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Concentration and Coverage Dependent Adlayer Structures: From Two-Dimensional

Networks to Rotation in a Bearing
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A bisterpyridine based molecule, 3,3 -BTP, shows a variety of adlayer structures at the interface between
highly oriented pyrolytic graphite (HOPG) and the liquid depending on the concentration in solution. Three
closely related linear and one hexagonal 2D patterns are found. Comparison with the self-assembly at the
HOPGiIgas interface shows that in the absence of the solvent one of the linear and the hexagonal structures
can be found. The concentration dependent order of appearance of the different surface structures is rationalized
by a thermodynamic model. In the adlayer unit cell, the hexagonal phase offers a central void which is mostly
filled with a seventh 3,3’-BTP molecule. In the presence of the solvent, those molecules are presumably
rotating, whereas at the HOPGlgas interface no clear rotation can be observed.

Introduction

There is a vast variety of literature on self-assembling
monolayers (SAMs) at both the solidlliquid and the solidlgas
interface. It is of utmost interest to get insight and understanding
and finally control over the formation of those assemblies. In
many cases molecular building blocks are tailored and thus
programmed via functional groups with directed intermolecular
interactions such as hydrogen bonding followed by a read-out
of the information in the subsequent self-assembly process.
Besides the intrinsic structural control, self-assembly behavior
can be controlled by the variation of external parameters. At
the solidlgas interface, i.e., under ultra high vacuum (UHV)
conditions, surface coverage' ™ and temperature® are external
triggers which have substantial impact on the formation of
SAMs. Deposition of molecular building blocks at the solidlliquid
interface restricts the possible temperature range as a controlling
parameter because of the melting point and the vapor pressure
of the solution.” On the contrary, the solvent adds further
variability to the system based on the solvent’s nature and
quality. In the literature, several examples for solvent dependent
adlayer structures are found.®~!7 In most cases, the coadsorption
of solvent molecules plays an important role in the stabilization
of the molecular monolayers'®~2! but can also determine certain
conformations of the solute molecules which are then assembled
at the interface.?

In addition, the solution gives the opportunity to vary the
concentration of the molecules in the supernatant at the
solidlliquid interface. To the best of our knowledge, there are
only very few systematic investigations on the solute concentra-
tion dependent two-dimensional (2D) self-assembly process.?
Recently, concentration dependent 2D structures were described
for alkoxylated annulenes.?®* Here, an interplay between weak
alkyl—alkyl interactions and adlayer—substrate interactions
stabilizes different adlayer phases. In the case of a binary

T Institute of Organic Chemistry III Macromolecular Chemistry.

# Institute of Surface Chemistry and Catalysis.

$ Institute for Theoretical Chemistry.

"'Present address: Nanoscience Centre, University of Cambridge, 11
JJ Thomson Avenue, Cambridge CB3 OFF, United Kingdom.

10.1021/jp910029z

SCHEME 1: Schematic Representation of the
Investigated Oligopyridine 3,3’-BTP

3,3'-BTP

supramolecular network, reversible phase transitions between
six different adlayer phases could be induced by varying the
ratio of both species and their dilution in the solution.’* A
monodendron isophthalic acid derivative undergoes a phase
transition from lamella to hexamer with concentration decrease
because of solvent coadsorption.?> Although the self-assembly
of organic molecules at the solidlliquid interface has been studied
since the 1980s,”” a comprehensive understanding of the
formation of those assemblies is still in its infancy. The precise
control over the morphology of the predominantly formed
nanostructures on surfaces is of exceptional interest, as the
physical and chemical properties of molecular monolayers is
supposed to be directly linked to their structure.?®

The class of the C,, symmetric oligopyridines shows a broad
variety of self-assembling properties.?*** The interactions in 2D
monolayers of those compounds are mainly governed by weak
intermolecular hydrogen bonds leading to hydrogen bonded
networks (HBN).” As recently reported, deposition of the
oligopyridine 3,3’-BTP (Scheme 1) onto highly oriented pyro-
lytic graphite (HOPG) from a high concentration solution leads
to two densely packed linear structures without functional
(host—guest) properties.” Deposition from a diluted solution
though leads to the formation of additional adlayer structures.?
The hexagonal quasi-porous structure preferentially formed from
diluted solutions shows functional host—guest properties, dem-
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Figure 1. STM images of the observed coexistent adlayers at the solidlliquid interface: (a) the densely packed linear structure DP, (b) the linear
derivative Linl, (c) the linear derivative LinlI, and (d) the hexagonal structure Hex. The concentration of the oligopridines affects which stucture

predominantly forms.

onstrating the ability to externally adjust the properties of
molecular monolayers.

