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Sub-monolayer amounts of trioxatriangulenium (TOTA) molecules

functionalized with biphenyl on Ag(111) were investigated with
scanning tunneling microscopy. The molecule is comprised of a
rod-shaped axial ligand and a triangular platform that tends to
form hydrogen bonds in arrays. Two superstructures are observed,
a hexagonal tiling and a phase of molecular double rows. While
the former structure matches previous observations from other
functionalized TOTA molecules the latter one was unexpected.
Aided by density functional theory results we analyse the observed
intramolecular contrast and present a model of the new phase. We
discuss possible interaction mechanisms underlying the molecular
pattern.

Molecular self-assembly on surfaces is interesting for the mass
fabrication of artificial nanostructures.2"3 Numerous patterns
have been prepared at solid surfaces and liquid-solid interfaces
by manipulating the interactions among molecules and with the
substrate.4"12' Among the molecule-molecule interactions, hydro-
gen bonding is often used because of its selectivity and direction-
ality.13"15/ The resulting structures can easily be tuned by molec-
ular coverage, sample temperature, and substrate materials. 1618
Most of the reported hydrogen-bonded structures on surfaces in-
volved planar molecules. The assembly of three-dimensional ar-
chitectures, however, appears to be important for fabricating com-
plex functional nanostructures at surfaces.
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Below we focus on triangular trioxatriangulenium (TOTA)
molecules, which are capable of hosting various axial ligands and
usually are suitable for the deposition on metal surfaces. 12723
While pristine TOTA platforms are charged and thus repell each
other, hexagonal or honeycomb arrays are observed on Au(111)
or Ag(111) when axial CHs, H, or G,H ligands are present.242>
Other patterns have been observed when bulky ligands were
used, whose lateral dimensions exceeded those of the TOTA
platform.2? Plenty of other triangular, but essentially planar,
molecules have been studied.2633 For example, trimesic acid
(TMA) molecules form various porous networks with honeycomb
or hexagonal symmetries.3437 As an exception from this rule, a
structure of alternating stripes of TMA molecules was reported
from a liquid-solid interface.2® All molecules within a stripe ex-
hibited the same orientation whereas the stripes were related by
a 180° rotation.

Here, we report scanning tunneling microscopy (STM) data
and density functional theory (DFT) studies of biphenyl-
functionalized TOTA on Ag(111). In addition to hexagonal tiling
we find a majority phase of double chains with lower molecular
density. In the latter structure, intriguing intramolecular contrasts
are observed. According to DFT calculations for isolated biphenyl-
TOTA on Ag(111) the image contrast reflects the orientation of
the top part of the biphenyl moiety, which stands almost vertically
on the TOTA platform. Manipulation experiments are consistent
with this interpretation. We analyse the geometric arrangement
of the TOTA subunits and propose a model of hydrogen-bonded
double chains.

A typical STM image of a sub-monolayer amount of biphenyl-
TOTA on Ag(111) is presented in Figure ). The 50 x 50 nm?
overview shows two phases of self-assembled molecules on the
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Fig. 1 a) Model of biphenyl-TOTA. b) STM constant current topograph
of a biphenyl-TOTA monolayer on Ag(111). The sixfold arrow represents
the surface direction [110] of Ag(111). The image reveals two molecular
phases. c) Isolated fragment attributed to a TOTA molecule. d) Height
profiles along the dotted lines in (b) and (c) for biphenyl-TOTA and
TOTA. Imaging parameters: Sample voltage V =1 V, current [ = 10
and 40 pA in b and d, respectively.

surface. Less than 10% of all adsorbed molecules are found in
a hexagonal structure, which we denote phase a. This structure
is not surprising and similar patterns were previously observed
from triangular functionalized TOTA molecules on C3 symmetric
fee(111) surfaces. 122539 The predominant phase 8, however, is
a superstructure of apparent dimer chains.

Height measurements were performed to detect a possible frag-
mentation of biphenyl-TOTA. Cross-sectional profiles along the
lines indicated in Figures[1]b and the inset are shown in Figure[i.
The molecules in phases @ and f exhibit similar apparent heights
of ~ 0.55 nm at V = 1.0 V while an isolated triangular fragment
displays a height of ~ 0.17 nm. The latter value is close to the
measured 0.21 nm height of TOTA molecules on Au(111).24 we
therefore attribute the fragment to a TOTA molecule while the
taller and much more abundant molecules in phases o and 3 are
intact biphenyl-TOTA.

