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ABSTRACT: The self-assembly of well-defined 2D supra- - @ _#- ®
molecular polymers in solution has been a challenge in © 0 it P

supramolecular chemistry. We have designed and synthesized a
rigid stacking-forbidden 1,3,5-triphenylbenzene compound
that bears three 4,4'-bipyridin-1-ium (BP) units on the
peripheral benzene rings. Three hydrophilic bis(2-hydroxy-
ethyl)carbamoyl groups are introduced to the central benzene
ring to suppress 1D stacking of the triangular backbone and to
ensure solubility in water. Mixing the triangular preorganized
molecule with cucurbit[8]uril (CB[8]) in a 2:3 molar ratio in
water leads to the formation of the first solution-phase single-layer 2D supramolecular organic framework, which is stabilized by
the strong complexation of CB[8] with two BP units of adjacent molecules. The periodic honeycomb 2D framework has been
characterized by various 'H NMR spectroscopy, dynamic light scattering, X-ray diffraction and scattering, scanning probe and

Noncovalent
0 self-assembly
in water

electron microscope techniques and by comparing with the self-assembled structures of the control systems.

B INTRODUCTION

The rise of graphene as a two-dimensional (2D)-structured
material has greatly stimulated the search for single-layer
ordered materials." In this context, the “top-down” exfoliation
strategy has been developed for the preparation of unilamellar
sheets of “hard” inorganic materials, and the “bottom-up”
strategy has been applied for building monolayered periodic
soft networks through controlling the polymerization®~" or self-
assembly” of organic monomers on solid surfaces or employing
shape-directed covalent self-assembly of disk-shaped building
blocks in solution.’ Single-layer 2D supramolecular organic
frameworks (SOFs) not only are structurally attractive but also
hold great promise for applications in sensing, separation, and
environmental fields. Although the last decades have witnessed
tremendous progress in supramolecular polymer chemistry,” "’
little has been done in the construction of solution-phase
periodic soft supramolecular networks.

Inclusion-enhanced dimerization represents a general
approach for the design of strong binding motifs for creating
advanced supramolecular architectures.'® > In recent years,
cucurbit[8]uril (CB[8]) has been demonstrated as a robust
rigid macrocycle for stablhzlng dimers of aromatic components
in aqueous media,”>>® which has been used for developing
linear, cross-linked, or hyperbranched supramolecular poly-
mers.”” > However, the ordering of these supramolecular
polymers in 2D or three-dimensional space (3D) is uncertain
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due to the flexibility of the backbones. In the last two decades, a
large number of metal—organic frameworks (MOFs) and
covalent organic frameworks (COFs) have been prepared using
rigid preorganized organic molecules.’*">" Despite the great
progress in achieving crystalline extended frameworks,
confining the continuous frameworks into a single-layer one
still remains challenging. Recent example by Dichtel’s group
demonstrated the formation of a thin film of 2D COF on
graphene, which shows great control of growth of 2D porous
structures and is one step closer toward single-layer
nanostructures.** Herein, we report a solution-phase self-
assembly strategy to realize the formation of a single-layer
periodic honeycomb-shaped 2D SOF in water.

B RESULTS AND DISCUSSION

The formation of a single-layer SOF requires holding together a
large number of individual building blocks with noncovalent
forces in a 2D space. Thus, the noncovalent forces should be
strong, highly directional, and cooperative. In aqueous media,
aromatic building blocks are excellent choices because they can
be driven to stack by hydrophobicity. We thus designed and
prepared tritopic molecule 1 for assembling honeycomb SOF
by utilizing the 1:2 binding motif between CB[8] and 4,4'-
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bipyridin-1-ium (BP) (Figure 1).*' Three hydrophilic bis(2-
hydroxyethyl)carbamoyl groups were introduced as steric-

- 0 Js CB[g]

Figure 1. Structures of compounds 1-$ and CB[8] and cartoon
representations of 1, 3—5, and CB[8].

generating groups to suppress the stacking between layers.*”
Several other BP-containing compounds 2—5 were also
prepared in order to establish self-assembly conditions for the
desired structures (Figure 1).

