Shape-Assisted Self-Assembly

Authors: Joseph F. Woods™!, Lucia Gallego™!, Pauline Pfister!, Mounir Maaloum?, Andreas
Vargas Jentzsch™2, Michel Rickhaus'*

Affiliations:
!Department of Chemistry, University of Zurich; Zurich, Switzerland.

2SAMS Research Group, Université de Strasbourg, CNRS, Institute Charles Sadron;
Strasbourg, France.

“these authors contributed equally
*Corresponding author. Email: michel.rickhaus@chem.uzh.ch

Abstract: Self-assembly and molecular recognition are critical processes both in life and
material sciences. They usually depend on strong, directional non-covalent interactions to gain
specificity and to make long-range organization possible. Most supramolecular constructs are
also at least partially governed by topography, whose role is hard to disentangle. This makes it
nearly impossible to discern the potential of shape and motion in the creation of complexity.
Here, we demonstrate that long-range order in supramolecular constructs can be driven by the
topography of the individual units even in the absence of directional interactions. Here,
molecular units of remarkable simplicity self-assemble in solution to give homogeneous single-
molecule thin two-dimensional supramolecular polymers of defined boundaries. This dramatic
example spotlights the critical function that topography can have in molecular assembly and
paves the path to rationally designed systems of increasing sophistication.

One-Sentence Summary: Topography as a molecular design principle permits the construction
of otherwise inaccessible supramolecular structures.



Main Text:

Shape plays a critical role in natural molecular recognition processes such as enzyme catalysis.
As early as 1894, Emil Fischer proposed with his ‘Lock and Key’ model that a substrate must
possess a profile complementary to that of the enzymatic cleft; otherwise, there is poor
association between the two (1). Within this understanding, one of the simplest topographical
elements that can allow for (molecular) recognition is curvature. The notion of curvature has an
underlying and accepted role in creating order within supramolecular systems but is
overshadowed by the driving forces for (self-)assembly (2, 3). Despite its relevance, the role of
topography, in the absence of any other contributing factors, as an element of recognition in
supramolecular assembly processes has long eluded experimental proof, and little is known
about the unique advantages exploiting it would bring forward.

Over three decades ago, the first reports on supramolecular polymers (4, 5) catapulted the
interest in soft dynamic materials and, particularly, hydrogen-bonded linear assemblies (6-9).
Together with other highly directional non-covalent interactions (10-13) they remain the
classical choice for designing self-assembling systems due to their reversible and self-healing
properties (14, 15). Less directional non-covalent interactions between n-surfaces or hydrophobic
contacts seldom result in assemblies (16-18). In the rare cases when they do, assistance is
required from another effect in tandem (19-21) because of the limited long-range control. To a
certain extent, curvature has been recognized as a feature for assembly-proficient monomers. For
instance, Aida and co-workers exploited a bowl-shaped corannulene for permitting the creation
of dormant supramolecular species and thus the development of living-supramolecular
polymerization (22). Moreover, they recently have used saddle-shaped molecules to report the
first example of alternating heterochiral supramolecular copolymerization (23). Additionally,
Itami demonstrated that curved nanographenes can associate to form nanofibers purely based on
dipolar -7 stacking (24). These rare examples offer a small glimpse of the scope that this
approach towards developing functional materials has to offer.

Herein, we report that in the absence of directional non-covalent interactions, the shape of a
molecular unit can become the governing ordering force to assemble micrometer-long stacks.
Those columns then self-assemble into two-dimensional (2D) sheets of single-molecular
thickness and highly defined boundaries. These nanostructures are formed by assembly in
solution of a negatively curved molecule and held together primarily by dipolar -7 interactions.
The simplicity of this approach towards 2D materials is unique and contrasts strongly with
existing strategies for which a representative overview is presented in Fig. S1. Notably, this
approach is complementary to on-surface self-assembly (25) and surface nucleated thin films
(26) because the nanostructures exist and are persistent in solution. The uniqueness of this
process, which we term ‘shape-assisted self-assembly’, demonstrates the significance of shape in
the self-assembly process, provides a crucial conceptual tool and brings us closer to control and
rational design of complex bottom-up assemblies in nanotechnology in general.

Flat molecules are frequently observed in supramolecular polymerizations due to ease of access
to these structures synthetically (8, 27, 28). Bowl shapes (29, 30), and more so saddles (24, 31,
32), are far less commonly used topographies for the opposite reason. Yet, to introduce order in
an assembly, negatively curved systems stand out as preferred candidates to induce eclipsed
stacking because transverse rigidity is increased on both molecular and macroscopic scales (23,
24, 33). Asymmetry in saddle design, in addition to replacing a uniform surface with a
framework scaffold, heightens the entropic barriers further due to unequal axes of principal
curvature (Fig. 1). An energetic minimum can then be reached with eclipsing negatively curved
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frames such that small deviations from overlap demand a high energetic penalty and,
consequently, enforce order. Depending on the asymmetry of the saddle, their assemblies likely
present intrinsically differentiated lateral interactions permitting the formation of tertiary
structures. Mullen and co-workers (34) first reported a small saddle-shaped molecule that
possesses these characteristics within the aryl frame. Remanufacturing of this core with different
functional groups could serve as a monomer suitable for such polymerization (Fig. 1).