Here, we show that the ratio of the different coexistent 2D
structures at the solidlliquid interface is closely associated with
the concentration of the oligopyridine molecules in the super-
natant solution, supporting in principle the thermodynamic
model by Lei et al.;? but as a result of different and more
complex intermolecular interactions for each type of adlayer,
the system cannot be described with the recently published
model.? In the present publication, results from complementary
UHV studies and calculations were combined with the results
from the solidlliquid interface to gain deeper insight into the
formation of oligopyridine monolayers and to demonstrate a
more general model for the prediction of concentration depend-
ent adlayer structures at the solidlliquid interface by isothermal
adsorption.

Experimental Section

The synthesis of the oligopyridine derivative 3,3’-BTP was
described previously.? 1,2,4-Trichlorobenzene (TCB) was used
as received from commercial sources.

The scanning tunneling microscopy (STM) experiments at
the solidlliquid interface were performed at ambient conditions
with a commercially available low-current RHK SPM 1000 STM
with a resolution of 1024 x 1024 data points per image and a
scan speed of 0.6 um-s~!. Generally, after cleaving the highly
ordered pyrolytic graphite (HOPG) surface with adhesive tape,
the quality of the mechanically cut PtlIr(80120) tip was tested

through atomic resolution of the graphite surface. The atomically
resolved graphite images were used for calibration of the
distances and angles. After stopping the scanning process, a
drop (10 uL) of a solution of 3,3-BTP in TCB was applied to
the surface with the tip in tunnel contact. The tunneling current
set point was between 10 to 20 pA and the bias voltage between
—0.5 to —1.0 V. The STM images have not been subject to
image processing except slope subtraction.

STM measurements at the solidlgas interface were carried
out in a standard ultrahigh vacuum (UHV) chamber. For sample
preparation, the chamber was equipped with a sample heater
and an evaporator for the deposition of the 3,3’-BTP molecules.
All images at the solidlgas interface were recorded with a home-
built STM in combination with a commercial I—V converter
(107° V-A~!, type IVP, RHK) and were acquired with tunnel
currents of 2—100 pA and sample bias between —0.1 and —3.3
V. All images were recorded in the constant current mode.
Highly oriented pyrolytic graphite (HOPG) (SPI-grade 3, SPI)
substrates were prepared by tape stripping in air. For UHV
measurements, the freshly cleaved HOPG substrate was trans-
ferred into the UHV system via a load—lock system and
subsequently annealed at 1000 K for a prolonged time. Deposi-
tion of the 3,3"-BTP molecules was performed by evaporation
via a home-built, resistively heated Knudsen Cell (deposition
rate, 0.1 molecules nm~2 min~!; cell temperature, 583 K). The
molecular networks were prepared by depositing 0.4
molecules*nm ™2 on the surface. In an alternative approach for
the preparation of these structures, the deposition time was
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Figure 2. (a) Adsorption model of LinII with a molecular unit cell (solid) and a commensurate unit cell (dotted). (b) The asymmetric hydrogen

bonding pattern of LinII.

increased, and the excess molecules were removed from the
surface by heating to 551 or 546 K. Such elevated temperatures
cause a desorption process and allow for a precise adjustment
of the surface coverage, for instance, 0.4 molecules*nm™2 for
the hexagonal structure.

Results and Discussion

SolidILiquid Interface. Deposition from Concentrated Solu-
tion. As reported earlier, deposition of 3,3-BTP from a
concentrated 1,2,4-trichlorobenzene (TCB) solution (3.2+107*
mol-L™") leads to two linear 2D assemblies, the densely packed
adlayer DP and its derivative LinI (Figure 1a and b).° In both
structures, the oligopyridine molecules are arranged in a linear
fashion, rotated 180° toward each other. The unit cell parameters
were determinded to be a; = 2.7 £ 0.2 nm, b; = 1.6 & 0.2 nm,
and £,, =90 £ 1° for DP, and a; = 2.9 £ 0.2 nm, b, = 1.6
+ 0.2 nm, and Z,;, = 78 % 1° for LinL.’? The packing density
was calculated to 0.463 molecules*nm™~2 for the DP phase and
0.441 molecules*nm™2 for the LinlI phase. In the DP structure,
the intermolecular interaction perpendicular to the molecular
C, axis is symmetric, whereas in Linl, this interaction is
asymmetric, resulting in homochiral enantiomorphic domains.
For both structures DP and Linl, there was no preferential
orientation to the substrate.

