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1 | INTRODUCTION

The assembly of supramolecular polymers in solution has
been well explored in recent years, showing how molecu-
lar design and sample preparation can influence pathway
complexity in these systems.' In solution, the morphol-
ogy of supramolecular polymers is governed by the inter-
play of non-covalent monomer-monomer interactions in
combination with the solvation of the aggregates in the
solvent.> For example, benzene-1,3,5-triscarboxamides
(BTAs) polymerize into helical 1D supramolecular fibers
stabilized by trifold hydrogen bonding, =-stacking and

Despite the widespread use of microscopy techniques to characterize supramo-
lecular polymers, the role of surfaces in the formation of these structures is
unclear. Here we describe the epitaxial growth of intriguing 2D crystals of alkyl
benzene-1,3,5-triscarboxamides formed by competitive attractive interactions
with the mica surface. In contrast to the fibrous structure observed in apolar
diluted solution, five-fold twinned crystals or ribbon-like structures are
obtained on the mica surface. Moreover, these structures are still dynamic on
the surface, being able to reorganize during the atomic force microscopy mea-
surements. This work demonstrates that surface-monomer interactions can be
exploited to modulate the structure of 1D supramolecular polymers into 2D

epitaxy, pathway complexity, polymorphism, supramolecular polymers

solvent interactions (Figure 1A,B).° In fact, the solvation
of these amphiphilic building blocks results from a subtle
balance of solvophobic interactions of the core and solvo-
philic interactions of the periphery, and contributes to
their dynamic properties and ability to form ordered heli-
cal structures in solution. Numerous studies have reported
on the influence of this subtle balance on the assembly
mechanism and aggregate morphology by iterative varia-
tions in BTAs structure,””® assembly in different sol-
vents** ™ and, more recently, copolymerizations.'>'*> By
the correct selection of surfaces many of these supramolec-
ular polymers, first made in solution, can be visualized by
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surface techniques like atomic force microscopy (AFM)
either as individual polymer chains or as bundles of these
polymers.'*

However, the self-assembly of these monomers on
surfaces remains puzzling and unpredictable. When bring-
ing supramolecular systems from a solution to a surface,
not only monomer-monomer interactions have to be con-
sidered, but also monomer-surface interactions, solvent
interactions, and solvent evaporation kinetics. Therefore,
achieving long range macroscopic order through self-
assembly on a surface remains a challenge, as structure for-
mation is governed by the competition of interactions,
surface-induced conformational changes, and molecular
packing."® Nevertheless, long-range ordered self-assembled
monolayers'®!” are a topic of major interest for applications
in biomedicine, nanoelectronics, and photovoltaic devices.

Recently, significant progress has been made in
understanding surface effects on the formation of supra-
molecular structures.'®'® Many previously unknown
crystal polymorphs are discovered when the crystalliza-
tion process occurs on a surface rather than through a
nucleation process in solution.”*** Epitaxy is defined as
the growth of a crystalline material on another crystal
and where the epitaxial layer is in registry with the sub-
strate. The crystallinity of the substrate material can thus
be used to dictate the order of a deposited layer. For conju-
gated organic molecules, solution-phase deposition is the
most commonly used method to generate ordered films for
semiconductors.”* For example, the n-conjugated cores of
small molecules adsorb strongly onto HOPG surfaces and
alkyl chains form large ordered domains around the
cores.'>****> However, only a few examples exist of small
organic molecules with long flexible side chains or linkers,
often used in supramolecular polymerizations.*®

Here we report the formation of intriguing 2D
polygon-shaped crystals of achiral, alkyl BTAs C4BTA,
Cs-BTA, and C,y-BTA on crystalline, atomically flat

(A) Ce-BTA R=-CgHyy (B)
R
U
Oy NH Cg-BTA R =-CgHy7
H C1o-BTA R=- C10H21
R'N O
. =-CqoH
S HN. C12-BTA R =-CyHps

C16-BTA R=- C16H33

mica surfaces (Figure 1). Instead of the 1D supramolecu-
lar fibers characterized in solution by static light
scattering,””*® flat pentagons structures with a highly
geometric appearance or ribbon-like structures are
observed on a mica substrate by atomic force microscopy
(AFM) (Figure 1C, Figures S1-S3). The monomer-surface
interactions overrule the monomer-monomer interac-
tions, leading to the epitaxial growth of ordered 2D crys-
tals. We study the influence of the side chain length of
the monomers and the nature of the surface on the mor-
phology of structures deposited on the surface by AFM.

