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ABSTRACT The realization of molecular electronics demands a — T T T T T T T T T T
detailed knowledge of the correlation between chemical groups and P
electronic function. It has become obvious during the last years that
the conformation of a molecule and its coupling to the connecting

DOS (a.u.)

electrodes plays a crucial role in its conductance behavior and
its electronic function, e.g., as a switch. Knowledge about these

relationships is therefore essential for future design of molecular

electronic building blocks. We present a new three-dimensional

L L . v(Vv)
molecule, consisting of three identical molecular wires connected to

a headgroup. Due to the well-defined spatial arrangement of the molecule in a nonplanar geometry, it is possible to investigate the conductance behavior

of these wires with respect to their position and coupling to the surface electrode with the submolecular resolution of a scanning tunneling microscope. The

experimental findings are supported by calculations of the electronic structure and conformation of the molecule on the surface by density functional

theory with dispersion corrections.
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n recent years the field of molecular elec-

tronics experienced a boost. Although

molecular applications in electronics re-
quire self-assembled multimolecular struc-
tures rather than single molecular junctions,
the knowledge about the fundamental cor-
relations between a molecule's functional
chemical groups, its contacts, and surround-
ings and the resulting electronic properties
is imperative for the designing of future
molecular electronic building blocks.' '
These fundamental correlations have
been studied in recent years mainly by
inserting molecules into mechanically
controlled (MCBJ) and other break junc-
tions techniques'>*~71"1~18 or by scanning
tunneling microscopy (STM).">~'> While in
MCBIJ high stability of the contacts is achieved
and all break junction experiments deliver
very good measurement statistics, little
is known about the configuration of the
molecule and the contacts.'"'®"'® These
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decisive aspects can in principle be investi-

gated by STM and scanning tunneling spec-

troscopy (STS)."'~'°?°"22 However, wire-like

molecules tend to adsorb with their long axis

parallel to metallic surfaces, making transport

measurement along the wire axis impossible.

Picking the molecular wire up from the surface

by an STM tip>'"">"> changes not only its

bonding to the electrode but very likely also

the conformation of the molecule itself. This

manipulation therefore frustrates the original

potential of the STM method to characterize

both molecule and contact. It is, however,

highly desirable to characterize the molec-

ular contact in the very same configuration ~ *Address correspondence to
as that of the electronic measurement, A M2 lukasekitedu.
multipodal molecular “stand” may therefore  geceived for review April 24, 2013
be used to lift molecular wires or functional  and accepted June 22, 2013.
units permanently from the surface.'823~3° Published online June 22, 2013
Most studies on such molecules used ensem-  19.1021/nn4020505

ble averaging methods, eg., XPS, cyclic vol-

tamogrammetry, and luminescence. Local  ©2013 American Chemical Society
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orientational and conformational properties on single
molecules were scarcely investigated,®>?” and the
only investigation of electronic transport through
a single tripodal molecule used a break junction
technique.'®

To enable unprecedented insight into the relation
between the molecular wire's conformation and ori-
entation to the surface and its electronic transport
properties, we designed molecules that adopt a tripo-
dal form, preventing a configuration where the mole-
cule lies flat on the metal surface,>'3? and investigated
them by STM and STS with submolecular resolution.
Here, we report on an investigation of a gallium
complex comprising such a rigid three-dimensional
structure. After deposition on a Au(111) surface, some
of the wire-like parts of the molecule will protrude
freely, becoming accessible for investigation with
an STM tip. We demonstrate by STS measurements in
combination with density functional theory (DFT)
calculations that substructures that are chemically
identical in solution become distinguishable upon
adsorption; that is, they exhibit strongly varying elec-
tronic properties that depend on their different orien-
tation with respect to the surface and arise from
different coupling to the metal surface. It is, to our
knowledge, the first time that the electronic properties
of an elongated conjugated molecular wire are shown
for isolated single molecules with respect to their
a priori well-determined conformation and orientation
toward the surface.

RESULTS AND DISCUSSION

To form a tripodal molecule, three identical molec-
ular wires (“legs”) are rigidly attached to a Ga" complex
("head”), as shown in Figure 1(a), with the resulting
structure determined by single-crystal X-ray diffraction
in Figure 1(b).3" All rotations possible within the mole-
cule preserve its three-dimensional structure. Conse-
quently, the molecule must protrude from a planar
surface, either with its head when standing on all three
legs or with one leg when lying “on the side”. Figure 1(c)
shows a typical STM image of a Au(111) surface covered
by a submonolayer of these molecules deposited from
solution at room temperature (see Methods section for
details).

