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Highly thermally stable hydrogels derived from
monolayered two-dimensional supramolecular
polymers¥
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Xin Zhao*®

It has been predicted that the properties of materials are dramatically influenced if their structures are
confined to two-dimensional (2D) space. A representative example is graphene. However, for synthetic
2D materials, such influences have rarely been demonstrated. In this work, a rare example of how a 2D
monolayer structure can impact the properties of bulk materials has been demonstrated by the construc-
tion of 2D supramolecular polymers (SPs) and their utilization in the fabrication of hydrogels. Maintaining
the intrinsic 2D structures, the as-prepared hydrogels exhibited exceptional thermal stabilities (>180 °C),
as revealed by an inversion test and a variable-temperature rheological study. The microstructures and
morphologies of the 2D SPs have been extensively characterized by NMR spectroscopy, dynamic light
scattering, small-angel X-ray scattering, transmission electron microscopy and atomic force microscopy.
Furthermore, molecular dynamic simulations were also performed to shed light on the formation mecha-

www.rsc.org/polymers nism of the hydrogels.

Introduction

The recent boom in research interest on graphene’ has
spurred great research interest on two dimensional (2D) syn-
thetic materials due to the specific atom arrangement, large
surface area and extremely high aspect ratio of 2D structures.>
Due to the substantial synthetic challenges, much effort has
been devoted towards the controlled synthesis of isolated,
layered 2D structures, broadly known as 2D polymers. Several
2D polymers have been constructed via chemical synthesis® or
self-assembly® over the past two years, some of which possess
impressive atomic structural precision within individual
layers. Despite these great synthetic advances, the emergent
material properties derived from the unique 2D structures of
such polymers still remain to be demonstrated.

Hydrogels, a family of jelly-like soft materials fabricated
from the gelation of water by specific molecules, have been
extensively studied in the past few decades because of their
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widespread applications in biomaterials,” chemosensors,® and
separation technology.” A general mechanism for the for-
mation of hydrogels is the immobilization of water molecules
in three-dimensional (3D) networks, which are created by the
entanglement of linear polymers or nanofibers self-assembled
from small molecules. The thermal stabilities of hydrogels are
usually quite low, especially for hydrogels fabricated from the
self-assembly of small molecules. This prevents them from
being used at elevated temperatures.®

In this article, we demonstrate a rare example of how a 2D
monolayer structure can impact the properties of bulk
materials by the construction of 2D supramolecular polymers
(SPs) and their utilization in the formation of hydrogels with
exceptional thermal stabilities (Scheme 1). These hydrogels
with intrinsic 2D periodical structures exhibit extremely high
thermal stabilities. The gel phase and elasticity are maintained
even at 180 °C, significantly above the boiling point of water,
demonstrating that the thermal stability of a hydrogel could be
significantly enhanced by taking advantage of the unique fea-
tures of a 2D structure. The building blocks for the construc-
tion of 2D SPs were designed by incorporating three phenyl-
pyridinium (PP) units into the para-positions of a triphenyl-
amine skeleton (1 and 2, Scheme 1). The dimerization of PP
units can be considerably enhanced by the encapsulation of
two PP units in the cavity of a CB[8] molecule,” an approach
employing the potent cucurbit[8]uril (CB[8])-based host-guest
chemistry.'® As revealed by our previous work,” the two PP
units should adopt a head-to-tail arrangement in the cavity of

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Structures of building blocks 1, 2 and CBI8], and cartoon representations of the formation of 2D SPs and hydrogels.

CB[8]. This advantage removes the requirement to introduce
steric groups into the skeleton of the monomer, which was
necessary for the first example of a 2D SP reported by us recen-
tly.** In that system dimerization of the whole monomer was
observed as a result of the head-to-head arrangement of the
4,4'-bipyridin-1-ium (BP) units in the cavity of CB[8] when
steric groups were not introduced. DFT calculations revealed
that these triphenylamine-based building blocks adopted a C;
symmetric conformation with a coplanar arrangement of the
three N-aryl bonds (Fig. S1, ESIT), which could facilitate the
formation of extended 2D networks with hexagonal pores.