2 | RESULTS AND DISCUSSION

2.1 | 2D crystal formation observed for
C¢-BTA, Cg-BTA, and C,,-BTA

To our surprise, we found that achiral alkyl BTAs drop-
casted on mica do not exhibit a fibrous morphology as
seen from previous studies,”’ > but form highly geomet-
ric 2D crystals (Figure 2, details on sample preparation in
SI). One of these polygons is shown in Figure 1C, and
features five triangular crystal planes with a uniform
height of about 1.5 nm and the tip reaches up to 5 nm.
The width of these polygon-shaped crystals varies from
several hundred nanometers to a few micrometers. In the
middle of the polygon there is often a hole or a “spike”-
like structure of varying height (Figure 2 and Figure S1).
Moreover, these structures seem to orient following the tri-
angular symmetry of the mica substrate, suggesting epitax-
ial growth. This intriguing assembly occurs for BTAs with
six up to 10 carbon atoms in the side chain (Figure 2A-C).
For longer alkyl chains of 12 carbons, we observed the for-
mation of needle-like 3D crystals (Figure 2D).

The most common shape of the 2D crystals is a
pentagon, although higher-order symmetries are also

polymers in MCH

FIGURE 1 (A) Structure of alkyl benzene-1,3,5-triscarboxamides (BTAs) C,,-BTA with chain lengths of 6 to 16 carbon atoms. (B) Alkyl
BTAs assemble into 1D helical supramolecular fibers in a dilute apolar solution of methylcyclohexane (MCH). (C) 2D crystal polygons of Cg-

BTA on a flat crystalline mica surface observed by atomic force microscopy (AFM), with height analysis showing a uniform height of

around 1.5 nm and a spike reaching up to 5 nm.
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FIGURE 2
from 20 pM solutions in MCH.

observed (Figure S2). The rotational symmetry of a
crystal is usually limited to 2-fold, 3-fold, 4-fold, or 6-fold,
while 5-fold symmetry has so far only been observed for
quasicrystals.*>! Here, the overall 5-fold symmetry of the
pentagon-shaped structures originates from a 5-fold twin-
ning of the crystal phases, meaning the 2D crystals consist
of five triangular crystal planes of the same crystal lattice,
but with different orientation in the 2D plane. Very few
examples of 5-fold twinning exist for the growth of inor-
ganic metal nanorods,**** and to our knowledge, only one
example has been reported for an organic nanostructure.*
The crystalline morphology found on the surface is often
polygon-shaped, but ribbon-like structures can also be
observed (Figure S3). These ribbon structures also exhibit
the spike and often follow a roughly triangular structure
likely derived from the mica crystal lattice (Figure S3a).
The structure that forms is most likely governed by a
multitude of external factors such as humidity, tempera-
ture, solvent evaporation, and changes in local concentra-
tion on the surface. The experiments were repeated
several times and surfaces dominated by polygonal struc-
tures and sometimes ribbon-shaped crystals were
obtained with the same procedure of sample preparation,
showing the delicate interplay of interactions to grow
these structures. Figure S3b shows the transition from
ribbon to polygonal structures.

