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Abstract: Superexchange coupling in poly-p-phenylene molecular wires was probed using scanning
tunneling microscopy/spectroscopy at cryogenic temperatures. The coupling strength was characterized
by measuring the energy splitting between the molecular states constructed by symmetric and antisymmetric
dimerization of molecular fragments’ orbitals. The results confirm the theoretically predicted exponential
decay behavior of the superexchange coupling on a single-molecule level. A decay constant of 0.10 +
0.02 A~* was obtained. Owing to the high spatial resolution of scanning tunneling microscopy, the molecules’
internal states (e.g., molecular conformation) as well as external states (e.qg., interaction with foreign atoms
or molecules) were elucidated with atomic precision at the mean time of characterizing the superexchange
coupling. This method provides a new approach to quantify how intramolecular charge transfer is influenced
by molecular conformation and interaction with the surroundings.

Introduction

Charge transfer (CT) in molecular wires is of fundamental
importance in molecular electronics.*? Theoretically CT is
described by a superexchange mechanism for short molecules
under “off-resonance” conditions.® Experimentally, two proper-
ties, the molecular conductance and the kinetic charge transfer
rate, are measured to characterize intramolecular CT processes.’ >
For a fair comparison between theory and experiment, not only
measurements on individual molecules are required but also the
molecular internal (e.g., molecular conformation) and external
status (e.g., molecular interaction with contact electrodes or
solvent molecules) should also be accurately determined in
atomic-scale detail, because these parameters may affect the
results decisively. These requirements pose daunting experi-
mental challenges due to the minute size of single molecules.
Recently, scanning tunneling microscopy has been used to
measure single-molecule conductance owing to its ability to
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manipulate or contact single molecules.®~® However, in those
experiments, neither the molecular conformation nor the contact
structure was unambiguously determined. In this study, we
demonstrated an approach to characterizing the charge transfer
phenomena of isolated molecules, whose internal and external
states are well-defined, by means of scanning tunneling mi-
croscopy/spectroscopy (STM/STS). Instead of directly address-
ing molecular conductance or Kinetic rate constants, we
measured the superexchange coupling of single molecules using
STM techniques at cryogenic temperatures. At the same time,
we precisely determined the molecules’ conformation and the
surrounding conditions in atomic-scale detail. Our results
confirm, on a single-molecule level, the theoretically predicted
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Figure 1. (a) Schematic illustration of the orbital diagram of a molecule of topology o—¢—o. The orbitals of two identical side groups construct an s-like
symmetric orbital (g) at a low energy and a p-like antisymmetric orbital (u) at a high energy as the two groups are linked by a spacer. (b) Bis-terpyridine
poly-p-phenylene compounds (1—4) and bis-terpyridine bicyclo[2.2.2]octane (5) used in this study.

exponential decay of superexchange coupling and we were able
to derive a decay constant of 0.10 + 0.02 A~* for poly-p-
phenylene systems.

At the extended Huickel level, the electronic superexchange
coupling Vy, of two symmetric (degenerate) systems can simply
be taken as half of the energy splitting between two dimerized
orbitals having antisymmetric and symmetric symmetry under
off-resonance conditions.® ' As illustrated in Figure 1a, in a
molecule of a 0—¢—a topology (o stands for a side group and
¢ stands for a spacer), an s-like orbital (denoted as g) is
constructed by a symmetric combination of the orbitals of the
two side groups and a p-like orbital (denoted as u) is constructed
by an antisymmetric combination of the same orbitals. The s-like
orbital is at a low energy while the p-like orbital is at a high
energy. In particular, under the conditions that the molecular
states of o and ¢ are off in energy and the molecular states of
o are localized, the energy splitting (AE = E, — Eg) represents
the strength of the superexchange coupling, AE o< Vg, In this
study, we have chosen bis-terpyridine poly-p-phenylene mol-
ecules as the model system. As shown in Figure 1b, each
compound consists of two terpyridine (tpy) units as the side
groups and a poly-p-phenylene ((ph),, n = 0, 1, 2, 3) as the
spacer group.

