shell; all other orbitals are described by
double-� polarization basis sets. Using this basis, the work func-
tion for Au(111) was calculated to be within 0.1 eV of experiment,
and the HOMO energies of BDA on Au(111) were within 0.1 eV
of plane wave calculations (with the VASP code33). Geometry op-

timization was performed using slabs of six Au layers on each
side of the molecule and a supercell with 16 Au atoms per layer.
All atoms in the molecule and Au atoms up to and including
the third layer from either surface were relaxed until the forces
on them were 
0.05 eV/Å. The distance between the Au slabs
was also allowed to relax for the junctions considered here.
�-point sampling of the supercell Brillouin zone is sufficient for
accurate geometry optimizations.

The transmission is obtained using a coherent elastic
scattering-state approach within the Landauer formalism, as
implemented in the SCARLET code.12 The junction is divided

S ≈
2S0

∆EH
(3)
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into three regions: left bulk, center resistive region (including 4
Au layers on either side of the molecule), and right bulk. The cen-
ter region is chosen large enough for the Hartree potentials at
its boundaries to smoothly match those of the bulk. The bulk re-
gions are infinitely extended away from the junction to simu-
late open boundary conditions. We note that using localized or-
bitals to describe transport properties in this study is adequate
because tunneling is primarily “through-molecule” rather than
“through-space”: replacing the BDA molecule with ghost orbit-
als results in transmission that is orders of magnitude smaller.
Energy- and k�-dependent scattering states are constructed with
incoming and outgoing itinerant and evanescent states deter-
mined from the bulk Au complex band structure. The energy grid
spacing used in this work is 10 meV. The DFT-PBE charge den-
sity is first computed (with semi-infinite boundary conditions),
using a 4 � 4 Monkhorst-Pack k�-mesh to sample the two-
dimensional supercell Brillouin zone. Next, the self-energy cor-
rection term, �̂ � �n�n|�n

mol�	�n
mol|, is added to the scattering-

state Hamiltonian, where |�n
mol� denotes an eigenstate of the

isolated molecule, and �n is the self-energy correction for the
nth molecular level,21,22 computed as described below. This
scattering-state Hamiltonian is then solved using the DFT charge
density as input, and using a denser k�-mesh (see main text), giv-
ing the self-energy corrected scattering states in a one-shot cal-
culation (DFT��).

Since transmission at and near EF is dominated by the HOMO
for the present systems,21 we compute �n for only the HOMO
and LUMO and apply �HOMO (�LUMO) to all occupied (unoccupied)
states. �HOMO and �LUMO are calculated without adjustable param-
eters using a physically motivated model that consists of two
parts: first, a “molecular” term correcting for the difference be-
tween DFT HOMO and LUMO energies and, respectively, the ion-
ization potential (IP) and electron affinity (EA) of the gas-phase
molecule computed from total energy differences;34 and second,
an “image-charge” term29 accounting for the effect of electrode
polarization on the energy of the added electron (LUMO) or hole
(HOMO), which is calculated from the charge distribution of the
LUMO or HOMO, respectively, and includes polarization effects
from both electrodes. The IP and EA are computed using the
Gaussian program with B3LYP exchange-correlation functional
and 6-311g��dp basis set),35 which gives an IP for BDA to be
within 0.1 eV of experiment. For the calculation of the image
charge, we assume the electrodes are perfect conductors and
take the image plane to be 1 Å from the metal surfaces.29 Both
electrodes are accounted for in the image charge calculation; as
a result, each image interacts with an infinite set of images aris-
ing from itself, as well as from the other images. To simplify the
calculation of the contribution from image charges, the charge
distributions associated with frontier orbitals are approximated
by Mulliken charges. For smaller molecules like BDA, it is found
that even a single point charge in the middle of the molecule re-
sults in a reasonable image charge correction term, within 0.1
eV of that obtained from the Mulliken charges. We note that, in
this approach, we neglect self-energy corrections to the Au me-
tallic states, which are expected to be much smaller than for
states localized on the molecule.29 This self-energy correction
was first derived for a prototypical physisorbed system, benzene
on graphite, where it was found to rigorously reproduce many-
electron GW HOMO and LUMO levels.29 We show in an upcom-
ing publication22 that our approximate self-energy corrections
are also valid for chemisorbed systems involving small, weakly
polarizable molecules on metal substrates, if the molecular reso-
nances far from the Fermi level and the system is “weakly
coupled” in the sense that the character of the molecule’s fron-
tier orbitals are preserved relative to the gas phase, and the reso-
nance widths are narrow (a few tenths of an electronvolt). Fur-
thermore, the “off-diagonal” contributions to the self-
energyOwith metal and other molecular statesOshould be neg-
ligible. We expect that these conditions are well-satisfied for
the junctions in this study and that these self-energy correc-
tions will be accurate within a few tenths of an electronvolt; in-
deed, when the correction is applied to a closely related system,
BDA and derivatives on atomically flat Au(111), the resulting
DFT�� HOMO energy levels agree remarkably well (within 0.2
eV) with HOMO energy levels determined by high-resolution
photoemission experiments.30
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