To elucidate molecular packing in these thin 2D crys-
tals, we performed high-resolution, phase-controlled
AFM,*>° to obtain a quantitative height analysis of the
crystals grown from Cg-, Cy5-, and Cy4-BTA (see details
in SI, Figure 3). For Cg-BTA ribbons on mica, we found
an average height of the smallest ribbons of 1.3 + 0.1 nm
and a width of around 150 nm (Figure 3A,B). To deduce
the number of monomers forming a single ribbon, we
measured the 3D shape and size of the Cg-BTA struc-
tures, which displayed a typical height of 0.6 + 0.1 nm
and a width of approximately 75 nm (Figure S4). Mea-
surements of the monomer units suggest that the ribbons
cross-section contains four monomers in a rectangular

The structures formed on mica with C4-BTA (A), Cs-BTA (B), C19-BTA (C), and C;,-BTA (D). All samples were dropcasted

arrangement, i.e. two layers of two monomers, indicating
a possible lateral packing of BTA monomers on the mica
surface. For C;,-BTA, the ribbons exhibited an average
height of 1.9 + 0.1 nm and a typical larger width linked
to the increase in the alkyl chain. Within these ribbons,
highlands with another layer of monomers were some-
times observed, resulting in a final height of 2.4 + 0.1 nm
(Figure 3C,D and Figure S5). C4-BTA crystals also
showed a clear monodirectional nematic organization
with periodicity of around 70 nm and height of 2.5 + 0.4 nm
(Figure S6). In addition, multiple layers were sometimes
observed, producing much taller structures of up to
6.5-7 nm (Figure 3E,F and Figure S6).

BTA polymorphism can explain the differences
observed between bulk and surface assemblies. Indeed,
BTA monomers can form hydrogen bonds both laterally
(thermodynamic polymorph) and columnarly (kinetic
polymorph). In variable temperature IR experiments, this
transition becomes visible as a shift of the NH-band from
v=13307cm ' for the lateral hydrogen-bonded poly-
morph to v=3250cm™ "' for the columnar polymorph
(Figure S7). The presence of two different crystal struc-
tures for these BTAs suggests some conformational flexi-
bility in the molecular packing in bulk, which could
explain the appearance of the 2D polygon crystals formed
on mica. A chiral Cg-BTA nanosheet connected by lateral
hydrogen bonds was reported by Chu et al. with a thick-
ness of 1.8 nm in water.’” The height of the 2D crystals
we observed in air is about 0.5 nm lower than the one
found for lateral packing by Chu et al. in water. The
reduced height in air correlates with tighter packing of
the side chains in air than in liquid, as well as with the
influence of the Hamaker constant of the mica substrate
during measurements in air, as observed for DNA mea-
surements.>® However, we could also not exclude the for-
mation of another polymorph on mica.** Unfortunately,
as the crystals were very thin and formed only on a crys-
talline surface, it was not possible to further characterize
the molecular packing using high-resolution analytical
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phase-controlled maps of ribbons and
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their cross-sectional dimensions on mica
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(E and F) C;4-BTA.
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techniques. Nevertheless, further characterization was
carried out by studying the influence of surface and
supramolecular motif on the structures obtained in the
following paragraph.

2.2 | Structure formation strongly
dependent on surface

The influence of the surface on the formation of these
structures was then evaluated. Both HOPG and glass sur-
faces were tested, and the growth of highly geometric
polygonal crystals was only observed for mica surfaces
(Figure 4). Remarkably, on all surfaces tested, we did not
observe fibrous structures for Cg-BTA, indicating that
this morphology is energetically unfavorable on surface,

100 200 300 400 500 600

nm

as was shown in the bulk phase.* When dropcasting
Cs-BTA on HOPG, we observed a fingerprint pattern in
the background with 3D islands growing up to a height
of 10 nm. HOPG is a strongly adsorptive surface for
organic molecules due to its large © surface area. First,
monolayers are formed from molecules adsorbed flat on
HOPG, then 2D and 3D crystals grow on the initial
monolayer.** The visible fingerprint on the surface is
most likely a layer of BTA monomers adsorbed onto
the graphite surface by =n-stacking and van der Waals
interactions. The structures observed after dropcasting
Cs-BTA on glass were mainly amorphous with no visi-
ble degree of order. The 2D crystals therefore formed
only on mica surfaces, indicating an epitaxial growth
mechanism with good surface registry. We speculate
that BTA monomers align with the symmetry of the
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FIGURE 4 Crystal morphologies of Cg-BTA on mica (A), HOPG (B), and glass (C).

surface on which they crystallize and follow the three-
fold symmetry of the substrate. Hence, the formation
of these structures is specific to mica surfaces, and does
not occur on other surface materials. This example
demonstrates that the surface used in AFM experi-
ments can have a major influence on the morphologies
observed, even though it is generally considered to be
innocent in the structure formation of supramolecular
materials.

