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ABSTRACT: The design and synthesis of two-dimensional
(2D) polymers is a challenging task, hitherto achieved in
solution only through the aid of a solid surface “template” or
preorganization of the building blocks in a 2D confined space.
We present a novel approach for synthesizing free-standing,
covalently bonded, single-monomer-thick 2D polymers in
solution without any preorganization of building blocks on
solid surfaces or interfaces by employing shape-directed

covalent self-assembly of rigid, disk-shaped building blocks

having laterally predisposed reactive groups on their periphery. We demonstrate our strategy through a thiol—ene “click” reaction
between (allyloxy),,CB[6], a cucurbit[6]uril (CB[6]) derivative with 12 laterally predisposed reactive alkene groups, and 1,2-
ethanedithiol to synthesize a robust and readily transferable 2D polymer. We can take advantage of the high binding affinity of
fully protonated spermine (positive charges on both ends) to CB[6] to keep each individual polymer sheet separated from one
another by electrostatic repulsion during synthesis, obtaining, for the first-time ever, a single-monomer-thick 2D polymer in
solution. The arrangement of CB[6] repeating units in the resulting 2D polymer has been characterized using gold nanoparticle
labeling and scanning transmission electron microscopy. Furthermore, we have confirmed the generality of our synthetic
approach by applying it to different monomers to generate 2D polymers. Novel 2D polymers, such as our CB[6] derived
polymer, may be useful in selective transport, controlled drug delivery, and chemical sensing and may even serve as well-defined
2D scaffolds for ordered functionalization and platforms for bottom-up 3D construction.

B INTRODUCTION

Two-dimensional (2D) polymers can be defined as free-
standing, covalently bonded, single-atom/monomer-thick films,
as exemplified by graphene. Such polymers provide unique
opportunities to address fundamental scientific questions and are
anticipated to be useful for a wide range of technological
applications, some of which would otherwise be impossible to
realize.' Theoretical studies already anticipated unusual
mechanical and folding behavior of such structures,” long before
the exfoliation of graphite into graphene was reported.’
Successful isolation of graphene has only intensified the bottom
up synthetic efforts in recent years,® as these 2D polymers are
further envisaged to find applications in various fields including
selective transport, molecular electronics, sensors, surface
catalysis, and drug delivery because of the unique spatial
arrangement of functional building blocks in a single layer and
their assembly.l’4 However, the lack of a robust method to
produce free-standing single-atom/monomer-thick 2D polymers
as bulk material with macroscopic dimensions has, in general,
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hindered the investigation of their fundamental properties as well
as their practical applications.”

Since the 1980s, there have been a number of attempts to
synthesize 2D polymers through polymerization of monomers in
a preorganized structure within a 2D confined space created by
oil—water™® and air—water™” interfaces, a solid surface that
organizes a self-ordered monolayer,> or the interior of a lipid or
surfactant bilayer surrounded by water.**® However, once they
are isolated from the 2D confined space, the 2D structural
integrity is lost due to the lack of in-plane cross-linking of
monomers. Recently, surface-mediated polymerization ap-
proaches using atomically flat metal surfaces which can act as
“templates”,lb under ultrahigh vacuum (UHV) conditions or at
solid—liquid interface, have been explored,lb’7 but the resultant
materials have a lateral size only in the nanometer regime and
exhibit transferability issues.'” Ultrasonic exfoliation of 2D
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Scheme 1. Covalent Self-Assembly of 2D Polymer”
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“Schematic representation of free-standing 2D polymer formation using (allyloxy);,CB[6] and ethanedithiol through irreversible covalent self-
assembly. Only CB[6] and thioether bridges are shown in a zoomed area of the 2D polymer.