Deposition from Diluted Solutions. Linear Structure. At
lower concentrations (1.6+107> mol*L™'—3.2+1073 mol-L™1),
the graphite surface is mainly covered with a linear structure
LinII and a hexagonal network Hex (Figure lc and d). The
linear pattern LinlI is of a structure similar to that of Linl, but
with a slightly larger unit cell, which can be attributed to
optimized intermolecular interactions (see below and Figure 2b).
The molecules are also rotated 180° toward each other and lie
side by side. The unit cell parameters were determined to be @,
= 1.77 £ 0.04 nm and b; = 3.15 £ 0.05 nm, with an enclosing
angle of 81 4 2°. With two oligopyridine molecules per unit
cell, the packing density amounts to 0.363 molecules*nm™2.
Subsequent STM images, comparing the adlayer orientation with
that of the underlying substrate, revealed an angle between the
C, molecular axis and a primitive substrate vector of 90 £ 3°.
This indicates that in the adlayer LinII the adsorbate adopts a

orientation coincident with the substrate (Figure 2a). DFT
calculations reveal that the experimentally found orientation of
the adsorbed oligopyridines in this structure on HOPG is the
energetically most stable adsorption configuration (Supporting
Information, Figure S8). In the case of phenylene-extended
oligopyridine derivatives, only this adsorption configuration was
found.™!

The commensurate unit cell is three times bigger than the
molecular unit cell and can be expressed in matrix notation as
follows:

)= 36

with the substrate lattice vectors dy and ZO. The length of the
adlayer lattice vectors in the adsorption model of a; = 1.74
nm, b; = 3.15 nm, and the enclosed angle of 81° are in good
agreement with the experimental results and further support the
proposed commensurate structure model.

Hexagonal Structure. The structure of the hexagonal pattern
Hex is completely different from the structure of the linear
networks. In Hex, the physisorbed oligopyridine molecules are
rotated 60° toward each other, lying side by side (Figure 1d
and Figure 3). Six molecules form a gearwheel-like molecular
arrangement, exhibiting a cavity with a diameter of ap-
proximately 1.6 nm. This cavity was recently used to accom-
modate copper phthalocyanine.?” The parameters of the C,-
symmetric unit cell were determined to be a; = b; = 4.43 +
0.02 nm, with an angle of 61 + 4°. The unit cell vectors are
rotated 13 £ 1° versus the primitive vectors of the substrate
(Figure 3), and the molecular C, axis encloses an angle of 85
=+ 1° with a primitive substrate vector. The structure charac-
teristics derived from the STM images are consistent with the
structure characteristics of the commensurate molecular model
of the structure Hex. In matrix notation, the hexagonal unit cell
can be expressed as follows:
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with the substrate lattice vectors dy and Zo. The length of the
vectors is a; = by = 4.43 nm, which agrees with the
experimental results.

As already reported, additional oligopyridine molecules are
coadsorbed in the cavities.?? We experimentally determined the
stabilization energy of the coadsorbed oligopyridine and de-
scribed its exchange with a copper phthalocyanine molecule.?
In this particular case, coadsorption of 1,2,4-trichlorobenzene
solvent molecules is thermodynamically disfavored compared
to the coadsorption of oligopyridine molecules. However, in
porous monolayers built up from molecules which are too large
to adsorb into the cavities, the coadsorption of small TCB
molecules can be observed.*> With the coadsorption of 3,3’
BTP in the hexagonal cavities, the unit cell contains seven
oligopyridine molecules, resulting in a packing density of 0.408
molecules-nm™2. Without oligopyridine coadsorption, the pack-
ing density for a unit cell containing six oligopyridine molecules
decreases to 0.350 molecules*nm™2. In both systems reported
earlier, a decrease in surface coverage correlates with the
decrease in concentration.”*** However, the additional adsorption
of building block molecules into cavities of the low concentra-
tion phase has not been reported. On the contrary, trimesic acid,
for example, forms 2D porous hexagonal networks'#*33 which
are able to incorporate various guest molecules®*® and even
itself.*

In addition to the large cavities in the inner part of a hexagon,
small diameter pores between neighboring hexagons are also
visible. Since the phenyl rings of the molecules are pointing
outward, two molecules with an including angle of 120° of
adjacent hexagons enclose and, therefore, share two tiny pores.
This results in six pores per unit cell indicated by green ellipses
in Figure 4. In the case of a filled cavity, two additional pores
are resolved (indicated by yellow ellipses) corresponding to the
area between the hexagon and the phenyl ring of the inner
molecule.