In spite of a rather weak molecule—substrate inter-
action that preserves the Au herringbone reconstruc-
tion,3® the molecule positions are stable at the measur-
ing temperature of 30 K. They preferably bind near the
“elbows” and in the fcc regions of the Au surface,
whereas the hcp regions are less frequently occupied,
as can be seen in the inverted-height-scale image in
Figure 1(d). At low coverages the transition regions
between the fcc and hcp regions of the herringbone
reconstruction are not covered at all.

The fraction of molecules binding with all three legs
to the surface (Figure 1(e)), i.e. in the configuration of a
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molecular “lunar module” as shown in the schematic of
Figure 1(f), is very small (<1%). The bonding config-
uration shown in Figure 1(g) represents the most
frequently observed type. The size and angular struc-
ture of this image suggest that this is a tilted “lunar
module”: Starting from a “lunar module”, two sulfur
positions are fixed and the molecule is rotated around
the axis connecting the fixed sulfur atoms. This lifts the
third leg from the surface, while it brings the two legs
with the sulfur atoms attached to the surface and the
headgroup closer to the surface. Such a tilted molecule
is shown in the schematic picture of Figure 1(h). The
projection to the surface resembles an angulate sign €,
where the middle bar is the leg that is pointing away
from the surface (middle leg), while the angulate outer
frame C is given by the head and the legs that are tilted
toward the surface (side legs).

In some cases we observe features in the STM
images that cannot be identified as intact molecules,
e.g., the lower of the two features in the upper right-
hand corner of Figure 1(d). In order to check if these
features arise from disintegration of molecules during
deposition, we performed STM investigations after
the deposition of the leg group only. In this case we
observe structures completely different from the ones
identified as intact molecules but also different from
the features just mentioned.®’ Furthermore, after de-
position of molecules we find no areas similar to the Ga
islands or alloyed Au areas reported in ref 34. Therefore
we suppose that the structures frequently found still
contain the metal ion in its head complex and that
Figure 1(g) indeed shows an intact tripod.

To gain insight into the electronic structure of the
molecule in this nonsymmetric orientation with re-
spect to the surface, we performed current—voltage,
I(V), measurements at well-defined positions above the
molecule, always maintaining a vacuum gap between
tip and sample. It must be noted that the molecule has
C3 symmetry and is chiral, with a racemic mixture of
both enantiomers. In the tilted orientation (Figure 1(g)),
each of the three chemically identical legs adopts a
different orientation with respect to the surface. We
are, however, not able to distinguish between the two
side legs on the basis of the STM images alone. There-
fore, (V) curves were measured either above the head,
the protruding middle leg, or the side legs, without
distinguishing between the side legs at this point.

For the rather large voltage ranges used in the
spectroscopy of molecules, dl/dV cannot be inter-
preted as a quantity proportional to the sample's local
density of states (DOS).>* 3% We therefore decon-
volved the DOS by the method proposed in ref 35
(for details see the Methods section). The resulting
spectra are shown in Figure 2 for the different positions
indicated by colored dots in the inset. Peaks in the
deconvolved DOS do reflect the energy positions of
electronic states correctly; however, the relative height

VOL.7 = NO.7 = 6170-6180 = 2013 F@L@Mi{\)

WWW.acsnano.org

6171



(2] l

°
oy
® 0
s
O Ga

4
P

Figure 1. Structure and STM imaging of the tripodal molecule. (a) Chemical molecular structure and (b) structure of the
molecule as found by X-ray diffraction.>' The arrows mark the “upper” (dark cyan) and “lower” (light cyan) phenyl ring of
the leg. (c) Submonolayer of tripodal molecules on Au(111). (d) Inverted-height-scale image. The transition lines
between fcc and hcp regions of the herringbone reconstruction appear as dark lines. Molecules mainly bind at the
elbows and in the fcc regions. (e) Molecule in a standing “lunar module” configuration (the symmetry in this high-
resolution image suffers due to piezo-creep) and in a (g) tilted configuration. (f) Schematic of the “lunar module”
configuration and (h) tilted configuration. STM images in constant current mode: V = 2 V, | = 23 pA. Image widths:

(c) 90 nm; (d) 21 nm; (e and g) 5 nm.
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Figure 2. DOS spectra obtained from the local /(V) measure-
ments on the head (red), side (blue), and middle leg (green).

of two peaks does not yield unambigous information
on the relative weight of the corresponding states in
the real DOS.*

It can clearly be seen that the prominent features in
the measured DOS differ for different positions of the
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STM tip above the molecule. Spectra on the head and
the side leg seem to have nearly opposite behavior:
when a maximum is observed on the head, a minimum
is found near that energy on the side leg (cf. ~—2V,
1.7V, 3 V) and vice versa (cf. ~—2.7V, =12V, +2.3 V).
On the other hand, the spectra on the middle leg show
peaks at similar energies to the head.