The 1:2 binding pattern between CB[8] and the 1-aryl-BP 2
in water was confirmed by X-ray diffraction analysis of suitable
single crystals, which were grown from the 1:2 aqueous solution
of CB[8] and 2. The crystal structure showed that the BP units
of two independent molecules of 2 were entrapped in the cavity
of CB[8] in a head-to-tail orientation (Figure 2a), with the
attached phenyl groups pointing away from each other (Figure
2b). This binding pattern serves well for our design of extended
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Figure 2. (a) Ilustration of head-to-tail and head-to-head stacking
arrangements between two BP units within the CB[8] cavity. (b)
Crystal structure of the 2:1 complex between 2 and CB[8].

supramolecular networks. By using the competition '"H NMR
method and 1-adamantanamine as a competing guest,” we
determined the association constant (K,) of this 2:1 complex to
be 8.4 X 10" M™% in 50 mM CD;CO,Na-buffered D,0 (pD =
4.74).

The binding of ditopic 3 and tritopic 4 with CB[8] in D,0O
was then investigated. The 'H NMR spectra of the respective
1:1 and 1:1.5 solutions in D,0O both displayed one set of sharp
signals, with complete disappearance of the signals of free 3 or
4 (Figures S1 and S2 in Supporting Information), which
indicated the formation of a single complex in both solutions.
Job’s plots confirmed that the two complexes had a 1:1 and 2:3
stoichiometry (Figures S1S5 and S16 in Supporting Informa-
tion), respectively. Further information for the complex
formation was obtained from 2D 'H NMR diffusion ordered
spectroscopy (DOSY), a technique that has been widely used
to characterize supramolecular structures in solution by
correlating chemical resonances with diffusion coeflicients
(D).** The DOSY NMR spectra of the two solutions revealed
that all the signals of the two components gave rise to
comparable D values (~2.5 X 107'° (Figure S3) and 2.0 X
107" m*/s (Figure S4), respectively), which further confirmed
the formation of a single complex in both cases. On the basis of
competition '"H NMR experiments, we also determined the
apparent K, of the 2:1 complexes formed between their BP
units and CB[8] in 50 mM CD;CO,Na-buffered D,O to be 5.6
x 10" and 3.2 x 10" M7 respectively. Both values are
substantially higher than that of the complex of 2 and CB[8],
which thus excluded the possibility of the formation of linear
supramolecular polymers.

The BP units of rigid 3 and 4 are arranged at an angle of
around 120°. Due to the geometric constraint® and a head-to-
tail orientation between two stacking BP units as observed in
the complex between CB[8] and 2, a [6 + 6] hexagonal
macrocycle (Figure 3c) was expected for the complex between
3 and CB[8]. However, the electrospray ionization mass
spectrometry (ESI-MS) of the 1:1 mixture of 3 and CB[8]
clearly indicated the formation of a [2 + 2] complex instead
(m/z 941.8234, calcd value 941.8210 for [M — 4CI~]*, Figure
S8 in Supporting Information). The corresponding structure of
the [2 + 2] supramolecular entity is illustrated in Figure 3a, in
which the BP units from two independent guest molecules were
forced to stack in a head-to-head arrangement (Figure 2a)
while maintaining maximum face-to-face overlapping. This
head-to-head arrangement was also observed in the assembly
between tritopic 4 and CB[8], which resulted in the formation
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Figure 3. Schematic representation of the self-assembly patterns of different building blocks with CB[8] in water: (a) [2 + 2] complex formed by 3;
(b) [2 + 3] complex formed by 4; (c) [6 + 6] complex formed by §; (d) formation of 2D honeycomb SOF formed by 1.

of a [2 + 3] five-component complex (Figure 3b). The
complexation motif was confirmed by ESI-MS of the 2:3
mixture of 4 and CB[8], which revealed the m/z peaks of the
hexacation of the [2 + 3] complex (m/z 921.6400, calcd value
921.6381 for [M — 6CI7]®, Figure S9 in Supporting
Information). In both cases, the BP units were situated inside
the cavity of CB[8] in a face-to-face manner. From dynamic
light scattering (DLS) experiments, we measured the hydro-
dynamic diameter (Dy) of the two complexes to be 0.96 and
1.12 nm, respectively (Figure 4), which was consistent with
their relative size and D value obtained from the DOSY NMR
experiments.