Methods

The experiments were carried out in an ultrahigh vacuum
scanning tunneling microscope system (Omicron) operated at 4.9
K. A Cu(111) single crystal was cleaned by cycles of Ar ion
sputtering and annealing. The molecules were thermally evaporated
onto the Cu(111) substrate held at 180 K or room temperature.
The evaporation temperatures for compounds 1 to 5 are ap-
proximately 520, 570, 590, 630, and 660 K, respectively. Samples
were prepared with low molecule coverage, so that it was easy to
find single molecules on Cu terraces. The STM topograph data were
acquired in constant current mode. The dlI/dV signals were measured
using a lock-in amplifier with a sine modulation of 2 kHz at 18.3
mV. To improve the signal-to-noise ratio at low bias voltage and
avoid molecular modification by the high current at high bias
voltage, the spectra were acquired in a varied Z mode, in which
the tip height Z changes as a function of V during the measurements.
(Z(V) = Zy + AZ + a|V|, where Z, is the initial tip height given by
the set point, AZ is the tip offset, and o is the change parameter.)
The dI/dV — V spectra were measured at a set point of —0.2 V and
0.5 nA, with AZ = 0.06 nm and oo = 0.02 nm/V. Some of the
spectra were the average of the spectra measured along the dashed
lines in Figure 3a.
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Quantum chemistry calculations of free molecules were per-
formed using Gaussian software (Gaussian 03) by Hartree-Fork (HF
6-31g) and density functional theory (DFT B3LYP/6-31 g) methods.
In addition, molecules of coplanar molecular conformation (i.e.,
the dihedral angles of the free molecules were set to zero) were
also calculated. The DFT calculated frontier molecular orbitals
(MOs) of tpy as well as various poly-p-phenylene compounds (all
in coplanar conformation) are shown in Supporting Information
Figure S1. The surface was not included in the calculations. To
estimate the influence of the surface, we have studied a terpyridine
molecule adsorbed on the Cu(111) surface by density functional
calculations (VASP).*? The calculations verify that the terpyridine
is physisorbed weakly on the surface with a molecule-to-surface
separation of 3.5 A. The calculations also confirm that the intrinsic
molecular states are largely preserved with such a weak interaction,
and no hybridization states are formed. We did not carry out similar
calculations for the full molecules. However, we do not expect the
nature of the molecule-to-surface interaction for the full molecules
will be significantly different since the bridging poly-p-phenylene
system is known to interact weakly, dominated by van der Waals
forces, with noble metal (111) surfaces.*®

Results and Discussion

First, as a reference, we have characterized a terpyridine-
biphenylene (tpy-bph) compound (molecular structure shown
in Figure 2a). Figure 2a shows an STM topograph of an isolated
tpy-bph molecule adsorbed on a defect-free Cu(111) surface in
a flat-lying configuration. Figure 2b shows the site-dependent
di/dV-V spectra, i.e., spectra acquired at the tpy site and the
bph site. In the measurement range of —2.2 V to +2.2 V, one
broad peak at 1.22 V was detected at the tpy site and one narrow
peak at 2.03 V at the bph site. The broad peak can be fitted by
two Gaussian peaks at 1.13 and 1.53 V, as shown by the dashed
curves in Figure 2b. The site-dependence can be attributed to
localized states. Figure 2c reproduces the STS maps (or di/dV
maps) at the energies of interest, which clearly show that the
two low-energy states are localized at the tpy and the high-
energy state is localized at the bph. Calculations suggest that
the two components (1.13 and 1.53 V) of the low-energy peak
can be ascribed as LUMO and LUMO+1 and the high-energy
peak of 2.03 V as LUMO+-2 (see Supporting Information Figure
S2).