Spinning in a Chiral Bearing. 1t is noteworthy that except
for the densely packed linear pattern DP of the C,,-symmetric
3,3-BTP molecules, the unit cell symmetries of all the other
2D structures are Cy-symmetric, and therefore, all monolayer
structures resemble enantiomeric, homochiral domains at the

i-Phase
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2D solidlliquid or solidlgas interface (see, e.g., Figures 1 and
3). Note the absence of prochirality in the 3,3"-BTP molecule
which is a common reason for the observation of enantiomorphic
domains at interfaces because of the formation of two nonidenti-
cal yet plane symmetric adsorbed species. As the molecules are
truely achiral, the supramolecular chirality is entailed solely by
the asymmetric 2D H-bonding network. This chirality is
especially intriguing for the hexagonal structure as it offers chiral
pores which might be exploited as recognition patterns for the
enantioselective adsorption of chiral molecules.

STM constant current image sequences at the solidlliquid
interface, recorded with a scan speed of 10 um-s™! correspond-
ing to an image frequency of 0.1 Hz, clearly show rotating bright
spots in the center of the cavities (Figure 5). In this image
sequence, the HBN is imaged with inverse contrast similar to
the results at the solidlgas interface (Figure 5). The dark spots
in Figure 3 are imaged as bright spots in Figure 5a and vice
versa, and therefore, the bright spots in Figure 5a can be
attributed to a bare substrate. Hence, we suggest that the circular
rotation visible in the cavity center in Figure 5 can be assigned
to coadsorbed oligopyridine molecules as the uniform movement
of coadsorbed solvent molecules would result in a homogeneous
contrast in the cavity.*?

Furthermore, the rotating bright spots are located in discrete
orientations in the cavitiy. In the STM images, six possible
orientations of the coadsorbed 3,3’-BTP molecules in the center
of the hexagon can be observed, which is in agreement with
the 6-fold symmetry of the cavity. The image sequence and the
tentative models in Figure 5 exemplarily show four of the six
possible adsorption geometries of the coadsorbed oligopyridine
molecules highlighted in a particular HBN cavity. The remaining
two orientations can be found in neighboring cavities. The fact
that discrete spots are found points to an overall slow rotation
which is in contrast to the complementary results obtained at
the solidlgas interface (see below) or other guest molecules (e.g.,
copper phthalocyanine) that could be imaged only as circular
disks because of their high spinning frequency.?’

A closer look at the geometric conditions in the cavity reveals
that there should be a relatively strong repulsion between the
center molecule and the surrounding rim of the cavity leading
to a high activation barrier. Thus, we assume that the rotation
follows rather a mechanism with the sequence desorption to
the supernatant, (rotation), and adsorption from the supernatant.
It is impossible to determine if the molecules in the sequential

Figure 3. STM image of the hexagonal structure Hex at the solidlliquid interface with two enantiomorphic domains (middle). The autocorrelation
images for the A-phase (left) and the d-phase (right) clearly reveal the homochirality of the two phases. The contour lines of the molecules highlight

the position and relative arrangement of the molecules in both domains.
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Figure 4. Commensurate model of the Hex network on HOPG with filled (dotted circle) and unfilled cavities (solid circle) and two different types
of pores (green and yellow ellipses). The unit cell is rotated relative to the substrate vectors by 13°.

(a)

Figure 5. (a) STM image sequence of the gearwheel network Hex (0.