For a more detailed analysis of the STM data it is helpful to first
consider the calculated structure and a STM image of an isolated
biphenyl-TOTA molecule on Ag(111). Figures|2a and b show side
and top views of an optimized molecular model. The TOTA plat-
form is adsorbed planar on the substrate as previously observed
and expected owing to the large van der Waals interaction with
the metal.”* The biphenyl moiety stands vertically on the TOTA
unit. We find a torsion angle of 35° +3° between the phenyl rings,
which may be attributed to a compromise between the steric re-
pulsion of hydrogen atoms and the planarization driven by conju-
gation. One H atom of the lower phenyl ring points toward one of
the three oxygen atoms in the platform reflecting a C-H-O bond
with a C-O distance of 335 pm. Previous gas phase calculations
of biphenyl-TOTA led to closely related results.22

Because of the large height of the biphenyl ligand STM images
are not directly sensitive to the TOTA platform and its orientation
on the surface. They rather reveal the orientation of the upper
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Fig. 2 a) Side view of the optimized geometry of biphenyl-TOTA
molecule on Ag(111). b) Corresponding top view. The angle between
the upper and lower phenyl subunits is &~ 35°. c) Simulated constant cur-
rent STM image of single biphenyl-TOTA at -1 V. d) and e) Two chiral
enantiomers of biphenyl-TOTA. The pink and blue dots represent the C
atoms of the upper and lower phenyl rings, respectively. H atoms at the
phenyls are not shown. C, O, and H atoms of the platforms are shown
in black, red, and light blue. f) Thick lines (green, red, blue) indicate
the three possible orientations of the lower phenyl ring, which H-binds to
an O atom of the TOTA platform. Thin lines in matching colors show
the possible 6 orientations of the upper phenyl, which is imaged by the
STM.

phenyl moiety as shown in Figure[2k. This constant current image
simulated for a sample voltage V = —1 V exhibits two equivalent
protrusions,#¥4! which are due to the z-electron system. The
nodal line separating them thus is parallel to the upper phenyl
ring. A similar result was obtained for V. =1 V.

In addition to the calculated structure presented so far, a num-
ber of geometries are expected that are related by symmetry.
First, the arrangement of the biphenyl on the platform is chi-
ral. Consequently, two enantiomers are expected as shown in
Figures |2d and e. The upper phenyl subunit (pink dots) may be
rotated clockwise or anticlockwise with respect to the lower one
(blue dots). Second, the lower phenyl, which H-bonds to an O of
the platform, may exhibit three different orientations (Figure 2f).
Third, the platform may be adsorbed as shown or rotated by 180°
around the surface normal.

An enlarged view of the hexagonal phase o is shown in Fig-
ure [3h. Hexagonal order with a nearest neighbor distance of
1.04 nm is observed although a defect (dark spot) is present.
The primitive cell of this structure is rotated by 13.9° with re-
spect to the substrate lattice observed in atomic resolution images
of molecul-free areas. In other words, the molecules form the
same /13 x v/13 R13.9° mesh previously observed from methyl-
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Fig. 3 a) Enlarged topograph of phase «. d and b are primitive vectors
of the superstructure. Models of seven TOTA platforms — biphenyl not
shown — are overlaid on the topograph. b) STM image of an island edge
of the hexagonal phase. A dashed box indicates molecules that display
imaging artifacts and possibly some internal structure. a) 1 V, 100 pA;
b) 0.5V, 60 pA.

TOTAZ>, A model of the pattern of the platforms (ligands not
shown) is overlaid in Figure [3h. The triangular platforms are ar-
ranged in a corner-to-side geometry. There is one O atom per side
and each of them is involved in hydrogen bonding to a corner of
a neighbor molecule. Each TOTA is thus involved in six H bonds.

The structure of phase a requires that all triangles be oriented
in the same direction. Because of the 180° symmetry mentioned
aboved, this may lead to two domains, each with identically ori-
ented platforms. The image contrast being dominated by the
biphenyl, however, the orientation of the triangles is not resolved
in the experimental topographs. For this reason, the model shown
in Fig. [Bh may also be rotated by 180°.