A few conclusions can be drawn from the measured
spectra right away: Without coupling to a surface
all three legs are identical and similar spectra should
be obtained on the middle and the side legs. In the
tilted configuration of Figure 1(h) all three legs couple
differently to the surface. The strong differences in the
spectra on the middle and side leg immediately show
the effect of the surface on the electronic structure of
the leg. As mentioned above, possible differences in
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the spectra between the two side legs are not resolved
with our tip (which remains at RT while the sample is
cooled). Second, the fact that spectra on the middle leg
resemble the spectra on the head suggests that there
exist orbitals that extend over the head and middle leg.
Hence electrons are able to tunnel resonantly through
the leg and head, i.e., “along” the middle leg, at the
corresponding energies. Third, since the spectra on the
side legs exhibit minima at the main peaks of the head
(—2V, 1.7V, 3V)and, conversely, maxima at energies of
minima on the head (-2.7 V, —1.2'V, +-2.3 V), orbitals
located at both the head and side leg at the same
energy seem to be scarce. Therefore elastic transport
along the side leg to the head is not possible, and
electrons emitted from the tip have to tunnel “across”
the side leg directly into the surface.

We conclude that the different coupling of the wires
to the surface enables two different electron pathways
through the molecule: “along” the leg for the middle
leg and “transversing” the leg for the side leg. (We note
that the concept of “tunneling along” or “across”
strictly speaking does not hold for an electron occupy-
ing an orbital with spatially dependent probability
amplitude. With the term “tunneling along” we refer
to the process where the electron enters the molecular
orbital at the leg and exits the molecule at the head.)

To test our interpretation of different electron path-
ways through the molecule, we performed quantum
chemical calculations (for details see the Methods
section) and analyzed the electronic structure of the
molecule with different conformations and surround-
ings: (a) the isolated and relaxed molecule (gas phase
molecule), (b) the molecule fixed in the distorted
conformation that it adopts upon adsorption at the
gold surface, but without the surface (distorted gas
phase), (c) the molecule in distorted conformation
with the gold surface at 26.5 nm distance, and (d) the
molecule adsorbed at the gold surface (distorted/
relaxed molecule on the surface). The surface was
modeled by two layers of 10 x 10 Au atoms. The Au
positions were kept fixed at the positions of an un-
reconstructed Au(111) surface. For (a) and (d) the
structure of the adsorbed molecule was optimized.
The distorted conformation after relaxation on the
surface (d) was kept fixed to calculate (b) and (c). Since
the system is rather large, typically leading to a large
number of local minima, information from the STM
measurements is needed to come up with a reasonable
starting configuration.

To this end, we investigated the molecule's orienta-
tion with respect to the herringbone reconstruction.
The orientation of the gold reconstruction was inferred
from the transition lines and its behavior at the step
edges.>? We define the orientation angle o. as the angle
between the bisectrix of the side legs and the transition
line as shown in Figure 3(a). The angles § and y (see
Figure 3(a)) depend strongly on the exact definition of
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Figure 3. Orientation of molecules. (a) The orientation of a
molecule is determined by the angle o between the bisec-
trix of the side legs and the direction of the herringbone
transition lines (long vertical arrow). The observed values
are given by black bars in (c). (b) Orientations are named by
the vector connecting the sulfur atoms of leg 1 (blue) and
leg 2 (cyan). For example, the orientation of the schemati-
cally drawn molecule is [3 —7]. The circle indicates the S—S
distance found in the X-ray crystal structure of the molecule.
Atoms marked in dark and light cyan are the most probable
positions for the second sulfur atom; the light cyan arrow
indicates the orientation [2 5]. The theoretical probabilities
for these orientations are indicated in (c) as colored bars.

the head position (i.e., intersection point of the lines
through the side legs). However the bisectrix (and
hence a) is much less affected by this uncertainty.

The distribution of angles a as found on our samples
is given by the black bars in Figure 3(c). Molecules
at elbow sites were not included. We also indicate a
“probability” for two different orientations called <2 5>
and <3 4>, which are determined as follows: From
the X-ray structure of molecular crystals the dis-
tance between the sulfur atoms of the legs is given
by 1.72 nm.