1 Hz frequency) with inverse tunnelling contrast (bright: holes), showing the

rotation of the 3,3"-BTP molecule in the cavity. The asymmetric movement of the bright spots (white circle) in the cavities is due to weakly bound
3,3’-BTP molecules. (b) Corresponding tentative molecular models for each 3,3’-BTP configuration in the cavities with the white spots (pores) in

a shown as green and yellow ellipses.

images are identical. The fact that a preferred rotational direction
(unidirectional rotor) in each enantiomeric phase could not be
observed is a further support for the proposed mechanism,
although the HBN cavity offers a chiral surrounding (see Figure
3) similar to a ratchet with asymmetric flanks.*’

Dependence of the Monolayer Composition on Concentra-
tion. There is no sharp concentration dependent transition
between the linear and the hexagonal structures indicating a
small energetic difference between the adlayer structures. At
high concentrations, the linear patterns DP and Linl are
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Figure 6. (a) Exemplary STM image of 3,3’-BTP at ¢ = 0.05
mg-mL™" (8:107> mol-L™"). The contrast between the linear and
hexagonal domains is enhanced by darkening the linear and brightening
the hexagonal domains in image postprocessing. (b) Plot of the surface
fraction R of the gearwheel-like structure Hex vs the concentration of
3,3-BTP.

coexistent with a small amount of Hex. Deposited from diluted
solutions, Hex and LinII dominate the monolayer structure. In
contrast, a binary supramolecular system with significant
energetic differences between the individual phases shows sharp
phase transitions.?*

To further analyze the influence of concentration on mono-
layer morphology, we plotted the fraction of the hexagonal phase
R to the overall monolayer versus the concentration of the
molecules in the supernatant. As the linear structures could not
be differentiated from each other in the large-scale STM images,
they are, therefore, subsumed to a general linear phase (DP,
Linl, and LinII). The fraction R of the hexagonal phase versus
the concentration of the applied solution shows a decrease of
the surface coverage with increasing concentration (Figure 6).
In the investigated concentration range, mainly limited by the
solubility of the oligopyridine and the minimal amount of solute
necessary to form a stable monolayer, the fraction of the
hexagonal pattern never becomes zero. This indicates that the
energetic differences between the adlayer structures are mar-
ginal. More coexistence images of the monolayer at different
concentrations are shown in Supporting Information, Figure S1.

SolidlGas Interface. As shown above, the structures at the
liquidlsolid interface are strongly governed by the presence of
the solvent molecules, i.e., the concentration in the supernatant
solution. To verify how far the adlayer structures themselves
and their dynamic properties depend on the presence of the
solution, we have formed similar adlayers by vapor deposition
of 3,3’-BTP onto HOPG in UHV.

Hexagonal Structure. At the solidlgas interface, only two
different assemblies could be found, a hexagonal and a linear
one. Figure 7 shows an exemplary STM image of the hexagonal
Hex structure which shows the features corresponding to the
pattern of Hex found at the solidlliquid interface (Figure 1d).
Usual domain sizes are larger than 100 x 100 nm?. The
superimposed molecular outlines in b reveal the orientation and
position of the molecules in the structure. As in the case for
the solidlliquid interface, the inner cavity of the hexagon
provides enough adsorption space for a single 3,3’-BTP
molecule. Randomly distributed filled and unfilled cavities
indicated by dashed and solid circles can be distinguished in
the images (Figure 7). This is coincident with the results
obtained at the solidlliquid interface, where the cavities are filled
with additional oligopyridine molecules (see above) and not with
solvent molecules. Also visible are the pores (green and yellow
ellipses) in the monolayer as described above.

The Hex structure obtained at the solidlgas interface quali-
tatively and quantitatively agrees with the hexagonal structure

Meier et al.

observed at the solidlliquid interface. In particular, the vectors
of the hexagonal unit cell have lengths of a; = b, = 4.44 £+
0.05 nm, and the molecular arrangement as visible in Figure
7b is identical to the model in Figure 4. Subsequent imaging of
a Hex region using a 2 orders of magnitude higher tunnelling
current revealed atomic resolution of the HOPG substrate. A
comparison of the subsequent images showed that the Hex unit
cell vectors are rotated by 13.9 & 1° with respect to the HOPG
lattice vectors, again in agreement with the findings for the
solidlliquid interface. Hence, the formation of the Hex phase is
independent of the presence or absence of solvent molecules,
which emphasizes the point that the main properties and
characteristics of the structure can be understood without taking
solvent molecules into account.

The submolecularly resolved STM image of the Hex network
(Figure 7b) reveals two different types of occupied cavities.
Cavities with fixed molecules can be easily distinguished from
cavities with a rather blurred representation indicating vibrations
and/or (frustrated) rotation of the guest molecules. The desorp-
tion barrier at the solidlgas interface is expected to be higher
compared to the solidlliquid interface because of the absence
of a competing solvation of the adsorbates. These findings
support the proposed adsorptionldesorption or hopping mech-
anism for the guest molecule rotation at the solidlliquid interface.
As in this model, a higher desorption barrier results in a slower
rotation frequency. Indeed, static molecules could only be
observed at the solidlgas interface. Image series of the same
area over several minutes at the solidlgas and solidlliquid
interface unambigously show the difference in mobility between
the two interfaces (see Supporting Information, Figure S2).