Since the 1.13-V and 1.53-V states are well separated from
the 2.03-V state in energy and highly localized at tpy, the off-
resonance conditions are fulfilled when two tpy groups are linked
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Figure 2. (a) Molecular structure and STM topograph of tpy-bph molecule
(not to scale). (b) Site-dependent dI/dV—V spectra acquired at the tpy site
(red dot) and the bph site (black dot), respectively. The fitting of the 1.22-V
peak is illustrated by the dashed curves showing a 1.13-V peak, a 1.53-V
peak and a linear background (the red dashed curve is the superposition of
the three components). (c) STS maps at the indicated energies showing the
two low-energy states are concentrated at tpy and the high-energy state at
bph (scale bars in (a) and (c): 1 nm; imaging conditions: —0.2 V and 0.5
nA).

by a poly-p-phenylene spacer to comprise a tpy-(ph).-tpy
molecule. Hence, for molecules of such topology, the energy
splitting between the symmetric and antisymmetric dimerized
states can be used to measure the superexchange coupling
through the bridging (ph), spacer. Figure 3a shows STM
topographs of tpy-(ph),-tpy molecules with n =0, 1, 2, and 3
(compounds 1, 2, 3, and 4). The apparent dimension in the
molecules’ axial direction (along the poly-p-phenylene spacer)
ranges from 1.5 to 3.0 nm, reflecting different spacer lengths.
We selected the molecules that were adsorbed in isolation as
the target molecules in our measurements; i.e., they did not
contact other molecules or surface defects (for instance, atomic
steps).

The tunneling spectra acquired at single molecules of
compounds 1 to 4 also exhibit site-dependence. Figure 3b shows
the site-dependent dI/dV — V spectra, and Figure 3c shows
representative STS maps at the indicated energies for each
compound. For compound 1, a narrow peak appeared at 0.55
V showing a symmetric spatial distribution maximized at the
molecular center. The blue/red spectrum exhibits a narrow peak
at 0.55 V and a broad peak at 1.55 V. It is known that measured
molecular electronic states are broadened by temperature and
measurement parameters (modulation voltage used in lock-in
amplifier). Under the same experimental conditions, this broad-
ening is identical for different states; i.e., the peaks in the same
spectrum should possess a very similar width which can be
quantified by full width at half maximum (fwhm). The narrow
peak at 0.55 V can be fitted by a single Gaussian peak with
fwhm = 0.48 V. Using a similar value of fwhm, the broader
peak at 1.55 V can be fitted by two Gaussian peaks at 1.30 and
1.72 V. The overall fitted curve is shown by the dashed blue
curve, which nicely reproduces the experimental spectra. STS
mapping reveals that the 1.7-V component has a saddle-like
shape showing double maxima at the two flanks of the molecule.
Like compound 1, compound 2 has a narrow low-energy (1.15
V) peak and a broad high-energy peak consisting of a shoulder
at 1.35 V and a peak at 1.64 V. In the STS maps, the low-
energy state of compound 2 shows a symmetric spatial distribu-
tion maximized at the molecular center, similar to the low-
energy state of compound 1, while the high-energy state shows
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Figure 3. (a) Molecular structure and single-molecule STM topograph (not
to scale with the molecular structure) of compound 1, 2, 3, 4, and 5 from
top to bottom. (b) Site-dependent tunneling spectra (dI/dV — V) acquired
at the indicated sites in (a) (following color code) for each molecule. For
compound 1, as an example, the blue spectrum is fitted by three peaks at
0.57, 1.30, and 1.72 V with the same fwhm (0.48 V) (the blue dashed curve
is the superposition of the three components and a linear background). (c)
STS maps at the indicated energies for each compound, showing the s-like
states at low energy and p-like states at high energy for compounds 1 to 4.
The dashed lines indicate the molecular reflection plane (scale bars in (a)
and (c): 1 nm; imaging conditions: —0.2 V and 0.5 nA for compounds 1,
3, 4,and 5, 0.8 V and 0.5 nA for compounds 2). (d) Calculated wave
function and energy of dy and d, orbitals for each compound.