Results and discussion

Characterization of the assembled structures in solution phase

The binding between building block 1 and CB[8] was first
investigated by "H NMR titration experiments (Fig. 1). Follow-

ing the addition of CB[8] into a solution of 1 in D,0, the inten-
sities of the protons (H,~Hy) of the PP units decreased while
the signals corresponding to the protons (H. and Hg) of the
triphenyl amine segment remained almost unchanged. At
the same time, a new set of signals grew in the range of
9.1-6.8 ppm. This new set of signals is attributed to the encap-
sulated PP units in the cavity of CB[8], for which the rate of
interchange between encapsulated and non-encapsulated 1
was slower than the NMR time scale.'” The binding stoichio-
metry between 1 and CB[8] was revealed to be 2:3 by a Job’s
plot (Fig. S2, ESIf). This was also reflected by the '"H NMR
titration experiments: no further changes in the signals were
observed after the ratio of 1 to CB[8] reached 2 : 3. The dimeri-
zation of the PP units in the cavity of CB[8] was further corro-
borated by 2D 'H NMR nuclear Overhauser effect spectroscopy
(NOESY). Through-space correlations were observed between
H, and Hy, and Hy, and Hy (Fig. S3, ESIT), clearly indicating a
head-to-tail arrangement of two PP units in the cavity of one

= ====

Fig. 1 'H NMR spectra (500 MHz) of (a) 1 (0.5 mM), (b) 1 + CBI8] (0.3 equiv.), (c) 1 + CBI8] (0.75 equiv.), (d) 1 + CBI8] (1.1 equiv.), (e) 1 + CBI8]

(1.5 equiv.), and (f) 1 + CBI8] (1.8 equiv.) in DO at 25 °C.

This journal is © The Royal Society of Chemistry 2015
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CB[8] molecule. Driven by such host-guest interactions, the
formation of extended honeycomb-like 2D networks could be
expected as a result of the precise direction control offered by
the rigid skeleton of the building blocks. Compound 2 exhibi-
ted similar complexation behavior as compound 1 when mixed
with CB[8] (Fig. S4-S6, ESIf).

The formation of polymeric structures in solution was
proven by dynamic light scattering (DLS). With the increase of
concentration, the hydrodynamic diameter (Dy,) of the mixture
of 1 and CB[8] (2:3) in water increased sharply within the low
concentration range (lower than 0.05 mM) and then became
much more smooth and finally reached a plateau value around
1100 nm at higher concentrations (Fig. S7, ESIt). The mixture
of 2 and CB[8] also gave a similar trend (Fig. S8, ESI{). These
results suggest that supramolecular polymers formed even at
very low concentrations and reached equilibrium at high con-
centrations. This is a typical feature of self-assembled systems
which are under thermodynamic control.

The molecular weights of the supramolecular polymers were
estimated by static light scattering (SLS) experiments. It was
also found that the molecular weights increased monotonically
with the concentrations of the stoichiometric (2 : 3) mixtures of
[1 + CB[8]] and [2 + CB[8]] (Fig. S9, ESI}). At the highest concen-
tration recorded (0.45 mM for 1 and 2), the molecular weights
were estimated to be 1.36 x 10° and 8.5 x 10°> g mol ™", corres-
ponding to degrees of polymerization of 462 and 292 for the
2D polymers fabricated from 1 and 2, respectively.

The formation of highly thermally stable hydrogels

When the concentrations of the self-assembled systems were
further increased, formation of hydrogels was observed
(Fig. S10-11, ESI}). The critical gelation concentrations of the
hydrogels were estimated to be ca. 2.0 mM (6.5 wt%) for 1-CB[8]
and 2.5 mM (7.8 wt%) for 2-CB[8], respectively. Notably, these
hydrogels exhibited extremely high thermal stabilities. The gel
state could still be maintained even at 175 °C for the hydrogel
fabricated from 1 and CB[8] under an ambient atmosphere in
a sealed tube. Furthermore, no hydrogel collapse was observed
after the as-prepared hydrogel was sonicated for 10 minutes.
The hydrogel fabricated from 2 and CB[8] also exhibited a
comparable high thermal stability. The high thermal stabilities
of the supramolecular structures in solution were also con-
firmed by variable-temperature 'H NMR studies. When the
temperature was increased from 25 to 75 °C, no observable
changes were detected for the chemical shifts and the shape of
the signals in the SP spectra, suggesting the 2D polymeric
structures were maintained over this temperature range
(Fig. $12-13, ESI}). Although 'H NMR experiments at higher
temperatures were not conducted on account of pressure
buildup in the NMR tube, the SPs are expected to remain
stable in solution at temperatures well above 75 °C. In
addition, the apparent binding constants (K,) were determined
by fitting the data obtained from UV-vis titration experiments
at 25 and 75 °C. Both of the SPs exhibited high binding
strengths. At 25 °C, 1-CB[8] had a K, value of 1.68 (+0.18) x
10" M2 and for 2-CB[8] the value was 6.75 (£0.55) x 10"> M2,
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As the temperature increased to 75 °C, the K, value for 1-CB[8]
remained almost unchanged (1.37 (£0.05) x 10" M%), while
the value for 2-CB[8] slightly decreased to 6.08 (+0.85) x
10" M2, indicating again the high thermal stabilities of the
SPs (Fig. S14, ESIY).