If we position one sulfur at a certain position on the
gold surface (blue “atom” in the center of Figure 3(b)),
then the ideal distance for the sulfur atom of the
second leg is given by the black circle line. Only a
few positions exist where the sulfur atom of leg 2 can
be accommodated in a position with identical site
symmetry to that of leg 1 without much expansive or
compressive strain on the molecule. The orientations
with least strain are the families of <6 0>, <3 4>, and
<2 5> orientations, where <a b> indicates all orienta-
tions where the sulfur of leg 2 is found at a position
+(aa; baj) from the sulfur of leg 1, with a;; being
any two of the hexagonal unit vectors of the (unrecon-
structed) surface. The respective positions are indicated
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in Figure 3(b) as light and dark cyan “atoms” for <2 5>
and <3 4> orientations, respectively. The exact orienta-
tion [a b] refers to the specific choice of hexagonal unit
vectors given in Figure 3(b).

Stretching or compressing the molecule by a dis-
tance ¢ will result in an energy penalty that exponen-
tially reduces the probabilty to find this conformation
(for details see the Methods section). These theoretical
probabilities are shown as colored bars in Figure 3(c).
For clarity the orientation that—based on this stretch-
ing energy argument—should be the most probable
(<6 0> at multiples of 60°) is not shown because it is not
adopted by the molecules at all.

It is evident that orientations with the same prob-
ability based on the S—S distance (bars of same colorin
Figure 3(c)) are not observed with the same probability
in the experiment. We attribute these differences to
the interaction of the whole molecule with the surface,
which has not been considered so far. Taking the
interaction with the gold surface into account, a few
things have to be considered: First, orientations ro-
tated by 60° are not identical if the second gold layer
matters, while orientations rotated by 120° are iden-
tical when the Au surface reconstruction is neglegted.
Furthermore, an orientation of a right-handed (R)
molecule on the surface at angle o is the mirror image
of a left-handed (L) molecule on the surface at angle
—a. Mirror imaging the complete system does not
change its energy; hence the identical configurations
(R, @) and (L, —a) have the same energy and hence the
same probability. On the other hand, (R, @) and (R, —a)
are not identical configurations and may therefore
have different energy and probability. The molecules
in our samples exist in a racemic mixture, and all of the
four configurations (R/L, +0/—a) may exist. However,
we are not able to distinguish R and L species in the
STM images; therefore we cannot distinguish (R, —a)
from (L, —a), and hence it is not useful to discriminate
probabilities for a from those for —o.. Accordingly, we
show the orientations over |o in Figure 3(c).

It is conspicious that not all of the three orientations
rotated by 120° are found in the experiment. We
attribute this to the herringbone reconstruction, which
breaks the 3-fold symmetry. For example, the angles
+85°, —35° and —155° are identical orientations on
an unreconstructed surface. However, for —155° or
—35°the head of the molecule would be positioned far
away from the transition lines in order to place the
complete molecule inside the fcc region of the recon-
structed surface, an orientation that is virtually never
observed. The head is always oriented toward a transi-
tion line or toward the kink of an elbow, which there-
fore seems to be energetically favorable. If the head
was placed in the vicinity of the transition region at
this angle, one of the legs would extend into the
transition region, which apparently is unfavorable
as well. We therefore attribute the missing of orientations
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‘unrelaxed [2 5]

relaxed [2 5] relaxed [3 4]

Figure 4. Positions of molecules: (a—c) top and (d—i) side
views of the molecule. The left column shows the unrelaxed
molecule. The center and right column show two structures
after relaxation. The sulfur atoms of leg 1 (blue), leg 2 (cyan),
and the protruding leg (green) are marked with color to
clarify the orientations in the side views. The CH; groups
attached to the sulfur atoms are not shown in the side views
for clarity.

with small angles below 40° and of angles in the
range 140—180° to the interaction with the transi-
tion region.

Having identified the most probable orientations
from experiment, we chose the starting orientation
for the DFT calculations: We positioned two sulfur
atoms of the molecule nearly on top of gold atoms in
a <3 4> or <2 5> orientation and tilted the molecule
around the S—S axis so that the view from above
resembles the shape we see in the STM. The [2 5]
starting orientation is shown in Figure 4(a) seen from
above and (d,g) from two sides. Figure 4(b,e,h) show
the molecule after relaxation from the initial structure.
Finally, Figure 4(c,f,i) show a structure relaxed from the
[3 4] starting position. The sulfur atoms are shown in
cyan, blue, and green for legs 1—3 to enable better
identification of the orientation in the side views. For
clarity the methyl groups attached to the sulfur are not
shown in the side views. In the following the phenyl
rings of one leg are referred to as “lower” and “upper”
(see Figure 1(b)). Our calculations show the following
main features: The “lower” phenyl ring of leg 2 (cyan) is
tilted in all final configurations, probably to bring its 7t
system into stronger overlap with the surface electron
system. Leg 1 (blue) cannot bring the lower phenyl ring
parallel to the surface by rotation of the ring alone.
Instead, the adjustment is reached by a distortion of
the whole leg. This brings the Ga complex closer to the
surface and aligns the 7 system of leg 1 more parallel to
the surface. The sulfur atoms prefer a nearly on-top
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TABLE 1. Distances and Energies for the Relaxed Structures