metal—organic frameworks (MOF) into single sheets to be
dispersed in solvent has also been demonstrated in recent years.®
However, such ultrasonic exfoliation of covalent organic
frameworks (COF) into individual sheets of 2D organic polymer
films has not been achieved so far.” A successful synthesis of a 2D
organic polymer was recently achieved by Sakamoto et al, which
involves solid-state topochemical photocross-linking of mono-
mers preorganized as 2D layers in a crystal and subsequent
isolation of individual layers in solution from the swollen
crystals.'® However, since this monomer lacks a robust
supramolecular synthon and may produce other polymorphs
upon crystallization, a priori prediction of isostructure for similar
molecules is not feasible. Thus, a general method based on this
approach is far from ideal. Overall, despite the recent progress,
the synthesis of 2D structures still requires preorganization of
monomers into 2D geometries prior to cross-linking with the
assistance of secondary substrates or interfaces, and the
preparation of 2D polymers in solution without the aid of any
solid surfaces, interfaces, or preorganization of monomers has
not yet been achieved.

Herein, we report a facile solution-phase synthesis of readily
transferable 2D organic polymers in the micrometer lateral size
regime only through shape-directed covalent self-assembly and
without any preorganization of building blocks by means of solid
surfaces or interfaces. We have found that lateral cross-linking of
various rigid and disk-shaped monomers having multiple in-
plane reactive groups at the periphery results in the predominant
lateral growth of polymers. Furthermore, for a specific monomer,
we have also achieved the synthesis of a free-standing single-layer
2D polymer by exploiting the monomer’s ability to tightly bind a
thread-like guest molecule having positive charges on both ends,
which keeps each individual polymer sheet separated from
another by electrostatic repulsion during the synthesis. Overall,
this new solution-phase approach may enable a convenient, mass
production of readily transferable 2D polymers.

B RESULTS AND DISCUSSION

Rationale behind Our Approach to the Synthesis of 2D
Polymers in Solution. Recently, we discovered the sponta-
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neous formation of polymer nanocapsules' ' in solution by thiol—
ene “click” reaction'® between (allyloxy),,cucurbit[6]uril"® 1a
(Scheme 1), a disk-shaped macrocycle with 12 alkene groups
laterally predisposed around a rigid cucurbit[6]uril (CB[6]) core
capable of binding alkyl ammonium ions tightly,"* and various
dithiol linkers without the help of any physical surface or
interface acting as a “template” or preorganization of the
monomers. We further confirmed the generality of the
nanocapsule formation for various disk-shaped monomers
having multiple polymerizable groups in their periphery."> It
should be noted that this is a rare example of covalent self-
assembly through irreversible covalent bond formation.'" During
a mechanistic study of the nanocapsule formation, we observed
small 2D oligomeric patches as intermediates, which then turned
into larger curved objects, followed by further reaction to form
hollow polymer nanocapsules.''” Theoretical studies suggested
that low bending rigidity of building blocks and a poor solvent
would encourage the generation of curvature in the inter-
mediates, whereas high bending rigidity and a good solvent
would allow the lateral growth of the intermediates without
bending.l ® Indeed, when using N,N-dimethyformamide (DMF)
as solvent, we noticed the formation of certain rolled or folded
objects instead of nanocapsules and later confirmed as
multilayered polymer films after treatment of methanol (Figure
la).

Encouraged by this result, we decided to develop a facile and
general method to synthesize free-standing, covalently bonded,
2D organic polymers in solution without the aid of any solid
surfaces or interfaces by using (1) rigid and disk-shaped building
blocks having laterally predisposed reactive groups at the
periphery; (2) short linkers for high-bending rigidity, if
necessary; and (3) careful choice of appropriate solvents which
would lead to rigid and better soluble intermediates and allow
them to remain flat as they grow into 2D polymers with
macroscopic lateral dimensions and molecular-scale thickness.