In order to get some insights to the properties of the hydro-
gels, the rheological properties of the hydrogels were first
investigated at 25 and 80 °C under an ambient atmosphere.'?
At the two temperatures, both hydrogels exhibited higher
storage modulus (G') values than loss modulus (G”) values over
the whole scanning frequency range recorded (Fig. S15, ESIT).
This result clearly indicates that these hydrogels exhibited
typical elastic properties and the elasticity was maintained at
elevated temperatures. Temperature-dependent rheological
experiments were further performed to get a deeper insight
into the thermal stabilities of the hydrogels. These experi-
ments were carried out in a sealed nitrogen atmosphere under
50 bar pressure to avoid the evaporation of water. The follow-
ing observations confirmed the high thermal stabilities of
both hydrogels: (i) the storage modulus values of the hydrogels
were always higher than their loss modulus values over the
whole temperature range recorded (30-180 °C); (ii) the values
of both the storage modulus and loss modulus of the hydro-
gels remained nearly constant over the whole temperature
range (Fig. 2).

The morphologies of the xerogels after water was evapor-
ated were examined by scanning electron microscopy (SEM).
Layered flakes were observed, consistent with the postulation
that the hydrogels were derived from 2D sheets (Fig. S16,
ESIY). A polarized optical microscopy (POM) study on the xero-
gels revealed birefringence textures corresponding to crystal-
line features (Fig. S17, ESIf), suggestive of well-ordered
internal microstructures in these hydrogels. The hydrogel was
regenerated when water was introduced into the xerogel fabri-
cated from 1 and CB[8], indicating re-hydration of the de-
hydrated 2D SP structures.

10° 3 —e—2 + CBJ[8] storage modulus (G")
—O— 2 + CB[8] loss modulus (G")
—A— 1 + CB[8] storage modulus (G')
—A— 1 + CB[8] loss modulus (G")
©
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Fig. 2 Temperature-dependent storage modulus (G’) and loss modulus
(G") for the hydrogels fabricated from CB[8] and 1 or 2 (50 bar, 1 Hz;
2 °C min™Y). The concentrations used were 16.4 wt% for 1-CB[8] and
15.6 wt% for 2—CBI[8]. The molar ratio for CB[8] to 1 or 2 was 2: 3.
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Evidence for the formation of single-layer 2D sheets

The extremely high thermal stabilities of these hydrogels are
attributed to their distinctive formation mechanism, which is
proposed to be driven by the interactions between water mole-
cules and the extraordinarily large surface area of the 2D poly-
meric structures. The mechanism is markedly different from
the conventional hydrogels reported previously, which were
usually generated through 3D entangling of linear fiber-like
structures. In order to investigate the formation of 2D supra-
molecular polymer layers, a variety of techniques have been
used to characterize the structures of the materials formed
through the self-assembly of CB[8] and 1 or 2 in water. The
morphologies of the self-assembled structures were first
characterized by transmission electron microscopy (TEM). As
can be seen in Fig. 3a, sheet-like structures can be observed
for the sample prepared from [1 + CB[8] (2:3)]. The contrast
between the sheets and the TEM substrate (copper grid-sup-
ported carbon film) was very low, consistent with the ultra thin
thickness of single layer sheets. Larger area sheets with lateral

Section Analysis

Fig. 3 TEM images of samples (a) 1 (0.05 mM) and CB[8] (0.075 mM)
and (b) 1 (0.25 mM) and CBI8] (0.375 mM). (c) HR-TEM image of the
sheet, indicating its honeycomb-like microstructure. (d) Tapping-mode
AFM image and cross-section analysis of the sample of [1 + CBI[8] (2: 3)].
(e) Theoretical thickness of the monolayered 2D SPs. The concentration
was 0.05 mM for 1.

This journal is © The Royal Society of Chemistry 2015
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sizes up to several micrometers were also observed at higher
concentrations (Fig. 3b). Similar TEM results were also
obtained for the sample prepared from [2 + CB[8] (2:3)]
(Fig. S18, ESIf). Most notably, honeycomb units with a pore
size of around 3.6 nm could be observed by high resolution
(HR)-TEM (Fig. 3c). This gives direct evidence for the for-
mation of the proposed 2D network. Since the thicknesses of
the sheets could not be estimated from TEM, atomic force
microscopy (AFM) was employed to characterize the sheet-like
assemblies. Flat and uniform sheets were observed by AFM
measurements, with thicknesses of 2.02 and 2.21 nm for the
SPs fabricated from 1 and 2 with CB[8], respectively (Fig. 3d
and S19, ESIf). These values are very close to the theoretical
thicknesses of the expected monolayered 2D sheets deter-
mined by the outer diameter of CB[8] (Fig. 3e)."