a pair of double maxima that are distributed symmetrically with
respect to the reflection plane which bisects the molecule
(indicated by the dashed line in Figure 3c). We have observed
very similar characteristics for compounds 3 and 4 (cf. Figure
3). In addition, at the central position, compound 3 or 4 shows
a peak of ~2.0 V which, according to its energy and shape,
can be ascribed to the state of the central poly-p-phenylene
group. Overall, the common feature of the four compounds is
that each possesses a low-energy state of appreciable intensity
in the middle and a high-energy state of deficient intensity in
the middle. (Note, though, that for compound 1 only the lower
side shows this feature clearly, presumably due to its small size.)
Since, at positive bias voltages, electrons flows from the STM
tip into the molecules, these states represent empty molecular
orbitals. The contribution of vibronic states is excluded because
according to literature molecular vibronic states were not
detectable when molecules were adsorbed on metallic surface.*

The origin of these observed states can be elucidated by
calculations. As seen in Supporting Information Figures S3—
S6, as the two tpy groups are linked by a poly-p-phenylene
spacer, their LUMO-1 orbitals can effectively form dimerized
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orbitals at well-separated energies (let dy and d, denote the
symmetric and antisymmetric orbitals, respectively, following
the orbitals’ D, symmetry). Figure 3d shows the wave functions
and energies of the dy and d, orbitals for each compound
obtained by DFT calculations (in coplanar conformation). The
low-energy dy orbitals are mostly distributed at the poly-p-
phenylene group with a symmetric (s-like) shape. (The calcula-
tions excluded the contribution from the poly-p-phenylene states
to the d, orbitals. See Supporting Information Figure S7.) The
high-energy d, orbitals are mostly distributed at the two side
tpy groups with a nodal plane (perpendicular to the molecular
axis) in the wave functions, giving them a p-like shape. Since
the STS maps reflect the distribution of local density of the states,
which is proportional to the squares of their wave functions, the
experimentally observed intensity deficit at the molecule’s middle
plane (cf. Figure 3c) can be attributed to the wave functions of
these states having a planar node in the middle. In other words,
they are p-like states. Based on the orbital shape and energy, the
experimentally observed high-energy (low-energy) states can
be assigned to the p-like (s-like) antisymmetric (symmetric) d,
(dg) orbitals. (Note that, for compound 1, the higher-energy
component at 1.72 V of the broader peak is assigned as the
p-like state based on the fact that its spatial distribution and its
energy level resemble the features of the d, state). According
to the extended Hiickel model, the energy splitting between
these two states can be used to quantify the superexchange
coupling strength of the poly-p-phenylene bridges.*® Hence,
these results allow us to understand how the superexchange
coupling varies with the different spacers. It is worthwhile
to note the dimerized states constructed by the tpy’s LUMO
orbitals shown in Supporting Information Figure S3—S6 may
be attributed to the lower-energy components of the broader
peaks (cf. Figure 3b).

In a control experiment, we have studied a molecule
(compound 5) in which two tpy groups are linked by a
nonconjugated (bicyclo[2.2.2]octane) spacer, as shown in the
bottom panel of Figure 3a. In the STS spectra, the side sites
show a peak at 1.62 V and the central site shows a peak at 1.50
V but with a much lower intensity (Figure 3b, bottom). The
STS maps at 1.6 and 1.2 V are shown in Figure 3c (bottom).
Obviously, unlike the previous molecules, compound 5 does
not have a low-energy s-like state. Therefore the two tpy groups
of compound 5 can be viewed as two units that are chemically
linked but electronically decoupled. Calculations support this
view. Figure 3d (bottom) shows that both the antisymmetric
and symmetric dimerized orbitals of compound 5 are localized
at the two tpy groups. These two states are degenerate (i.e., there
is no energy splitting between the dy and d, orbitals), which
indicates an absence of superexchange coupling. Since the spacer
of 5is of a similar length as that of 4, the sharp contrast between
4 and 5 implies that the nonconjugated spacer effectively
suppresses superexchange coupling. Furthermore, the absence
of the antisymmetric and symmetric states implies that coupling
through Cu surface electrons can be neglected.