As a first approach, peripheral alkyl substitution of four of the six available sites was proposed to
(1) enhance solubility, and (ii) favor eclipsing n-surfaces. The addition of hydrogen bonding
motifs was deliberately avoided because of their superior capability to order systems (23). As
reference systems, we included the unfunctionalized porphyrinoid to investigate the effect of a
core without sidechains and the macrocycle bearing tert-butyl groups due to its reduced
propensity to self-assemble (34).
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Fig. 1 Design principle, structural scheme and assembly process. (left) Shape as a design
principle to restrict rotational and translational freedom. (right) Generic chemical structure of
carpyridines with R group modifications to the core. (bottom) Multi-stage assembly process,
where (i) units assemble into linear stacks guided by the shape of their core and driven by
entropy before (ii) assembling into defined nanosheets.

Based on Miyaura borylation of dibromocarbazoles prior to macrocyclization, we developed a
unifying synthetic protocol. Four-fold Suzuki-Miyaura cross-coupling with a commercial
pyridine gave cyclic products (up to 13% yield; 60% yield per coupling) that we name
‘carpyridine’ as a consequence of their interlinked constituents. Although all carpyridines could
be synthesized using this route, preparation of the unsubstituted derivative 2H-Car-H resulted in
inferior yields (< 1%). By subjecting 2H-Car-tBu to a reverse Friedel-Crafts alkylation reaction,
we could efficiently remove the tert-butyl groups from the rim of the macrocycle (75% yield).
Full characterization of the synthesized compounds and their intermediates is described in the SI.

All compounds showed excellent solubility and stability in common organic solvents such as
chlorinated solvents or THF. In apolar solvents like toluene or methylcyclohexane (MCH) the
solubility was visibly reduced. This was corroborated by variable temperature *H NMR which
displayed an entirely different behavior as a function of the solvent used. 2H-Car-C6 (7.5 mM)
in deuterated 1,1,2,2-tetrachloroethane (TCE-d>) in a temperature range from 343 K to 233 K
showed a marked broadening of the aromatic signals together with an almost negligible
downfield shift. However, in toluene-ds (9.2 mM), full coalescence of the pyridine NMR signals
was observed at 253 K and both increasing or decreasing temperatures resulted in new
environments and/or broadening (Fig. 2 and Fig. S19 to S21). While broadening at lower
temperature is expected for classical supramolecular polymers, broadening or splitting at higher
temperatures is an indication of an entropy-driven process (35, 36). Further spectroscopic
evidence could be obtained from VT UV-vis and fluorescence spectroscopies (Fig. S27 and
S28A). The former shows a decrease in intensity with only minor spectral changes, in agreement
with other entropy-driven examples (35, 36), and the latter a decrease in fluorescence quantum
yield at higher temperatures due to aggregation-induced fluorescence quenching.



Variable Temperature NMR spectra
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Fig. 2 Variable Temperature *H NMR of 2H-Car-C6 in toluene-ds and TCE-d>. Selected
regions and temperatures only, see Sl for the entire datasets. In TCE broadening is only observed
at low temperatures while in the aggregation-inducing solvent (toluene) distinct environments
emerge at low and high temperatures. Grey signals in TCE are measured at 233 K.

Key evidence of the carpyridine ordering and shape-assisted self-assembly was obtained by
microscopy. By (scanning) transmission electron microscopy (TEM; STEM) we were delighted
to observe extremely well-defined, micrometer-long 2D sheets when imaging samples prepared
from 2H-Car-C6 (1 mM in toluene) (Fig. 3D). These structures were only observed for 2H-Car-
C6 bearing hexyl side chains and when assembled in toluene. Longer side chains (2H-Car-C12),
or the absence of them (2H-Car-H), resulted in significantly less defined aggregates (Fig. S30).
The results observed with 2H-Car-C12 imply that too long sidechains prevent assemblies of
significant order and that interactions at the periphery of the cycles are not the dominant driving
force. On the other hand, the observations for 2H-Car-H mean that the carpyridine core is
insufficient to solely drive the assembly. Higher resolution images and topologies of the 2D
sheets were obtained by atomic force microscopy (AFM) as seen in Fig. 3A. Individual sheets
can be seen isolated or stacked on top of one another, with highly uniform edges allowing
identification of each distinct assembly (Fig. 3, B and C). In addition to single-layer sheets (Fig.
S36), holes in one multi-layer sheet allowed the measurement of the thickness of a single layer,
determined to be 2 nm; a distance that is equivalent to the width of a single carpyridine molecule
(Fig. 3, Eand F).
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Fig. 3 Microscopic images of 2H-Car-C6 self-assembled into 2D sheets. (A) AFM images
show sheets in contact with one another or isolated. (B) Sharp boundaries in multi-layer sheets
allow distinction of individual units. (C) Individual columnar assemblies and their propagation
direction can be distinguished in regions with defects, and by the step thickness of the edges
(insert and Fig. S35). (D) STEM image showing micrometer-long individual sheets and clusters.
(E and F) AFM depth measurements of a hole indicate sheet thickness of 2 nm, consistent with
that of a single molecule. (G) SAED pattern obtained from ensembles of 2D sheets. (H and 1)
POM images of bulk samples at different temperatures; 150 °C heating (H) and 25 °C after slow
(< 5 K:-min™?) cooling from the isotropic melt (1).