Synthesis and Characterization of 2D Polymers. The
synthesis of free-standing 2D polymer 3a was achieved in
solution via the thiol—ene photopolymerization of
(allyloxy);,CB[6] 1la and 1,2-ethandithiol 2 without any
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Figure 1. Various microscopic images of thin polymer films. (a) TEM
image of unrolled and stacked polymer films synthesized in DMF. (b)
TEM image of 3a synthesized in DMA and the red arrows indicate the
presence of individual thin films. (c) SEM image of 3a synthesized in
DMA. (d) FM image of 3a decorated with FITC spermidine by taking

advantage of strong host—guest interaction between CB[6] and
protonated spermidine (Figure S11).

assistance of solid surfaces or interfaces (Scheme 1). In a typical
experiment, a mixture solution of 1a and 2 in a 1:48 ratio (alkene:
thiol = 1: 8) in N,N-dimethylacetamide (DMA), a more
solubilizing solvent than the previously used DMF, was irradiated

with UV for 6 h. Subsequently, ethyl vinyl ether was added to
terminate the thiol—ene reaction by removal of remaining free
thiol groups and disulfide loops made of dithiol linkers'®
followed by dialysis. The reaction produced 2D polymer 3a in
78% yield based on 1a (See Supporting Information). The FT-IR
spectrum of 3a showed two characteristic peaks (blue dotted line
in Figure S2) of the CB[6] unit of 1a at 1765 and 1457 cm™
corresponding to the C=0 and C—N stretching vibrations and
decreased in intensity of the alkene peaks (red dotted line in
Figure S2) of 1a. The solid-state >*C NMR spectrum of 3a also
revealed almost complete disappearance of the alkene peaks of 1a
at 120 and 136 ppm as well as appearance of a thioether peak at
30 ppm, which confirms the formation of new thioether bridges
and disappearance of the allyl groups (Figure S3).

Since 1a composed of C, H, O, N atoms and 2 composed of C,
H, S atoms are the only sources for nitrogen and sulfur atoms,
respectively, we reasoned that the N/S ratio of 3a may provide a
clue to the composition and structure of the polymer network
constituting the 2D polymer. Elemental analysis showed that the
ratio of 1a and 2 incorporated in 3a is 1:9.2. This suggested that
upon reacting with 2, approximately 6 of the 12 alkene groups of
1a form thioether bridges with a composition of —O(CH,);—
S(CH,),S—(CH,);0—, which link neighboring CB[6] units to
yield a 2D polymer network (green line in Figure S1)."” It also
suggested that the remaining six alkene groups of la formed
dangling arms with a composition of —O(CH,);—S(CH,),S—
(CH,),0OCH,CH, after the reaction with 2 followed by the ethyl
vinyl ether treatment (See Supporting Information). These arms
presumably fill the interstitial space between neighboring CB[6]
units of the 2D polymer (red line in Figure S1).

The ready transferability of 3a in solution enabled us to
characterize it by various microscopic techniques. Transmission
electron microscopy (TEM) analysis of 3a revealed the presence
of thin 2D polymer films (Figure 1b), several of them stacked

Figure 2. Single-monomer-thick 2D polymers. (a) Layer-to-layer separation through the Coulomb repulsion of 2D polymers in which each CB[6]
repeating unit is threaded with protonated spermine carrying positive charges on both ends. (b) Top- and (c) perspective-view AFM images of single-

monomer-thick 2D polymer 3b.
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Figure 3. Network structure of 2D polymers. (a) Decoration of 2D polymers with mono-sulfo-NHS-nanogold, 1.4 nm AuNP with a single reactive sulfo-
N-hydroxysuccinimide ester. HAADF STEM images of (b) pristine 3b at a cryogenic temperature and (c) AuNP-labeled 2D polymers. Each white spot
indicates AuNPs. (d) Probability distribution of the number of neighboring AuNPs on 2D polymers.

over each other, in lateral dimensions ranging from submicro- to
several micrometers, along with a few individual thin films.
Scanning electron microscopy (SEM) and fluorescence micros-
copy (FM) images also confirmed sheet-like polymer films with
partially folded and stacked regions (Figure 1c,d). Optical
microscopy images demonstrated that the films are mechanically
stable enough to span over 47 X 47 ym>-sized holes (Figure SS),
presumably as the result of a highly cross-linked polymer
network. A dynamic light scattering measurement confirmed that
the observed 2D structures exist also in solution and are not
simple aggregate or self-assembled species formed on the solid
supports during sample preparations (Figure S6).