group configuration angle (deg)
<34> [3-7][-74][43] +85, —35, —155
<34> [4-7],[-73],34] +95, —25, —145
<25> [2-7],[-75],[52] +76, —44, —164
<25> [5-7,[-72]125] +104, —16, —136

c

A )
.\f\/.\f e AN
-4 -2 (1] 2 4

E (eV)

Figure 5. Calculated DOS for the complete molecule for (a)
the isolated molecule, (b) the distorted [5 2] conformation
without surface, (c) the distorted [5 2] conformation with
surface at 26.5 nm distance, and (d) distorted [5 2] (cyan)
and [3 4] (dark cyan) conformation with surface, i.e., the
molecule relaxed on the surface.

position. The S—Au distances, given in Table 1, are in
the range of typical S—Au binding distances. The
relative energies of the different configurations with
respect to the lowest energy structure found are given
in Table 1 as well.

In order to understand the effect of the surface on
the electronic properties of the molecule, we extract
the total density of states of the molecule from the DOS
of the system including the surface by summing the
population stemming from molecular atoms. The re-
sulting discrete orbital energy spectrum is broadened
by AV = 0.3 eV, which is in the range of the experi-
mentally observed peak widths (for details see the
Methods section).

To distinguish the effect of the geometric distortion
from that of the vicinity of a metallic electrode, we
calculated the electronic structures of (a) the isolated
molecule, (b) the isolated molecule in the distorted
conformation [5 2], (c) the distorted conformation [5 2]
with the surface at 26.5 nm distance, and (d) the
distorted conformations [5 2] and [3 4] of the molecule
adsorbed at the surface. The extracted molecular DOS
is shown in Figure 5(a—d), respectively. The alteration
of the DOS due to the distortion of the molecule is
small. The relative weight of the peaks does change
somewhat, but the peak positions are affected only
a little (Figure 5(b)). When the surface is included in
the calculations, the Fermi levels of the molecule and
the metal cluster have to adjust. At long distances
(26.5 nm) this is realized in the calculations by a very
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distance (pm)
S;—Au S,—Au relative energy AF (eV)
257 270 2.54
266 279 0.86
268 280 0.00
263 269 0.73

small electron transfer from the molecule to the metal
cluster (0.17 electron). Therefore, the positions of all
peaks originating from the molecule shift to lower
energy (Figure 5(c)) even with the surface being at
large distance. The fact that the double peak structure
at —1.6 eV/—1.3 eV not only shifts but also narrows
somewhat indicates that the energetic shift can
be different for different orbitals. Finally, adsorbing
the molecule at the surface results in a further energy
shift but also in the occurrence of new features, e.g.,
an additional peak at positive energy (unoccupied
orbitals) between the two first peaks in Figure 5(d).
The difference between the configurations [3 4] and
[5 2] marked as dark and light cyan is small.

In order to elucidate the effect of the gold surface on
different orbitals of the molecule, we performed the
summation over orbitals for parts of the molecule only
to obtain a local (L) DOS, which can be compared with
the experimental curves. We assign groups of atoms
to belong either to one of the legs or to the head and
sum over the orbitals belonging to atoms of the
respective group only. We calculated the LDOS for
different distributions of atoms to the head and the
three leg groups. Two of these distributions are shown
in Figure 6.

In distribution | only the lower phenyl ring and
the thiomethane group are included in the leg groups,
while all other atoms are added to the head. The
respective spectra are drawn in light colors in Figure 6;
the atoms that contribute to the respective spectrum
are colored in the inset. Distribution Il includes both
phenyl rings and the oxygen atom in the leg groups,
while all remaining atoms contribute to the head. The
LDOS for this distribution is shown in dark colors in
Figure 6.

The effect of the grouping of atoms either to the leg
or to the head is very prominently seen, for example,
for the peak at —1 eV. “Removing” the contribution of
the upper phenyl ring, i.e., going from Il to | for a leg,
leads to a strong reduction of the peak. Hence the
orbitals of the upper phenyl ring are the main contributers
to this peak. This effect is most pronounced for the side
legs. For the middle leg this peak is found in the spectrum
of distribution | as well, while it is strongly surpressed
for side leg 1 and completely vanishes for side leg 2,
which has its lower phenyl ring most parallel to the
surface. Apparently, the stronger the interaction with
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Figure 6. Calculated local DOS of conformation [5 2] for
distributions | (light colors) and Il (dark colors). The atoms
contributing to the respective LDOS in distributions | and I
are marked with light and dark colors, respectively, in the
inset.

the surface, the less the contribution of the upper
phenyl ring at —1 eV.