The above results suggest that guests containing more than
one BP unit prefer to stack in the head-to-head manner within
the CB[8] cavity to form smaller complexes rather than larger
macrocycles or supramolecular polymers where head-to-tail
stacking takes place. In order to cross-link these host—guest
complexes into polymeric framework structures, the head-to-tail
stacking, which lives in the complex between 2 and CB[8], has
to be restored. We thus introduced auxiliary groups to impose
steric influence on the stacking geometry. The model ditopic §
bears two bulky hydrophilic bis(2-hydroxyethyl)carbamoyl
groups for suppressing head-to-head stacking of the BP units
while ensuring water solubility. The "H NMR spectra of 5 in
D,0 are shown in Figure Sa. The slow rotation of the (Ar)C—
C(=0) bonds caused broadening of the H-e and H-f signals,
while the H-a—d signals remained sharp. Adding 1.0 equiv of
CB[8] to the guest solution caused the signals of free S to
disappear completely and one new set of signals to emerge,
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Figure 4. DLS results of different compounds and their mixture with
CB[8] in water. The data represent the hydrodynamic diameters (Dy)
in water at 25 °C. The concentration was 1.0 mM for compounds 1, 3,
4, and S.

illustrating the formation of a new single complex. The
apparent K, of the 2:1 complex between the BP unit of §
and CB[8] in 50 mM CD,;CO,Na-buffered D,0 was measured
to be 1.8 X 10'° M2 indicating that this complex was also
highly stable. The 2D NOESY spectrum of the mixture revealed
a NOE contact between H-b and H-d of 5 (Figure S7 in
Supporting Information), which was stronger than that of pure
5 of the same concentration recorded under identical
conditions, supporting that the BP units of two molecules of
S entrapped in the same cavity of CB[8] were arranged in a
head-to-tail fashion. The D value of the 1:1 solution of § and
CB[8] was determined by DOSY NMR spectroscopy to be 7.2
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Figure 5. "H NMR spectra (400 MHz, 25 °C): (a) 5 (3.0 mM) in
D,O0 in the presence of (i) 0, (ii) 0.12, (iii) 0.30, (iv) 0.50, and (v) 1.0
equiv of CB[8]; (b) 1 (2.0 mM) in D,0 in the presence of (i) 0, (ii)
0.4, (iii) 0.75, (iv) 1.0, and (v) 1.5 equiv of CB[8].

x 1071 m?/s, which was significantly lower than that of pure §
(2.8 X 107" m?/s) measured at the identical concentration
(Figures SS and S6 in Supporting Information). The Dy of the
complex was determined to be 3.66 nm by DLS measurement
(Figure 4). This large value clearly pointed to the formation of
a [6 + 6] hexagonal macrocyclic entity (Figure 3c) as it agreed
very well with the calculated value (3.70 nm) of the 12-
component macrocycle obtained on the basis of the crystal
structure of the complex between 2 and CB[8]. The DOSY
NMR spectra of the 1:1 solution of § and CB[8] also revealed
that the signals of the two components all gave rise to the
identical D value, further confirming the selective formation of
the hexagonal complex.

Encouraged by the above result, we then exploited the
possibility of forming 2D honeycomb networks from steric
modified tritopic 1 and CB[8]. Adding 1.5 equiv of CB[8] to
the solution of 1 in D,O caused the signals of free 1 to vanish
and a new set of signals to form (Figure Sb). The spectrum in
the downfield area was very similar to that of the 5/CB[8]
solution, implying that they possessed the same binding
pattern. The apparent K,, which was determined to be 1.9 X
10" M™%, of the 2:1 complex of the BP unit of 1 with CB[8] in
50 mM CD;CO,Na-buffered D,0 was also close to that of the
S/CB[8] system, reflecting a comparable thermodynamic
stability. However, the DLS experiment revealed that the Dy
of the complex formed between 1 (1.0 mM) and CB[8] (1.5
mM) in water was as high as 69 nm (Figure 4), which was 19
times that of the 1:1 mixture of § and CB[8] (1.5 mM) and 83
times that of 1 (1.0 mM). This result strongly supported that 1
and CB[8] formed a 2D honeycomb SOF (Figure 3d).
Assuming that the SOF was single-layer and the repeating
hexagonal unit had a diameter of 3.70 nm, we found that one
framework would contain about 350 hexagonal pores. It was
also found that the Dy values reduced substantially with the

decrease of the concentration (Figure S41 in Supporting
Information). When the concentration was further increased,
much larger aggregates (Dy; > 200 nm) were formed, while the
solution was still transparent. These very large aggregates might
be generated due to the further aggregation of smaller
supramolecular entities. When the concentration of 1 and
CB[8] was increased to 2.1 and 3.15 mM, respectively, the
mixture turned into a hydrogel. This phenomenon was not
observed for other CB[8]—guest mixtures even at higher
concentrations, corroborating the network nature of the
complex formed between 1 and CB[8].

The microstructural information for the single-layer supra-
molecular framework as-formed in water was revealed by the
solution-phase small-angle X-ray scattering (SAXS) experi-
ment.** As shown in Figure 6a, a scattering peak corresponding
to d spacing of 3.61 nm was observed.