The energy splitting AE between the s-like state and the p-like
state of compounds 1 to 4 is plotted as a function of n in Figure
4 in a semilog scale. For each compound, several molecules
were examined in multiple measurements (8—23 examples for
various compounds) and AE varies in a range, as indicated by

(14) (a) Pradhan, N. A.; Liu, N.; Ho, W. J. Phys. Chem. B 2005, 109,
8513. (b) Qiu, X. H.; Nazin, G. V.; Ho, W. Phys. Rev. Lett. 2004, 92,
206102.

(15) Launay, J. P. Chem. Soc. Rev. 2001, 30, 386.
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—e— DFT coplanar
—o—DFT twisted

Figure 4. The measured and the calculated energy splitting AE between
the symmetric s state and antisymmetric p state for compounds 1, 2, 3, and
4 as a function of number of phenylene unit (n). The exponential fitting of
the measured values (solid line) obtains a decay constant of 0.10 + 0.02
A~L. The exponential fitting of the calculated values obtains a decay constant
of 0.08 A1 (0.05 A1) for the twisted (coplanar) molecules.

the error bar in Figure 4. This variation of AE may be caused
by subtle molecular conformation differences of individual
molecules, for example, different dihedral angles, because the
energy splitting is very sensitive to molecular conformation.
Considering the effective length of 4.3 A per phenylene unit,
the experimental data can be well fitted by an exponential decay
AE o< exp(—kd) with a decay constant of 0.10 & 0.02 A1, As
discussed before, the energy splitting is proportional to super-
exchange coupling Va, (AE o< Vy,); we conclude that in the poly-
p-phenylene systems, superexchange coupling decays with a rate
0f 0.10 & 0.02 A~L. The DFT calculations support this trend as
the calculated energy splitting exhibiting exponential decay
behavior too, at a rate of 0.08 A1 (0.05 A1) for the twisted
(coplanar) molecules.

Exponential decay is generally found in measurements of
ensembles of molecules for superexchange coupling, as well
as in intramolecular CT rate constants or molecular conductance
in the superexchange regime. The rate constant kpa of the
nonadiabatic CT from a donor to an acceptor is kpa = 27/A
[Voal? FCWD, where Vpa is the donor—acceptor coupling matrix
element and FCWD is the Franck—Condon weighted density
of states.™*® Recent work has established a relation between
the CT rate constant and direct conductance g across a molecule
as g ~ (4/FCWD)kpa.1"*® So, both kpa and g are expected to
decay with a decay constant of twice that of Vpa. To the first
approximation, superexchange coupling Va, decays at the same
rate as the donor—acceptor coupling Vpa.'>*® Thus we can
compare our result with intramolecular CT as well as direct
conductance. Table 1 summarizes the decay constants of the
poly-p-phenylene systems obtained in this study along with those
obtained using other methods. The superexchange coupling
decays at a rate of 0.118 A= or 0.19 A~%,*>1° which is in fair
agreement with our result. For the rate constants or molecular
conductance, taking into account the factor of 2, the experi-
mentally obtained decay constants are larger than our value. A
likely reason for this discrepancy is that the poly-p-phenylene
spacers in those studies were in a free molecular conformation
with a twisted dihedral angle, while in our experiment the
molecules were in a conformation in which the dihedral angle
was reduced.’®#* Although the actual dihedral angle is unknown

(16) Ratner, M. A. J. Phys. Chem. 1990, 94, 4877.