Another example for the strong effect of the surface
is the peak at +-3 eV (middle leg)/+2.5 eV (side legs). It
obviously arises mainly from orbitals of the lower
phenyl ring. Therefore, the LDOS hardly changes be-
tween | and Il. However, the energy position of this
peak depends on the coupling to the surface. For the
two side legs the peak energy is shifted with respect to
that of the middle leg. This shift is strongest for leg 2,
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which has its phenyl ring more parallel to the surface.
It also emerges that the “new” peak occurring in
Figure 5(d) is due to those orbitals at the side legs that
shift in energy due to their interaction with the surface.

All pronounced head orbitals seem to extend to the
upper phenyl rings as well. But the two aforemen-
tioned effects, a strong shift of peaks stemming from
unoccupied orbitals at the lower phenyl rings and,
second, the marginal contribution of the lower phenyl
rings to some peaks, are found for the side legs but
not for the middle leg. Therefore, the spectra of the
head and middle leg resemble each other much more
closely than those of the head and side legs in dis-
tribution |.

In Figure 7 we finally compare the calculated local
spectra with the measured local DOS. We show the
head and middle leg spectra on the leftand the side leg
spectra on the right. The middle panel contains mea-
sured spectra. The upper and lower panel show the
calculated DOS for distributions | and I, respectively.
Overall there is a good agreement between the mea-
sured spectra and the calculated DOS. We point out
that there is no arbitrary adjustment of the Fermi
energy (Ef) in the theoretical spectra. The highest
occupied molecular orbital (HOMO) of the isolated
molecule has been set as E¢. The resulting work func-
tion ¢ =4.635 eV is then used as a shift for all calculated
spectra (see Methods section). The agreement of the
calculated and measured energies without further
adjustment is remarkably good. However, much more
important, the trend in how peak positions shift for
different positions of the tip above the molecule is in
agreement with the shifts found in the calculations, as
will be discussed in the following.

For spectra on the head all measured peaks are
resembled in the calculation of the DOS. The spectrum
of occupied head states was measured at the position
indicated with a cross in the inset, i.e., on the bright dot,
away from the leg structures. Spectra taken closer to
the border between the bright dot and the leg better fit
to those of the side legs. We therefore conclude that
the bright dot seen in the STM images arises from the
molecular complex coordinating the Ga atom, but
does not contain the upper phenyl ring.

For spectra collected on the middle leg we find good
agreement with the calculated spectra; however the
measurements at small energies were hampered by a
very large distance between tip and sample (V~2—-2.5eV
and / ~ 20—30 pA before freezing the feedback loop).
For smaller distances we would manipulate the mole-
cule during an /(V) measurement. Due to the weak
interaction of the middle leg with the surface, the
molecule will couple to the tip and be lifted from its
position or even transferred to the tip at larger voltages
when the tip is too close. At the required large dis-
tances, we are at the resolution limit of our current
measurement for voltages smaller than ~1 V. The small
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Figure 7. Comparison of calculated and measured local DOS. Distribution | is shown in the upper panel; distribution Il in the
lower panel. The middle panel shows experimental curves. Experimental and theoretical local DOS are in good general
agreement. They indicate that spectra on the middle leg (green) result in a measurement of distribution Il. In contrast for leg 1/
2 (right-hand side) the measured spectra resemble distribution I or Il depending on the tip position.

“peak” at —0.3 eV, therefore, is an artifact of noise at the
resolution limit, while the peak at —2 eV is real and
regularly found. We always find multiple peaks or a
broad structure above +3 eV. This is plausible because
due to the protruding legs geometry it is hardly
possible to measure configuration |I.