Considering the dynamic feature of the noncovalent self-
assembly in solution, this spacing was consistent with the
expected pore diameter (3.70 nm) calculated on the basis of the
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Figure 6. (a) Solution-phase small-angle X-ray scattering profile of the
mixture of 1 and CB[8] (1:1.5, 3.0 mg/mL) in water. (b) Synchrotron
X-ray scattering of the mixture of 1 and CB[8] upon evaporation of
their 1:1.5 solution in water ([1] = 1.0 mM). The broader diffusion
signal is from Kapton background.

dx.doi.org/10.1021/ja4086935 | J. Am. Chem. Soc. 2013, 135, 17913-17918



Journal of the American Chemical Society

crystal structure of the complex between 2 and CB[8] (Figure
2b) and clearly indicated the presence of the 2D periodic
hexagonal pore array in solution. Powder X-ray diffraction
experiment was also performed for the dried sample obtained
by evaporating the 2:3 solution of 1 and CB[8] in water, which
revealed a broad (100) peak with d spacing of 3.70 nm (Figure
S10 in Supporting Information). A similar peak was not
observed for the other four mixtures. Further synchrotron X-ray
scattering experiment was carried out for the sample, which
revealed a scattering peak with d spacing of 3.78 nm (Figure
6b). Both values matched well with the expected diameter of
the repeating units in the proposed honeycomb supramolecular
network (Figure 3d).

In addition to the periodic information provided by X-ray
analysis, a layered structure of these samples was also clearly
revealed by microscopic methods. Transmission electron
microscope (TEM) images showed that the 2:3 mixture of 1
and CB[8] gave rise to layered films on surfaces (Figure S11 in
Supporting Information). Cryo-scanning electron microscope
(SEM) images further revealed curly layered structures,
reflecting the soft nature of the 2D structures (Figure S12 in
Supporting Information). SEM images also showed that
increasing the concentration of the 2:3 mixture led to the
formation of thicker planar flakes (Figures S12 and S13 in
Supporting Information). Moreover, planar aggregates with a
height around 1.72 nm were observed by atomic force
microscopic (AFM) studies (Figure 7). This result strongly
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Figure 7. Tapping-mode AFM image (1 ym X 1 ym) and section
analysis of the aggregates on mica from dried solution of compound 1
(1.0 mM) and CB[8] (1.5 mM) in H,O. Height analysis versus
distance along the black line in the image showed an average thickness
of 1.72 nm, consistent with the thickness of the expected monolayer
framework, which is equivalent to the diameter of CB[8].

supported the formation of the single-layer 2D supramolecular
framework as it perfectly matched the diameter of rigid CB[8]
(1.75 nm), which determined the thickness of the single-layer
framework (Figure 7). The shapes of the aggregates were
irregular. This result implied that the formation of the
hexagonal subunits was stepwise, and thus when the 2D
networks “grew up” to certain size, further growing could occur
randomly from different directions to lead to irregular shapes
rather than the round ones. Together, all of these observations
provide consistent evidence for the periodic arrangement of 1
and CB[8] in the 2D space in both solution and the solid state.

B CONCLUSIONS

In this work, we have demonstrated that a single-layer 2D
supramolecular organic framework can be generated in solution
using a robust self-assembling strategy in water. The self-
assembly is facilitated by the tunable complexation between

CB[8] and BP-containing aromatic guests. In the 1:2 inclusion
complex, two BP units enclosed in the same CB[8] cavity can
stack in either a head-to-head or head-to-tail geometry, the
selectivity of which can be effected by multivalency or the
introduction of steric groups. The obtained 2D porous
architecture represents a new type of supramolecular polymer,
which exhibits periodic structural ordering similar to that of
MOFs and COFs, despite the former being in solution while
the latter is in the solid state. The concept of SOF in crystals
has been illustrated to be common,*” but in solution, periodic
single-layer supramolecular frameworks have never been
realized before. The formation of solution-based SOF offers
unprecedented accessibility and processability of soft layered
nanostructures. For example, stable ordered 2D polymers may
be constructed by further covalently modifying the framework.
In this way, additional functional groups of various sorts may be
attached for different purposes. Multilayer 3D polymers may
also be produced by performing cross-layer reactions. The
ordered structures may also be expressed on surfaces by
introducing adhering or reactive groups to the monomers. The
resulting networks could serve as ordered platforms for
producing advanced architectures. Moreover, the strategies
developed for the processing of graphene, including wrapping,
covering, rolling, folding, and stacking, can be tested for this
new kind of 2D networks.

B ASSOCIATED CONTENT
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