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Abstract

Rational design of organic 2D (O2D) materials has made some progress, but is still in its initial
stages. Here, we report on a class of self-assembling small molecules that form nano/microscale
supramolecular 2D materials in aqueous media. We show that a judicial combination of four
different intermolecular interactions forms the basis for the robust formation of these ultra-thin
assemblies. We also show that these assemblies can be programmed to disassemble in response to
a specific protein and release its non-covalently bound guest molecules.
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Two-dimensional (2D) materials have attracted great attention due to their potential in many
applications ranging from semiconductors to to biomedicine.[1] In contrast to the more
prosperous inorganic 2D materials, study of organic 2D (O2D) materials is still in its
launching phase, but is believed to be promising owing to their soft characteristics and thus
suitability in a variety of biomedical applications.[2l Among the O2D materials, significant
efforts have been directed towards graphene analogs.[!2] Although few successful attempts
in making polymericl3] and supramolecular4l 02D materials have been reported, examples
for the effective formation of free-standing ultra-thin O2D materials are still quite limited.
Also, current mainstream, top-down preparation strategies contain additional exfoliation
steps, while the traditional bottom-up methods such as self-assembled monolayer formation
rely on pre-organization of molecules at a liquid-air interface or on a substrate surface.[®]
Thus, the development of a facile molecular design strategy for the preparation of ultra-thin
02D materials addresses an urgent need with both fundamental and practical implications.

Moreover, though research on making organic-inorganic hybrid “smart” 2D materials[®! have
become a hotspot in recent years, studies on pure organic smart 2D materials still quite
rare.I’] Thus, designing organic “smart” 2D crystalline materials with stimuli-sensitive
characteristics, especially biomolecule-sensitivity, remains as a realm in mist. Herein, we
report a simple bottom-up strategy, which uses multiple supramolecular interactions in a
concerted fashion, to prepare smart O2D materials by non-interfacial self-assembly of
organic small molecules in agueous media at room temperature (Scheme 1). We show that
these autonomously-formed mono/few-layer thick O2D sheets require no extra exfoliation.
We also show that these O2D sheets can be programmed to disassemble in in response to a
specific protein. Since small hydrophobic guest molecules can be loaded into these sheets,
this binding-induced disassembly process can be conveniently visualized.

To fundamentally unravel the factors that influence the formation of the O2D structures, a
concerted series of twelve molecules has been designed (Scheme 2) and synthesized using a
simple approach (Scheme 1c). The basic molecular design strategy here involves (&) the
utility of hydrogen bonding interactions that are proximally located with aromatic rings to
have correlated hydrogen-bonding and r—m interactions; In fact, molecules with similar
structure have been reported as small molecule gelators, owing to the self-assembly ability
provided by strong interactions.[8a] () an alkyl chain linking the urea-based aromatic units
with an ionic head group, where the alkyl chain provides the hydrophobic interactions to
reinforce the assembly in the aqueous phase and finally (¢) the ionic head groups on either
side of the molecules to introduce repulsive forces that presumably mitigate inter-layer
interactions and thus avoid the need for exfoliation steps to achieve ultrathin O2D sheets.

The O2D sheets were prepared by simply injecting a DMSO-based solution of the small
molecules into deionized water. The resultant suspensions were allowed to stand still for ~12
hours to let the automated self-assembly finish. These samples were then analyzed by
transmission electron microscopy (TEM), High-resolution TEM (HRTEM), scanning
electron microscopy (SEM) and atomic force microscopy (AFM). AUCO»-11 was
investigated first, since the relatively long alkyl chains on both sides may provide for the
targeted self-assembly due to strong hydrophobic effect and van der Waals interactions.
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TEM and (HRTEM) images shows that AUCO,-11 form 2D sheets and that the structures
are highly ordered (Figure 1a and 1b). The distance of the visible lattice fringes roughly
corresponds to ~0.376 nm, in agreement with the interspacing of (1010) planes (0.38 nm).
The corresponding selected area electron diffraction (SAED) pattern (Figure S1d) displays
clear phases, suggesting the high crystal quality within the 2D sheet. SEM images further
support the formation of the O2D structure (Figure 1c).

The fact that these O2D sheets were stably formed with or without the gold-coating in SEM
suggests that the O2D assembly is robust (Figure S1a). AFM studies also suggest that the
02D sheets are relatively smooth with lateral dimension at micrometer scale (Figure 1d).
Average thickness of these sheets, based on AFM height profiles, reveals their relatively
uniform thickness of (3.7 £ 0.1) nm. A statistical study of the monolayer thickness suggests
a mean average height of ~3.7 nm (Figure 1e). XRD investigation also suggests a highly
ordered structure with a d-spacing of 3.7 nm (Figure S1b) which matches the results of small
angle X-ray scattering (SAXS) of the 2D sheets in powder form (Figure S1e). Note that
shape and size control is not a current target for this 02D self-assembly and will be a focus
in the future.