Formation of Single-Monomer-Thick 2D Polymer
Films. We analyzed the 2D polymers with atomic force
microscopy (AFM). The section analysis of AFM image of 3a
revealed that its thickness is around 2.8 nm (Figure S12), which is
almost 3 times thicker than that of a single-layered 2D polymer
anticipated based on modeling (Figure S14). Although resulting
2D polymer 3a is not single-monomer thick, the high aspect ratio
(>1:1000) suggested that the multiple in-plane reactive groups of
the disk-shaped monomer (1a) likely directed the lateral growth
of the polymer as single-layered films, which then turned into
multilayered films due to their high propensity to stack.
Unfortunately, attempts to exfoliate the films to produce
single-layered 2D polymer were not successful.

Instead, to achieve single-monomer-thick polymer films, we
decided to use a strong host—guest complex (1b) of
(allyloxy),,CB[6] and protonated spermine (4), a thread-like
molecule having four positive ammonium groups,'* which may
allow the layer-to-layer separation of polymer films through the
Coulomb repulsion during polymerization with 2 (Figures 2a
and S14). Indeed, under the same conditions, the polymerization
of 1b with 2 produced single-monomer-thick 2D polymers 3b in
70% yield."® The AFM image of 3b showed the average thickness
to be 2.0 & 0.1 nm (Figure 2b,c), which is comparable to the
height of 1b (~1.5 nm) accounting for counterions (Cl~) and
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possibly a water layer.'* For the same reason, the heights of
double- and triple-layer regions (5.5 and 9.5 nm, respectively) of
folded films are slightly higher than the calculated values (Figure
S16).

Network Structure of 2D Polymers. Having successfully
synthesized the single-monomer-thick polymer films, we turned
our attention to the network structure of the 2D polymer. High-
resolution imaging of the network structure of pristine 3b was
hampered by the extremely electron-beam sensitive nature of the
single-layered polymer films. Despite our significant efforts with
high angle annular dark field (HAADF) scanning transmission
electron microscopy (STEM) at a cryogenic temperature, the
micrographs revealed only with limited resolution the spatial
arrangement of individual CB[6] (Figure 3b). We thus decided
to tackle this problem in an indirect way. We first tagged 1.4 nm
gold nanoparticles (AuNP) on the 2D polymer by treating 3b on
TEM sample grid with mono-sulfo-NHS-nanogold (Nanop-
robes, Inc.) to anchor one AuNP on the terminal of each
protonated spermine threaded in CB[6] and visualized AuNPs
by STEM (Figures 3a and $17)." Although some “defect” sites
are evident, the HAADF-STEM image revealed that the AuNPs
are more or less uniformly distributed on the 2D polymers
(Figure 3c), whereas there is no significant adsorption of AuNPs
bearing no sulfo-NHS functionality on 2D polymer films 3b
(Figure S18). The “defects” may be due to the irreversible nature
of the thiol—ene click reaction used in polymerization step or
incomplete anchoring of AuNPs on the terminal of protonated
spermine threaded CB[6] units. A distribution analysis indicated
that each AuNP is surrounded by ~6 AuNPs on average (Figure
3d), and the average distance between neighboring AuNPs is
around 3 nm (Figure S19), which matches reasonably well with
the calculated distance between neighboring CB[6] units (~2.9
nm) based on an ideal hexagonal arrangement of the monomer
units in the 2D polymer. In addition, elemental analysis
suggested that each CB[6] unit in 3a makes six thioether bridges
to neighboring CB[6] units to yield a 2D polymer network (See
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Supporting Information). Taken together, these results suggest
that the 2D polymer 3b has a quasihexagonal network structure
with some defects due, at least in part, to the irreversible nature of
the thiol—ene click reaction used in the polymerization step.