Evidence for long-range ordered 2D periodicity in the 2D SPs

A key criterion for a true 2D polymer is the existence of long-
range ordered periodicity in two dimensions. In order to prove
that the sheets generated by the self-assembly of CB[8] and 1
or 2 did hold periodic 2D polymeric structures, small angle
X-ray scattering (SAXS) experiments were carried out. For the
sample fabricated from 1 and CB[8],"* a scattering peak corres-
ponding to a d spacing of 3.61 nm (100) was observed (Fig. 4a).
Moreover, a (200) scattering peak was also observed at a d
spacing of 1.81 nm, further confirming the existence of a peri-
odic size of 3.61 nm. In the case of the sample prepared from
2 and CB[8], scattering peaks corresponding to (100) and (200)
were observed at 3.49 and 1.73 nm, respectively (Fig. 4c). Semi-
empirical calculations at PM3 level revealed that the theore-
tical pore diameter of the expected honeycomb structure is
3.60 nm for both of the SPs fabricated from the co-assembly of
CB[8] with 1 or 2. The experimentally obtained values agree
well with the theoretical ones, corroborating the formation of
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Fig. 4 SAXS patterns of the sample prepared from a hydrogel of 1 and
CBI[8] (13.0 wt%) in water (pH = 7) at (a) 25 °C and (b) 85 °C. SAXS pat-
terns of the sample prepared from a hydrogel of 2 and CB[8] (9.36 wt%)
in water (pH = 7) at (c) 25 °C and (d) 85 °C.
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Fig. 5 Left: a snapshot of the simulated hydrogel formed from 1 and
CBI8]. The skeleton is illustrated by a Connolly surface for clarity. The
oxygen atoms of H,O are represented by the blue-colored particles, the
hydrogen atoms are represented by the gray-colored particles and Cl™
ions are represented by the green-colored particles. Right: the statistical
slice of the density field of H,O to display the water distribution on the
2D structure. The blue color shows the relatively high density of H,O
and the red color shows the relatively low density of H,O. This indicates
that the water molecules are more distributed near the skeleton of the
2D SP.

the expected 2D networks with well-ordered internal micro-
structures. These scattering peaks could still be observed when
the samples were heated to 85 °C (Fig. 4b and d), suggesting
that the 2D networks remained intact at elevated temperatures.
This again indicates the high thermal stabilities of these 2D
supramolecular polymers.

In order to shed light on the formation mechanism of the
hydrogels, molecular dynamic simulations were performed for
the hydrogel formed from 1 and CBJ[8] (Fig. 5, see ESI for more
detailst). A snapshot of a (4 x 4) segment of the 2D layer
revealed that water molecules were mainly distributed near the
skeleton of the honeycomb structure. In contrast, the pore
centers had the lowest distribution density of water molecules.
This result suggests that the 2D supramolecular polymers have
a high affinity for water molecules, which may be ascribed to
the formation of hydrogen bonds between the O and N atoms
of CB[8] and the NO, groups of the PP units (for building
block 1). Through these hydrogen-bonding interactions, a huge
number of water molecules could be localized on the surfaces
of the monolayered sheets, which further extended to produce
hydrogels. In this context, the high thermal stability of the
hydrogel could be attributed to the extraordinarily large surface
areas of the 2D structures, which provide a maximum number
of interaction sites for the formation of hydrogen bonds. Com-
pared to 2-CB[8], 1-CB[8] exhibited a lower critical gelation
concentration and higher molecular weights and storage
modulus. This could be attributed to the additional hydrogen-
bonding sites provided by the nitro group of compound 1.

Conclusions

In conclusion, the significant impact of a unique 2D structure
on the performance of soft materials has been demonstrated.
Different from traditional hydrogels, which are usually formed
by the 3D entanglement of flexible linear structures, the hydro-
gels reported here were generated from monolayered 2D supra-

3022 | Polym. Chem., 2015, 6, 3018-3023
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molecular polymers without any flexible side chains. Thanks
to the extraordinarily large surface areas of the 2D structures, a
maximum number of interaction sites is provided to immobi-
lize water molecules on the surfaces and thus the thermal
stabilities of the hydrogels are enhanced significantly. Cur-
rently the research on synthetic 2D polymers is still at a very
early stage. Much attention has been paid to the construction
and characterization of 2D structures, while their properties
and applications are awaiting further exploration. The highly
thermostable hydrogels demonstrated in this work reveal that
the unique features of 2D structures could be essential for the
fabrication of unconventional functional materials. As this
work takes advantage of only one feature of 2D structures, i.e.
the large surface area, we believe that the other features of this
type of structure will also endow 2D polymer-based materials
with unique properties and functions. For example, the long-
range ordered periodicity in 2D space could be exploited for
the construction of well-ordered arrays of sensors to achieve
ultrahigh sensitivity. This is currently under investigation in
our laboratory.
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