As an initial test to identify whether this is a hydrophobicity-induced self-assembly,
formation of 2D assemblies in pure DMSO was tested and found that these do not provide
any significant assembly (Figure S1c). To further understand the design rules in aqueous
media, compared to those in organic solvents,[8] we systematically varied the structure of the
molecule.

First, the effect of the hydrophobic linker was studied by comparing AUCO,-2 and
AUCO,-6 with AUCO,-11. The self-assembly was performed at three different pH values
and the longer linkers favored the 2D structure in all cases (Table 1). This is attributed to the
increasing hydrophobic effect and van der Waals interactions, akin to those seen in
surfactant self-assembly. Interestingly AUbCO,, containing a benzoic acid as head group in
addition to only a two carbon linker, also exhibits a strong propensity to form 2D
assemblies. This may be due to the additional reinforcement provided by rt—r interactions.
The self-assembly variations observed at different pH values is likely due to the optimal
balance between the head-group repulsions that could prevent the 2D self-assembly and that
are necessary to prevent interlayer interactions to provide the targeted ultrathin structures. In
fact, these molecules were found to form highly aggregated 2D structures at pH<4.

The coordinated use of multiple interactions to drive the formation of the O2D assemblies is
the basis for our molecular design. To test this, we examined the importance of the
intermolecular hydrogen-bonding due to the urea functionalities. Specifically, we replaced
the urea moieties with ether (AECO>) or urethane (AUtCO») functionalities, where the
hydrogen-bonding interaction is completely obviated or partially weakened respectively.
Indeed, the assemblies were irregular aggregates in both cases (Figure 2a, 2b). These results
suggest that the urea units, with their hallmark hydrogen-bonding self-complementarity, are
critical for the observed 2D assemblies.
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Next, we investigated the importance of the rigid aromatic units at the core. AcUCO5, where
the two phenyl rings were replaced by cyclohexyl units, afforded assemblies with significant
crosslinking (Figure 2c). Though the remnant rigidity in the structure allowed 2D growth,
the loss of the assortative —m interactions seems to have increased the interlayer
interactions, presumably due to mismatched hydrogen-bonding interactions, to cause
crosslinking among the layered structures. On the other hand, if a completely flexible alkyl
spacer is used (as in AIUCQO,), needle-like structures were observed indicative of a linear
propagation of the assemblies (Figure 2d). These assemblies were also bundled or
aggregated, presumably due to mismatched interactions among the linear assemblies.
Interestingly, there seems to be a need for a small amount of flexibility between the two urea
units. If there’s no flexibility in the spacer, as with AnUCO,, small ribbon-like assemblies
were formed (Figure 2e). This is attributed to the possibility that the naphthyl units provide a
too-rigid of a linker, where the hydrogen-bonding interaction and the aromatic -1t
interaction directions are not complementarily placed.

We hypothesized that an optimal head-group repulsion is needed to balance the 2D assembly
formation and the prevention of interlayer interactions. To test this hypothesis, we replaced
the carboxylate moiety with an alkyl group or masked it as an ester in the form AUA and
AUE respectively. Consistent with our design hypothesis, both molecules exhibited a strong
tendency to form 2D structures, but a very limited amount of free-standing mono/few-layer
can be observed. Majority of the 2D sheets were stacked together and formed bulk
aggregates (Figures 2f and 2g). These results suggest that the hydrophilic head groups are
necessary to avoid the extra exfoliation steps to achieve ultra-thin 2D assemblies.

As a preliminary demonstration of the utility of these O2D materials, we tested these
molecules for binding-induced disassembly in response to specific proteins. Binding-
induced disassembly has been previously demonstrated with micelle-like amphiphilic
aggregates.[%] We conceived that such a demonstration with O2D assemblies will greatly
expand the repertoires of both the 2D scaffold and the protein-triggered disassembly
process. We employed a benzenesulfonamide moiety, a well-known ligand for carbonic
anhydrases,[1% as the surface exposed functionality in the self-assembling small molecule
(AUbsA). We first ascertained that this molecule indeed forms a 2D assembly based on
TEM, SEM, AFM and XRD (Figure 3a and Figure S2a). The O2D sheets were found to be
~2.4 nm thick, close to the single molecule dimension.