Monte Carlo Simulations of Covalent Network Growth.
To elucidate the effect of the number and position of reactive
groups on the building block on the formation of 2D polymers,
we performed Monte Carlo simulations.”® To simplify the
problem, we used a hard sphere as a building block, attached a
varying number of reactive groups in different positions, and
examined how the spheres assemble into a polymer. The
simulation showed that the dimensionality of the resulting
polymer network is predominantly determined not only by the
number of reactive groups in the building block but also by their
spatial disposition (Figure $20). For instance, spheres with six
reactive groups evenly attached on the equator produce a 2D
hexagonal network, whereas their arrangement in octahedral
symmetry produces a polymer with a 3D network. This result
suggests that the geometric aspects of building block, i.e.,
multiple sticky groups in the same plane of a rigid core, may be
one of the most important factors governing the formation of 2D
structures.

2D Polymers from Other Rigid Building Blocks. To test
the simulation results and the generality of our solution phase
approach without any aid of solid surfaces or interfaces, we
carried out a preliminary study for the formation of 2D polymers
using other monomers having a flat rigid core with multiple in-
plane reactive groups at the periphery. The thiol—ene photo-
polymerization of a triphenylene derivative (5), having six
allyloxy groups, with 2 in DMA (Figure S1b) successfully
produced micrometer-sized thin polymer film 6 (Figure S21).”"
In addition, olefin cross-metathesis reaction of a zinc-
phthalocyanine derivative (7), having eight terminal olefin
groups, with Grubbs’ catalyst (Figure Slc) also produced
micrometer-sized thin polymer film 8 (Figure $22). The polymer
films 6 and 8 were much thicker (~4.5 and ~4.8 nm,
respectively) than the expected single-layer 2D polymers of §
and 7 (Figure S21f and S22f), once again presumably as a result
of multiple stacking of 2D polymers due to the strong 7—n
interactions (Figure S24) between the lalyers.22 However, the
aspect ratio of the resulting films is about 1:1000, which strongly
supports the predominant lateral growth of polymer films.
Despite considerable efforts, attempts to exfoliate the films to
produce single-layer 2D polymer have been unsuccessful so far.
Nevertheless, these simulation and experimental results suggest
that our approach to 2D polymers may be applicable to other
building blocks with a flat core and multiple in-plane reactive
groups at the periphery, apart from (allyloxy);,CB[6]. Further
studies along this line are in progress.

Polymerization with Out-of-Plane Reactive Groups. To
test how out-of-plane reactive groups in monomers affect
polymerization, we introduced an allyl group at each end of
the protonated spermine and let it form a tight 1:1 host—guest
complex (1c) with 1a. Indeed, under the same conditions, the
polymerization of 1c¢ with 2 produced a 3D random polymer
rather than a 2D polymer (Figure $26), which is consistent with
the simulation results. Both simulation and experimental results
suggested that the number as well as the location of reactive
groups is a key factor for the formation of a 2D network structure.

Bl CONCLUSIONS

We have demonstrated a novel approach to synthesize free-
standing, readily transferable, single-monomer-thick 2D organic
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polymers via shape-directed covalent self-assembly in solution
without using any template or preorganized structure. The
multiple reactive alkene groups in (allyloxy),,CB[6] resulted in a
robust 2D polymer upon clicking with a dithiol linker in an
appropriate solvent. Furthermore, by exploiting the exceptionally
high binding affinity of CB[6] with protonated spermine, a
molecular thread with positive charges on both ends, we
successfully obtained single-monomer-thick layers of the
resulting 2D polymer with individual CB[6] cores in the 2D
polymer arranged in a quasihexagonal structures. Remarkably, as
suggested by our preliminary results, our synthetic approach
appears to be applicable to other monomers and thus may
represent a general strategy for synthesizing 2D polymers in the
absence of an external physical templating surface/interface.
Furthermore, 2D polymers such as that formed from CB[6] can
readily be functionalized due to its accessible pores; such
structures may find useful applications in many diverse areas
including selective transport, controlled drug delivery, and
chemical sensing and can also potentially act as well-defined 2D
scaffolds for ordered functionalization or platforms for bottom-
up 3D construction.
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