(17) Nitzan, A. J. Phys. Chem. A 2001, 105, 2677.
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Table 1. Decay Constant of Poly-p-phenylene Systems Obtained
in This Work and Literature

Property Decay Constant, A~ Method Reference

Vab 0.10 £ 0.02 Energy splitting of |
(Superexchange dimerized states tis work
coupling) 0.118 Intervalence transitions®®

0.19 Magnetic exchange®®
koal2 0.16 Luminescencel??
(CT Kinetic rate  0.23 Transient absorption®®
constant) 0.33 Transient absorption™®
g/2 0.18 AC voltammetry?®
(Molecular 0.30 Ag-SAM/STM-Hg?*
conductance) 0.18—0.25 C-AFM?®

0.21 C-AFM?®

0.17 STM break junction®®

0.13 (twisted) 0.08 (planar) DFT-Green function®’
0.16 (twisted) 0.12 (planar) NEGF-DFT?®
0.26 (twisted) 0.20 (planar) NEGF-DFT?°

0.14 (planar) ESQC*
0.17 (twisted) DFT+3%
0.18 (twisted) NEGF-DFT®2

based on STM topographs, it is a general view that the dihedral
angle is reduced by molecule-to-surface interaction when
molecules are adsorbed on a metal surface. For example, a recent
report concluded that the dihedral angle of a poly-p-phenylene
molecule is reduced from 30° in the gas phase to 16° upon its
adsorption on a Au(111) surface.™®* It was predicted that the
conjugation of poly-p-phenylene molecular wires is effectively
enhanced in a coplanar conformation resulting in smaller decay
constants.?’~2° One can see our result of 0.10 & 0.02 A~! agrees
well with the calculated values of coplanar wires reported in
the literature.

Conclusions

We have presented an effective experimental approach to
investigate the intramolecular CT phenomena of isolated

(21) Mishchenko, A.; Vonlanthen, D.; Meded, V.; Biirkle, M.; Li, C,;
Pobelov, I. V.; Bagrets, A.; Viljas, J. K.; Pauly, F.; Evers, F.; Mayor,
M.; Wandlowski, T. Nano Lett 2010, 10, 156.

(22) Schlicke, B.; Belser, P.; De Cola, L.; Sabbioni, E.; Balzani, V. J. Am.
Chem. Soc. 1999, 121, 4207.

(23) Creager, S.; Yu, C. J.; Bamdad, C.; O’Connor, S.; MacLean, T.; Lam,
E.; Chong, Y.; Olsen, G. T.; Luo, J. Y.; Gozin, M.; Kayyem, J. F.
J. Am. Chem. Soc. 1999, 121, 1059.

(24) Holmlin, R. E.; Haag, R.; Chabinyc, M. L.; Ismagilov, R. F.; Cohen,
A. E.; Terfort, A.; Rampi, M. A.; Whitesides, G. M. J. Am. Chem.
Soc. 2001, 123, 5075.
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molecules while at the same time imaging their conformation
and precisely determining their surrounding conditions in
atomic-scale detail. We have characterized superexchange
coupling at individual molecules by measuring the energy
splitting between the symmetric and antisymmetric states
constructed by dimerization of the molecular fragments” orbitals.
Because of its ability to determine the molecules’ internal/
external status precisely, this method opens the door to
investigate how superexchange coupling, and in a broader sense
intramolecular CT or molecular conductance, is influenced by
molecular conformation or contacts with the surroundings, which
is otherwise difficult to address directly. Finally, we discuss
the applicability of our method. For a molecular wire of low
conductance, the superexchange coupling is weak, so the energy
splitting is small. If this value is below the experimental
detection limit, our approach is not applicable. Therefore, in
principle, our approach is more suitable to detect molecular
wires of good conductivity, such as conjugated polymers of
poly-p-phenylene, poly-phenyl-ethylene, or poly(p-phenylene
vinylene).
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