The internal structure expected from the calculations and ob-
served in the double chains (vide infra) is not resolved in the
hexagonal arrays. Apparently the ligand orientation is unstable
under the influence of the STM tip. At island edges or slightly
disordered areas (dashed circle in Figure ), the effect of the tip
occasionally is apparent in the form of stripes along the fast scan
direction of the tip. Some indication of the expected two-lobed
pattern is also observed in these areas. Purely thermally induced
rotation seems unlikely because the barrier for rotation should
not easily be overcome at the temperature of the experiment.
Gas-phase calculations of the molecule (substrate neglected) in-
dicate barrier heights for the rotations of the the upper and lower
phenyl rings of > 60 and 11 meV, respectively.*? Although the in-
teraction with a Ag substrate may modify in particular the latter
barrier height thermal rotation is unlikely at the cryogenic tem-
perature of the measurements (kg7 =~ 0.4 meV). As to rotation
induced with the STM tip, the different barrier heights suggest
that rotation of the entire biphenyl is more likely than rotation
of the upper phenyl ring alone. The barrier heights also suggest
that the phenyl subunits may rotate during the preparation and
annealing of the molecular layer.

A STM image of phase f is presented in Figure @a From in-
spection of island edges along with the feature sizes in the to-
pographs it becomes clear which image features correspond to
a molecule. Intriguingly, we find three forms of appearance of
biphenyl-TOTA, which are indicated by dotted circles in the fig-

Double-chain

Fig. 4 a) STM topograph of the double-chain phase . Circles mark
three different configurations 1, 2, and 3 of biphenyl-TOTA molecules.
b) Illustration of a tilted biphenyl subunit. c) Proposed model of phase
B overlaid on the top two double chains of the image in a. Pink and
blue circles represent the upper phenyl ring and the lower phenyl ring,
respectively. The platform orientation changes by 180° between the two
double chains. In addition, S and R enantiomers are involved. It should be
noted that the data would also be consistent with all platform orientations
rotated by 180° while keeping the chiralities fixed. d) Defect area in
phase B with a model of the molecular pattern. Imaging parameters:
1V, 10 pA.

ure. Form 1 displays two almost identical protrusions separated
by a nodal line as expected from the calculations. In forms 2 and
3, however, height differences between the protrusions are obvi-
ous. Pairs of molecules may be viewed as dimers which in turn
form double chains. The double chains seem to be separated by
grooves. From an analysis of sufficiently large areas, using equiv-
alent protrusions, we find that the molecular density in phase
B (0.98 nm~2) is lower than in phase o (1.11 nm~2). This re-
duction is caused by a uniaxial expansion (= 13%) in the direc-
tion perpendicular to the chains. Moreover, we observe angles of
~ 60° in the chains as indicated in Figure [dh. It should be noted,
however, that this angle may slightly deviate from the angle in
the platform arrangement because the imaged top phenyls may
exhibit different lateral offsets from the centers of the platforms.

For further analysis we first consider the differences in apparent
height between the two protrusions of each form. It is important
to keep in mind that the color scheme used for the STM images
tends to visually overemphasize such differences. The measured
values are 12, 53, and 73 pm for forms 1 to 3, which should
be compared to the vertical extension of biphenyl (~ 820 pm)
and the lateral separation of the protrusions (= 380 pm). If these
differences are entirely caused by a tilting of the biphenyl moiety,
the corresponding deviations of the ligand from a perpendicular
orientation are 1.6, 3.7, and 8.7°, respectively.

Taking the tilt angles into account, we estimate the distances
between the centers of the platforms within double chains to be
similar or possibly slightly smaller than the intermolecular dis-
tance in phase o (1.04 nm). This leads us to propose the follow-
ing model of phase  (Figure E-k). Within each double chain the
molecular pattern is identical to the arrangement in phase o, al-
though a minor contraction along the direction perpendicular to
the chains may be present. From double chain to double chain
the orientations of the platforms alternate.
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This model is consistent with the observed uniaxial expansion
of phase § and the intermolecular distances within each double
chain. H-bonding does not occur between double chains because
of the alternating orientations of the platforms, the interaction
between double chains is correspondingly reduced, and their dis-
tance is expected to increase as observed in the data.

As a further test of the proposed models, it is helpful to con-
sider an area of phase 8 that contains a line defect (Figure [4,
white rectangle), namely an apparent groove in the double chain
arrangement. In the defect area, two molecular chains are off-
set toward the neighboring chains above and below the groove.
This local configuration matches the molecular pattern of phase
o. Similar to the observations made in phase o, the ligand orien-
tation in the two displaced chains is unclear, presumably because
of an interaction with the STM tip. This change in image stability
confirms that the interaction in double chains helps to orient the
ligands in a regular pattern.

We note that phase a comprises a single orientation of the plat-
forms. Its formation thus requires molecular diffusion over large
distances or a sufficiently low barrier for the rotation of the plat-
forms on the substrate. Phase 3 relaxes the requirements because
the orientations of the platforms alternate. In addition, the struc-
ture is a racemic mixture.