In a previous study, Breitruck et al. showed that a network
similar to the Hex network could be observed at the graphitelva-
cuum interface by adding single Cu atoms to a quadratic adlayer
of the isomeric 2,4-BTP molecules on HOPG.*' This results
in a porous structure with a hexagonal unit cell of a; = b, =
4.61 £ 0.05 nm. Contrary to the present network held together
by hydrogen bonding interactions, the main intermolecular
forces in the metal organic network are based on metal ligand
interactions. In this case, the enlarged molecule molecule
distances result in an enlarged unit cell which in turn entails a
larger cavity diameter. Therefore, excess 2,4’-BTP molecules
coadsorbed into the cavities have enough space for unhindered
rotational motion. Rotation with a frequency higher than the
scan frequency resulted in a disk shaped appearance of the
spinning molecules.?>*!~43

Linear Structure. After depositing excess molecules on the
graphite surface and using a lower desorption temperature (546
K) than that for the preparation of the hexagonal network (551
K), a densely packed linear structure was formed. Figure 8a
shows an exemplary STM image of this densely packed network
which corresponds to DP found at the solidlliquid interface at
high concentration (see above and Figure 1).° The unit cell
parameters were determined to a; = 2.62 £ 0.05 nm and b, =
1.7 £ 0.03 nm, enclosing an angle of 90 £ 1°.

Figure 8b shows a proposed structure model with a rectan-
gular unit cell for DP with ¢ = 2.70 nm and » = 1.70 nm
including an angle of 90 £ 1°. Vector b is commensurate to
the underlying substrate, and vector a has a commensurability
of higher order. The resulting packing density is 0.436
molecules*nm 2. Both patterns Hex and DP coexist at the
interface which we attribute to the similarity of the packing
densities. The angle of 30 £ 1° between DP and the underlying
substrate was determined from images showing Hex and DP
in coexistence (see Supporting Information, Figure S3).
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Figure 7. (a) Hexagonal network (Hex) formed by 3,3’-BTP molecules at the HOPGlgas interface (67 x 67 nm?, Ur = —1.2 V; It = 4.47 pA).
(b) Submolecularly resolved details exhibiting the chirality of the pattern with filled (dotted circle) and unfilled (solid circle) pores. The unit cell
(red) is overlaid with the bright spots in its corners (see text) (17 x 17 nm? Ur = —1.2 V; It = 44.7 pA).

30°

Figure 8. Dense packed structure (DP) formed by 3,3’-BTP molecules on HOPG in UHV; (a) STM image (17 x 17 nm? Ur = —3.75 V; It =

5.62 pA); (b) proposed structure model.

Intermolecular Stabilization. The difference between Linl
and LinII networks can be found in the intermolecular hydrogen
bonding motifs. DP and Linl are stabilized through intermo-
lecular pyridine—dimer hydrogen bonds, estimated from theo-
retical calculations to be —25.0 kJ*mol ! and —44.4 kJ*mol ',
respectively.’

On the contrary, the hydrogen bonding motif in LinII can
be described with terpyridine—dimer interactions between the
molecules in row direction and accompanying benzene—pyri-
dine—dimer interactions between adjacent rows. We calculated
the stabilization energy versus the CHN distance for both
interactions with the Gaussian08 program package and the MP2
6-31 g(d,p) basis set. The equilibrium distance in the distance—
energy potential was calculated to be 0.3 nm and the corre-
sponding stabilization energy to be —52.2 kJ-mol~'. For the
estimation of the interaction energy, CHN distances derived from
molecular models based on the STM images were used. Taking
into account additional pyridyl—phenyl interactions with mol-
ecules in the neighbor rows (approximated with calculated meta-
pyridyl—pyridyl interactions), the overall hydrogen bonding
stabilization energy turns out to be —61.9 kJ+mol ™' (Supporting
Information).