For the two side legs the situation is different. In
the occupied states we see a clear difference in the
spectra if we tunnel in a position at the very end of
the elongated feature (leg) or further toward the bright
head dot. In the first case the measured spectrum
(blue) resembles much more the theoretical spectra
of distribution | (upper panel), while the curve in dark
cyan resembles rather the theoretical spectra of dis-
tribution Il. Obviously, we mainly address the lower
phenyl ring when the tip is positioned at the very end
of the elongated feature, but we measure contribu-
tions from both phenyl rings when we position the tip
more toward the bright dot. Even if one is tempted to
state that the shown curves rather resemble the calcu-
lations of leg 1, the energy resolution of our measure-
ments does not really allow for such conclusions. For
example, the broad peak in the dark cyan curve could
be the single peak at —2 eV of leg 1; it could, as well,
be interpreted as the envelope of the peaks —1.5 eV,
—2 eV, and —2.6 eV of leg 2. Similarly, for unoccupied
states we observe an effect of the tip position on the
spectra, but it is not possible to distinguish leg 1 and
leg 2 unambigously with the energy resolution of the
tip at room temperature.

CONCLUSIONS

We were able to synthesize a three-dimensional
molecule with three identical molecular wires in a
nonplanar configuration that assume different orienta-
tions upon deposition on a gold surface entailing
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different couplings and accordingly electronic struc-
tures of the wires. This orientation-dependent elec-
tronic behavior has been studied by STS. Locally
resolved DOS spectra on tilted molecules show large
differences between the two wires very close to the
surface and the third wire protruding from the sur-
face. The experiments suggest the existence of orbitals
located on the head complex and the protruding leg,
while at the same energies no orbitals are found for the
legs coupled to the surface. Our DFT calculations show
that the surface acts on the whole molecule by an
overall shift of the DOS spectrum, which can be inter-
preted as an adjustment of the chemical potential of
molecule and surface. However, orbitals that are close
to the surface, e.g., those on the phenyl rings of the side
legs, undergo an additional energy shift due to the
interaction with the surface, while those on the pro-
truding leg do not show an additional shift. Further-
more, some orbitals that originally are located on the
lower phenyl ring of the molecule are considerably
surpressed by the interaction with the surface. These
strong effects are rather due to the interaction with
the electronic system of the surface than due to re-
arrangements within the molecule upon distortion from
theisolated conformation. The calculations enable us
to establish a correlation of the features observed
in the STM images with the actual location of the
chemical groups of the molecule. In conclusion, by a
concerted effort of chemical synthesis, STM investi-
gations, and quantum chemical calculations we are
able to characterize the effect of orientational varying
coupling on the electronic properties of a certain
molecular wire. This implies that for future multi-
terminal molecules or molecules containing several
functional units special care has to be taken in
designing the connecting wires. Their conformation
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within the molecular module and their final confor-
mation in the deposited module are of similar im-
portance as is the design of the functional units.
Furthermore, our results show that the switching of

METHODS

Preparation of Samples. The surface of an Au(111) single crystal
was cleaned in ultra-high vacuum (UHV) by repeated Art
ion bombardment and subsequent annealing to T = 820 K. A
droplet of molecule solution (c ~ 2 x 10~° mol/L in CH,Cl,) was
put on the surface in the opened load lock of the chamber while
a steady flow of N, was maintained to prevent contamination
from air. The load lock was then closed and evacuated imme-
diately. CH,Cl, evaporates within a few seconds. Remaining
solvent molecules can be removed from the surface by anneal-
ing the sample at T =323 K for 10 min in UHV. The sample was
then transferred to the precooled STM.

STM and STS Measurements. A modified Omicron VT UHV STM
equipped with a Femto preamplifier was used. Switching from
SCALA to Nanonis electronics did not change the basic outcome
of imaging and STS. Tips were electrochemically etched from
tungsten wire and cleaned in situ before each experiment by
repeated annealing and sputtering cycles. All STM images were
recorded in the constant-current mode with the sample at
T = 30 K. For spectroscopy the tip was placed at well-defined
locations above the molecule, the position was fixed (always
maintaining a vacuum gap between tip and sample), and the
voltage ramped from V = 0 to negative or positive voltages
while the current / was monitored. /(V) curves were discarded
if imaging indicated an alteration of molecule or tip afterward.
I(V) curves that show an obvious reconfiguration of the tip
(current jump) while the molecule was found to be unharmed
were regarded only well below the jump. This procedure
requires collection and control of STM images before and after
a spectrum is taken. It slows down the measurements as well as
the data processing as compared to a “blind” repetition and
averaging over all measured curves. We regard our procedure
essential in order to gain insight into the basic molecular
conduction processes.

Deconvolution of the Density of States. For the rather large
voltage ranges used in the spectroscy of molecules, di/dV
cannot be interpreted as a quantity proportional to the sample's
local DOS.'**°~*? |nstead the DOS has to be deconvolved.>~38
We follow the approach of Wagner et al, which takes into
account the full trapezoidal shape of the tunneling barrier in the
one-dimensional Wentzel—Kramers—Brillouin approximation
for the transmission coefficient (eq 3 in ref 35). The DOS is
obtained by a recursion formula (eq 13 in ref 35). We chose AV
as used for the measurements, and /(V) curves were smoothed
before the calculation of d//dV and DOS. We assumed ®s =P =
5 eV for the work function. The expression for the tip—surface
distance was varied between 0.35 and 0.55 nm, which allows for
averaging spectra measured at different tunneling set point
values [ and V.