When bovine carbonic anhydrase (BCA) was added to an aqueous suspension containing the
2D sheets (Caupsa=1.5 pM), the morphology of the 2D assembly seems to be compromised
over time (Figure 3b—d). TEM studies confirmed that majority of these 2D assemblies were
completely dissolved at longer time scales. However, the morphological change was also
observed for proteins that are non-complementary to the sulfonamides, viz. avidin and
hyaluronidase. Interestingly, this non-specific interaction produced a consistently spherical
nanoparticle morphology that persisted even after two weeks (Figure 3e—f).

Considering the difference in the persistence of the protein-induced morphologies, we tested
the possibility of releasing hydrophobic guest molecules within these assemblies in the
presence of specific proteins. Accordingly, we loaded pyrene within 2D sheets, where the
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overall 2D structure was maintained after guest loading (Figure 4a). Confocal microscopy
also shows that the fluorescent dyes were successfully loaded to the sheets (Figure 4b—4d).
When the suspension of 2D sheet was exposed to BCA, the possible release of pyrene was
monitored by absorption spectroscopy. Since the hydrophobic guest is insoluble in water, it
would simply precipitate out of solution. Indeed, the absorbance of pyrene decreased over
time in the presence of BCA (~80% release over a few days, Figure 4e and 4f). No such
release was observed in the absence of BCA or in the presence of non-complementary
proteins. These observations suggest that a sustained, specific protein-responsive release of
guest molecules is indeed possible.

In conclusion, we have designed and synthesized a new series of self-assembling molecules
that readily afford molecular-thin O2D materials in aqueous media. We show here that
aromatic rt—r interactions, hydrogen-bonding interactions, hydrophobic interactions, and
electrostatic repulsions all play a key role in the formation of these assemblies. Finally, to
the best of our knowledge, there has been no report on ‘smart” O2D materials before. Here,
by employing a protein-specific ligand as the hydrophilic head group, we have shown that
these 2D sheets can undergo a binding—induced disassembly in response to a specific
protein. This feature, the simplicity of the synthesis/preparation method, and our
understanding of the factors that underlie the assembly formation provide a foundation for
pursuing O2D assemblies for future applications in smart materials-based systems.
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Figurel.
Microscopy analyses of AUCO2-11 a) TEM image of the 2D sheets in water. b) HRTEM

image of the 2D sheets in water with a zoomed in image on upper-right corner. ¢) SEM
images of 2D sheets (Au-coated). d) AFM image with height profiles, e) Histogram of
height distribution. Scale bar in (a)=1 um, (b)=8 nm, (b, zoomed-in image)=4 nm, (¢)=1 um,
(d)=10 pm, (€)=5 um.
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Figure 2.
SEM images of assemblies of a) AECO,, b) AUtCO», ¢) AcUCO,, d) AIUCO,, e) AnUCO,

with a zoomed in image on upper-right corner, f) AU and g) AUE in water. Scale bar (a—
g)=1um.
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Figure 3.
TEM image of AUbsA 2D sheet a) in water, and after incubation of the assembly with the

target protein, BCA, for b) 2 hours, c) 4 hours. d) 2 days. TEM images of €) 7 days after
addition of control protein, f) a zoom-in image of Figure le. Scale bar (a—e)=1 pm, (f)=0.1
pm.
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Figure 4.
TEM images of AUbsA a) after loading of the pyrene. Confocal images of the 2D sheet, b)

bright field, c) pyrene, d) merged image of (b) and (c). e) Pyrene release from 2D sheet in
the presence of BCA. f) Plot of % release with time and comparison with controls. Scale bar
(a)=5 pm, (b—d)=10 pum.
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(c)
HO,C \/\,He\/\NHZ +

Scheme 1.

OCN

AUCO,-11

O O ——» AUCO,-11

NCO

(a) lustration of the molecular design containing four complementary intermolecular
interactions. (b) Example of a moelcule for the formation of the 2D assemblies in the
aqueous phase. (c) Example of the simplicity in the synthetic scheme to achieve the targeted

materials.
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Structure of the aromatic urea (AU) based amphiphiles and the appropriate controls to test

the design principles.
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Table 1

Comparison of AUCO,-1 and AUbCO5 in their assembly behavior in aqueous solution
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Name pH=4 pH=7 pH =12
AUCO,-2 Nano sheets or No film or No film
defective sheets | defective film
AUCO,-6 um sheets um sheets or No film or

defective film | defective film
AUCO,-11 um sheets um sheets um ribbon or
defective film
AUbCO, um sheets um sheets um ribbon or
defective film
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