We then investigated the assembly of other well-
described hydrogen-bonded supramolecular building
blocks on the mica surface (Figure S8). Similarly, epitaxi-
ally grown crystals were observed for these three motifs on
both mica and HOPG surfaces. For bis(hexylureido)tolu-
ene (HUT), the formation of triangular crystalline phases
on HOPG after vapor annealing and reorganization on the
surface has been reported."> On mica, HUT assembled
into flat sheets, which aligned very loosely in lines parallel
to the surface (Figure S8a). For S-PyPyTA on mica, both
heart- or drop-shaped crystals were found, some bearing
spikes in the middle of the crystal similar to the polygonal
crystals of Cg-BTA on mica (Figure S8b). Unlike the later,
S-PyPyTA crystals appeared to be composed of a single
crystal plane rather than twinned crystal phases on mica.
Due to the uniform flatness of the drop-shaped crystals,
the molecular packing on the surface is probably similar
to Cg-BTA, although the chiral side chains hinder the for-
mation of 2D geometric crystals. Finally, for the perfluori-
nated BTA monomer perfl-BTA on HOPG, we found
long ribbon-like crystals aligned in a triagonal way with
the underlying HOPG surface (Figure S8c). Beneath the
ribbons, another layer of molecules adsorbed to the sur-
face is visible, as evidenced by the deeper holes visible on
parts of the surface. Due to their dynamic nature, supra-
molecular monomers appear to interact strongly with
hydrophilic or strongly adsorbing surfaces such as mica

and HOPG, leading to the formation of intriguing 2D
ordered crystals.

2.3 | Metastable 2D assembly
We have also investigated the stability of these structures
over time during AFM measurements. Although crystal-
line dropcasted structures on the surface are usually con-
sidered static, we observe changes in the structures
attributed to the dynamicity of non-covalent interactions.
When continuously scanning a dry sample of Cs-BTA for
12 h, we found that the 2D flat crystal planes formed by
Ces-BTA were slowly consumed and transformed into 3D
needle-like crystals growing on the surface (Figure 5).
The sample shown in Figure 5 was recrystallized by
adding a few drops of methylcyclohexane (MCH), then
dried and imaged. On the first scan (0 h), flat 1.5 nm crys-
tal planes were visible, the same height as the polygons.
With continuous scanning, the needles began to grow and
spread across the entire image surface. After 12 hours, all
the 2D flat crystals were consumed and only the needles
were visible on the surface. A scan of nearby areas showed
mostly 2D crystals and only a few needles (data not
shown). Thus the mobility of molecules on the surface in
the absence of solvent, but in presence of the typical
hydration layers on a surface in air environment, and the
laser heat, appears to be much higher than expected and
is significant enough for molecules to migrate on the mica
surface. Mobility due to tip movement was excluded
because the same area scanned in non-contact mode
showed no reorganization during single/multiple map
acquisition. C-BTA monomer also exhibited a liquid crys-
talline phase in the temperature range of 50-200°C, which
could explain the mobility of molecules on the surface. We
hypothesize that the 2D crystals may be a metastable
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polymorph that transforms over time into a thermody-
namically more stable polymorph.

The present work represents a step forward in the
efforts to make ordered 2D materials, but it also high-
lights the challenges of characterizing supramolecular
polymers by microscopy. The nature of surfaces influ-
ences supramolecular aggregation, while the non-
covalent bonds holding the aggregates together are
dynamic, by which pathway complexity can be observed
with different morphologies as a result.
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