Statistics. To estimate a probability for different molecule
orientations on the gold surface, we used a simplistic model: In
order to position two sulfur atoms of the molecule in identical
positions on gold, the S—S distance of the isolated molecule
of 17.28 A has to be expanded or compressed by d. This will
cause a change in energy of AE = (1/2)Dd? which results
in a probabilty for this expanded/compressed configuration of
do exp(—AE/kt). In Figure 3(c) the resulting probabilities are
indicated for two configurations. The prefactor a, has been
adjusted to fit the heights of measurements. The stretching
energy has been chosen as (1/2)D = 1 meV/A 2, which is on the
order of the stretching energies of molecules.

DFT Calculations. Quantum chemical calculations were per-
formed on the molecule in different conformations and sur-
roundings. As a surface an extended gold cluster (two layers,
100 atoms each) was used that resembles an unreconstructed
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the electronic properties of a molecular wire may be
acchieved not only due to a change of chemical
bonds within the wire molecule but as well or solely
due to a reorientation of the whole wire.

gold(111) surface. All calculations were performed with the
program package TURBOMOLE.”* The gradient-corrected
BP86 functional***> was used throughout. The atoms of the
molecule were equipped with a def2-SVP basis set.*® For the
core (inner 60 electrons) of the Au atoms a Dirac—Hartree—Fock
electronic core potential*’ in combination with the def-SvP
basis set was used. The resolution of the identity approximation
was used throughout. For the interaction of the phenyl rings of
the adsorbed molecule with the gold surface van der Waals
interactions are crucial, as has been shown, for example, in
refs 48 and 49. They have been taken into account by the DFT-
D3 approximation with Becke—Johnson damping in all cal-
culations.”®*" In the structure optimizations all atoms of the
molecule were allowed to relax, while the gold positions were
fixed. The starting configuration for the free molecule was taken
from the crystal structure obtained by X-ray defraction. Only
minor changes were observed for the optimized structure
of the free molecule, while the adsorbed molecule is heavily
distorted by the surface. Our calculations focused on the
electronic structure of the adsorbed molecule close to the Fermi
level. About 900 orbitals are located in the range of 5 eV below
the Fermi level (HOMO energy of the full system: gold cluster +
molecule), which is located at —5.17 eV. In the range of 5 eV
above the Fermi level about 200 orbitals are found. The simula-
tion of the local density of states on the molcule was based on
an orbital-resolved Mulliken population analysis®®> The DOS of
the whole molecule was than simulated by the following
procedure: For each orbital the Mulliken populations of the
molecular atoms were added. Because of the finite system size
we obtain a line spectrum of populations at discrete orbital
energies. In the next step, this discrete spectrum was broadened
by a Gauss convolution with a constant peak width of 0.3 eV. For
the calculation of a local DOS the summation comprised only
atoms of a certain section of the molecule (e.g., legs, head). The
Fermi energy in the caclulations of the free molecule lies at
—4.635 eV. To compare to the STM data all calculated spectra
have been shifted by 4.635 eV, to adjust Erto U=0V.

It is well known that DFT tends to underestimate
HOMO—LUMO gaps in semiconductors.>®> However, for mol-
ecules the error in the HOMO—LUMO gap seems to be much
smaller and the sign cannot be predicted.>* In our investigation
we combine a metal cluster, where we correctly obtain no band
gap at all, and a molecule. Furthermore, the lowest unoccupied
orbitals of the molecule are 7* orbitals of the phenyl rings
(valence orbitals), which are comparably well described in the
calculations. Finally, we compared the HOMO—LUMO gap of
the molecule (2.02 eV) with the enery difference between the
ground state and the lowest triplet state (2.04 eV), which can be
obtained by a DFT ground-state calculation for spin = 1 and
therefore is completely independent from the definition of
orbital energies. From the latter calculation we also obtain
orbital energies. In this case the LUMO orbital of the ground
state is occupied as well, and the problem of a different
treatment of HOMO and LUMO is avoided. The energy differ-
ence of the two highest occupied alpha (majority spin) orbitals
(which correspond to HOMO and LUMO of the ground state)
amounts to an energy difference of 2.21 eV, which is again in the
same range. We conclude that for the given system the error of
the HOMO—LUMO gap is comparably small.
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