From the AFM images and the clearly defined edges, we propose that the long dimension of the
assembled 2D sheets is formed by ordered stacks of carpyridines, and the side edges are mainly
aliphatic contacts. Such a construction fully explains the critical interplay between both driving
forces resulting in highly ordered aggregates. To confirm this hypothesis, we used the TEM
sample for selected area electron diffraction (SAED) on ensembles of 2D sheets due to the rapid
degradation of the organic material under the electron beam. The diffraction patterns obtained
(Fig. 3G, and Fig. S34) clearly show long-range order within the structures as observed by
defined diffraction spots on top of diffuse halos. We measured a principal characteristic distance
of about 4 A, which can be readily assigned to the -1 distance between the carpyridines cores as
observed by crystallography and predicted by density functional theory (DFT) calculations (Fig.
4). The observed halo pattern further emphasizes the soft-material nature of the self-assembled
2D sheets.



DFT predictions on a short stack Structural parameters in the solid-state
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Fig. 4 (left) DFT calculations of a four-unit stack of the carpyridine core (2H-Car-H) showing
the calculated arrangement with retention of the principal axis of curvature. (right) Structural
parameters derived from the X-ray crystal structure of 2H-Car-C6 showing a slipped
arrangement also predicted by DFT (see Sl).

Additional evidence for the proposed molecular arrangement within the 2D-sheets was obtained
by single-crystal X-ray diffraction and DFT calculations. As expected, obtaining defined crystals
of sufficient size in all dimensions was challenging but ultimately, single crystals of 2H-Car-C6
were obtained from a toluene/methanol mixture albeit of poor quality. Despite the heavily
disordered hexyl sidechains, the obtained structures clearly show that three independent
carpyridine molecules in the asymmetric unit have aligned principal axes of curvature in a
‘slipped’ stack. Although this arrangement is thought to be uncharacteristic of the reported 2D-
sheets, it indicates that by increasing the barriers to translation and rotation of stack formation,
the curvature of the saddle-shaped molecules drives the order of the assembly as postulated. Our
theoretical calculations by density functional theory (DFT) using various functionals (B3LYP,
wB97XD, PBEO and the 6-31(d,p) basis set) predict that the preferred assembled configuration
of the carpyridine core is an alternated stacked conformation (Fig. S42 to S44). The displaced
saddle conformation as observed in the crystal structure is another local minimum but at a
slightly higher energy (AEpet ~ 3 kJ-mol!). Although saddles are translationally displaced by
1.6 A from centroid to centroid, all carpyridines retain the same orientation along the principal
axis of the stacks. In both arrangements, the predicted inter-carpyridine distance between
centroids is 3.8 A and within the expected range of n-n stacking effects (37, 38). Our DFT
studies were complemented by semi-empirical calculations using the PM6 method, showing that
the addition of the hexyl chains (stacks of six 2H-Car-C6 units were studied) leads to the
preferred stable linear alternated stacked structure proposed above (Fig. S45).

Further observations of 2H-Car-C6 in the solid-state were made with thermal analysis using
differential scanning calorimetry (DSC). This showed several phase transitions and notably at
least two distinct crystallization events on the cooling traces. By polarized optical microscopy,
we observe at least two different (semi)crystalline phases (Fig. S39). Notably, when the cooling
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rate of the melt is carefully controlled (less than 5 K-min™), the last crystallization transition
yields large, highly uniform, sheet and needle-like crystalline regions of >100 um in length, in
strong support of a highly directional supramolecular interaction.

The simplicity of the carpyridine supramolecular units, which results in the self-assembly of
large 2D sheets of single molecular thickness is unique. It is only possible because its topological
elements enforce shape-assisted directional assembly — remarkably achieved in absence of
directional interactions — but also enough flexibility to prevent the system from collapsing in
solution like most rigid 2D materials. The 2D sheets themselves can only be assembled as a
consequence of the delicate equilibrium between entropic gains and competition of both dipolar
n-n and hydrophobic interactions. This first and exceptional example is a direct demonstration of
the power of shape in the assembly of molecular nanostructures, yet the chemical space of shape-
assisting systems is largely unexplored. As the obtained assembly is a direct consequence of the
underlying topography, shape-assisted self-assembly holds substantial promise as a design
concept for new soft-matter materials and its implementations in nanotechnological applications
such as sensing and nanofabrication.
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