Based on the intramolecular contrast the orientations of the up-
per phenyl subunits may be evaluated. The data suggest that the
molecules within each double chain correspond to a single enan-
tiomer and are oriented parallel to each other. The lower phenyls
consequently point along the chain direction. In the model in
Figure[k S and R enantiomers are combined with triangular plat-
forms that point to the left and the right. However, a model with
the platforms rotated by 180° is also consistent with the data.

All lower phenyl rings (blue) in the model are oriented along
the chain direction to achieve best match between the nodal lines
in the image and the upper phenyl (red). This orientation enables
a H bond between the lower phenyl and one of the two oxygen
atoms of the platform that are involved in H bonds to neighbors.
Our calculations for biphenyl TOTA dimers on a layer of Ag indeed
showed that these O atoms are slightly favored for binding the
ortho-H of the lower phenyl subunit.

The connection between the orientation of the upper phenyl
rings and the STM image contrast can be used to visualize in-
duced rotations. Figure shows a time series of the current
recorded above a molecule in form 1 at V = 1.7 V. Clear two-level
fluctuations are observed. Imaging before and after such fluc-
tuations (Figures and c) reveals that the biphenyl reversibly
changes its orientation by 60°. The two orientations observed are
consistent with bonds of the ortho H of the lower phenyl to two
equivalent O atoms of the TOTA platform, namely those ones that
are involved in H-bonding to neighbor platforms. As mentioned
above, these O atoms are slightly prefered compared to the lone
O that is located close to the groove separating double chains.

To discuss the driving force for the formation of phase f, it
is useful to first recall some results obtained for methyl-TOTA.
That compound was observed to aggregate into a hexagonal pat-
tern similar to phase .2# The data suggested that the platform-
platform interaction is decisive in that case with each TOTA sub-
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Fig. 5 a) Time series of the current recorded above biphenyl at V =
1.7 V. There are two-level fluctuations between 2.7 and 6.6 nA. b and
¢) Switching of the orientations of biphenyl subunits of five targeted
molecules marked by a rectangle. The molecular orientations inferred are
indicated by overlaid models. Imaging parameters: 1 V, 10 pA.

unit being involved in six identical hydrogen bonds. By replacing
methyl with biphenyl, a different pattern is induced. We find a
uniaxial expansion and an apparent dimerization. In view of the
small lateral extension of biphenyl, which is expected to prevent
steric interactions between neighboring ligands, this drastic effect
is astonishing. We therefore considered less direct forms of inter-
action. To evaluate their significance, we first estimated the en-
ergy required to tilt a biphenyl subunit on the TOTA platform. Ac-
cording to our gas-phase calculations for a biphenyl-TOTA dimer,
the energy required to bend a biphenyl group is less than 10 meV
for bending angles smaller than 3°, and reaches =~ 20 meV at 8°
(Supplementary information, Figure S8). When the substrate is
included in the calculations we find ~ 57 meV for a bending angle
of ~ 8.7° (Supplementary information, Figures S4 — S7).

First, the biphenyl ligands may exert van der Waals forces on
their neighbors. Since no published results for biphenyl appear
to be available, we calculated the interaction energy between two
phenyl rings and found no significant energy at a distance of 1 nm
(Supplementary information, Figures S1-S3). We therefore ten-
tatively disgard the possibility that dispersion interaction is the
cause of the apparent dimerization.

Second, the intramolecular H-bond of the lower phenyl may
singles out one particular O atom of the platform. Our calcula-
tions for phenyl-TOTA dimers indeed suggest that a H atom of
the lower phenyl ring prefers a position close to the particular
O atom of TOTA that is involved in a H-bond to the neighbor
platform. For TOTA-TOTA distances of 0.94 and 1.04 nm we cal-
culate energy differences of = 0.45 kcal/mol (20 meV) and less
than 0.125 kcal/mol (5 meV), respectively (Supplementary in-
formation, Figure S8). These energies are of the same order of
magnitude as the estimated elastic energies and therefore may be
considered as the interaction leading to dimerization.



In conclusion, axial biphenyl groups profoundly affect the self-
assembly of triangular trioxatriangulenium (TOTA) molecules on
Ag(111). While hexagonal tiling was observed from TOTA deriva-
tives and understood in terms of direct interactions between the
TOTA platforms via H bonds, biphenyl TOTA molecules predomi-
nantly arrange into a complex pattern of double chains. A model
describing important aspects of this pattern is presented. The
data suggest that weak dispersion forces that indirect interactions
mediated by H bonds may be underlying the unexpected self-
assembly pattern. The results highlight some of the challenges in
understanding the self-assembly of three-dimensional molecules
at surfaces.
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