For the hexagonal pattern Hex, the intermolecular hydrogen
bonding pattern can be broken down to a terpyridine—dimer
interaction motif (see Supporting Information, Figures S4 and
S5a). Between individual gearwheel oligomers, ortho-pyridine-
dimer interactions further stabilize the oligopyridine network.
The theoretical calculation of the stabilization energy versus
CHN distance again yielded a Lennard—Jones-type potential
with an equilibrium distance of 0.3 nm and a corresponding
stabilization energy of —51.1 kJ+mol~!. Taking into account
additional ortho-pyridyl—pyridyl interactions with neighboring
molecules, the overall hydrogen bonding stabilization energy
comes out to be —63.6 kJ+mol .

Semiempirical calculations have shown earlier that the lateral
translation of an oligopyridine molecule on an HOPG surface
alters the adsorption energy only by ~1%.3! With these findings,
we assume that the interaction energy between a single 3,3'-
BTP molecule and the substrate is independent of the adlayer
structure and therefore can be considered identical in the
comparison of the energies of the different structures.

Theoretical Modeling. The different adlayers found at the
solidlliquid interface appear at different concentrations of 3,3’-
BTP in the supernatant. Such behavior can be governed
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Figure 9. Semiquantitative calculation of the free enthalpy of
adsorption for the different adlayer structures at the solidlliquid interface
depending on the concentration in the supernatant or the chemical
potential.

kinetically or thermodynamically. Attempts to follow the
recently published thermodynamic approach remained futile, no
monotonic dependence between the coverage of the linear and
the coverage of the hexagonal adlayer structures according to
the proposed formalism was found.>* We attribute the inability
of the appealing literature model to describe the present
structural diversity to the higher complexity of our system. In
order to support our assumption that the different adlayers
display thermodynamically stable equilibrium structures, semi-
quantitative calculations were performed on the relative stability
of each 2D structure. Here, on the basis of the literature, the
free enthalpy of adsorption was plotted as a function of the
chemical potential according to the following equation:

AG = p(Eads - /A)

with the free energy of adsorption AG, the packing density p,
the adsorption energy E,qs comprising the adsorbate—adsorbate
and adsorbate—substrate interactions and the chemical potential
of the adsorbate x.**~*" In equilibrium and in a given range of
concentration or chemical potential, the adlayer structure with
the lowest free energy should be the thermodynamically stable
2D pattern and, therefore, dominate the monolayer.

We followed two approaches. In the first set of calculations,
the adsorption energy was composed of the free adsorption
enthalpy for 3,3"-BTP and the estimated intermolecular interac-
tions based on hydrogen bonding (see above). In the present
approximation, the experimentally derived adsorption enthalpy
from our previous work?’ is used and regarded as independent
from the adlayer structure. For the covered surface area per
molecule, the experimental values from the STM results were
taken. Figure 9 qualitatively displays in straight lines the most
stable adlayer depending on the chemical potential or concentra-
tion in the supernatant. Two results have to be mentioned: (i)
Each 2D structure shows a distinct concentration range in which
stability is expected; (ii) in agreement with the experimental
results, the order of appearance of the different structures is
DP, Linl, Linll, and Hex with monotonically decreasing
concentration or chemical potential.

In a second set of calculations, the free adsorption enthalpies
as a function of the chemical potential were calculated from
adsorption enthalpies obtained from force field calculations at
the solidlgas interface. Although the influence of the solvent
on the formation of the 2D patterns by the restriction to the
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Figure 10. Free adsorption energies calculated from the COMPASS

force field plotted versus the chemical potential. The phase progression
is in agreement with the experimental results.

solidlgas interface is neglected, the corresponding experimental
results between the solidlliquid and the solidlgas interface (see
above) clearly prove that such a simplification in the calculations
is justified. We used the common COMPASS, Dreiding, UFF,
and CVFF force fields to model the thermodynamic behavior
of the comparatively large oligopyridine molecules at interfaces.
Independent of the used force field, the calculations without
any experimental data input did not result in similar phase orders
as observed experimentally. Note, however, that the correct
prediction of the stability order requires the accurate description
of the subtle balance between molecule—substrate and mole-
cule—molecule interactions which the used force fields are
obviously not designed for. After using commensurate unit cells
with parameters similar to the experimentally derived param-
eters, the adsorption energies calculated with the COMPASS
force field render all four structures stable in the same order as
that derived from the experiment (Figure 10). The adsorbed
molecules in the calculated monolayers, however, do not adopt
a coplanar configuration (Supporting Information, Figure S10).
In fact, the terminal pyridyl rings are slightly rotated out of
plane, therefore weakening the adsorbate—substrate interaction
and resulting in a rise in the adsorption energy.
Experimentally, phase coexistence was observed throughout
the investigated concentration range. In the theoretical model,
the relative stability of the 2D structures and therefore their ratio
in the monolayer is given by the difference in the free adsorption
enthalpies AAG. At the intersection of the straight lines, AAG
equals zero, and the adlayer structures are predicted to be
coexistent at the given chemical potential. Furthermore, the very
similar slopes predict a rather broad concentration range around
the intercept where two or more phases have a very low AAG
and, therefore, a similar thermodynamic stability. This agrees
well with the experimentally observed phase coexistence. In
addition, the chemical potential range in which LinII is the most
stable phase is much broader and for LinI much narrower than
that found in the semiquantitative calculation (Figure 9). This
is in good agreement with the observation that at low concentra-
tions only the LinlII phase was found in coexistence with the
Hex phase. However, the applied model has its limitations. It
does not describe the high stability of the Hex phase throughout
the investigated concentration range. For the theoretical results
presented so far, we did not consider the coadsorption of a
seventh oligopyridine molecule into the cavity. When calculating
the free enthalphy of adsorption considering a seven molecule
unit cell, Hex becomes thermodynamically most stable in the
middle concentration range with LinII stable at lower chemical
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potentials. This indicates, that (i) the coadsorption plays a
significant role in the stabilization of the oligopyridine mono-
layer and that (ii) as a seventh molecule can only be incorporated
after formation of the cavity the influence of rather complex
kinetic effects on monolayer formation and stability shall not
be neglected. The important contribution of the coadsorption
to the monolayer stability is further supported by the fact that
(i) after slow increase in concentration by solvent evaporation
no phase transition from the Hex into a linear phase could be
observed and that (ii) in UHV the Hex phase could not be
formed with a low amount of occupied cavities. In addition to
the purely thermodynamic considerations, the calculations permit
one to derive a more precise adsorbate—substrate relationship
based on the most stable and/or the most probable configuration.
As revealed by DFT calculations, an individual molecule adopts
an orientation with its C, axis perpendicular to a primitive
substrate lattice vector, continuing the AB graphene layer
structure (Supporting Information, Figure S8). In the Hex
structure calculated with UFF, the C, axis is rotated 81.5° with
respect to the substrate lattice vector (Supporting Information,
Figure S9). In the experiment, we found an angle of 85 + 1°.
In addition, the differences in stabilization energies for a given
force field are rather small, whereas the differences in stabiliza-
tion energies between the used force fields are comparatively
large. Therefore, we conclude that the subtle differences between
the experimentally found adlayer structures are not sufficiently
described by the used force fields. Our results are of eminent
significance as this contribution is one of the first attempts where
force field calculations of periodic monolayers built up from
rather large organic molecules on surfaces are used to describe
the thermodynamic monolayer stability. However, to accurately
describe and predict the thermodynamic behavior of complex
systems customized and refined force fields are needed.

Conclusions

In the present contribution, we could demonstrate the rich
phase behavior of an oligopyridine at the HOPGlIliquid and
HOPGlgas interface. The dominating phase can be controlled
by the concentration of the supernatant and the surface coverage
or the temperature of preparation, respectively. The order of
appearance of the different adlayer structures follows the order
of packing density, which could be proven by semiquantitative
calculations. More profound calculations support the experi-
mental results by thermodynamic considerations and furthermore
allow one to derive a more precise model for the adsorbate—
substrate relationship for the different phases.

The most intriguing phase is a hexagonal structure comprising
two types of constituting units, the hexagon forming molecules
and an oligopyridine guest molecule within the central cavity.
The guest molecule is able to show an apparent rotation within
the cavity. From the chirality of the cavities, it is expected
that the rotation displays a preferred direction as a unidirectional
motor. Still, at room temperature at the solidlliquid interface
only a statistical rotation can be observed, which is attributed
to a desorption—readsorption mechanism supported by com-
parison with the results at the solidlgas interface. The rich phase
behavior and the host—guest capabilities demonstrate that a
concentration dependent structural diversity is a feasible ap-
proach for fine-tuning the properties of molecular monolayers.
Ongoing experiments are directed toward a further control of
the subtle interplay between the guest-rim and adsorbate—
substrate interactions by variation of the surrounding conditions
and fine-tuning of the molecular structure.
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