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ABSTRACT: Construction of large-scale single-layer two-dimensional S080ETY
. . .. . Tees . . 2D multilayer nanosheets 23
(2D) frameworks in water is significant due to their utilities in various Eu-POM R RN
fields. Utilizing macrocycle-mediated supramolecular self-assembly repre- o .
sents a promising approach; however, challenges still remain in their MQATPE seseee
practical preparation. Here, we exploited a two-step supramolecular strategy | ;

to build 2D organic—inorganic hybrid frameworks at a micrometer scale in i
water. Taking advantage of the high binding affinity to cucurbit[7]uril
(CB[7]), mono-quaternary ammonium tetraphenylethene (MQATPE)
derivatives were first included with CB[7] to form a 1:1 complex
(MQATPE@CB[7]). Then, just mixing the complex with anionic
polyoxometalate Nag[EuW,,0;4]-32H,0 (denoted as Eu-POM) in a 3:1
molar ratio leads to the formation of single-layer 2D films with tens of
micrometers via electrostatic and 77—z stacking interactions. The most
unique feature of this strategy is that the steric effect imposed by CB[7] would not only lead the modules to adopt a periodic
hexagonal assembly but also forbid stacking between layers through comparison with the merely multilayered 2D nanosheets self-
assembled by MQATPE/Eu-POM. Interestingly, the charge interactions between MQATPE and Eu-POM would lead to the
aggregation-induced emission (AIE) fluorescence of MQATPE, and white light emission could be obtained through the simple
regulation of the contents of Eu-POM and MQATPE. Furthermore, due to the high surface areas and more accessible active sites,
the single-layer films can act as an effective enzyme inhibitor to modulate the activity of a-chymotrypsin (ChT). These findings
suggest a simple but universal approach for single-layer hybrid materials, which may hold promise for practical applications in
photophysical and biomedical fields.

KEYWORDS: 2D frameworks, single layer, cucurbit[7 Juril, tetraphenylethene, polyoxometalate

B INTRODUCTION

Two-dimensional (2D) frameworks are contemporary materi-

Supramolecular self-assembly based on intermolecular
noncovalent interactions is a promising approach to fabricate

als that have received tremendous attention because of their
superior properties originating from their highly accessible
active sites.””” 2D frameworks have been successfully applied in
the fields of membrane separation,3’4 biomedicine,’ energy
storage,” and sensing.” As a type of 2D framework, single-layer
2D framework holds great promise in terms of better
performance than multilayers.””"" Although tremendous
progress has been made to obtain single-layer 2D frameworks,
big challenges still remain owing to the rational structural
design, complicated synthetic methodology, and especially
strong interlayer but weak inlayer interactions.'” Furthermore,
the search for molecularly thin 2D frameworks with diverse
compositions and functionalities has become a hot research
topic. Organic—inorganic hybrid supramolecular structures
possess enormous physicochemical properties and structural
versatility.'"> Therefore, a rapid method to controllably
construct hybrid single-layer 2D frameworks in solution is
still highly desired.

© 2020 American Chemical Society
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ordered structure due to the significant advantages such as
facile construction and inherently self-correcting proper-
ties.'"*”'® Among them, macrocycle-mediated assemblies
especially provide opportunities to fabricate various 2D
frameworks.'”'® For example, Li’s and Feng’s groups have
developed a single-layer 2D honeycomb supramolecular
organic framework through cucurbit[8]uril inclusion inter-
action."”*” Our group has reported a series of macrocycle-
mediated supramolecular 2D nanoassemblies with structural
and functional diversities.”’">> Although promising results
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have been achieved with 2D organic assemblies, little has been
achieved in the construction of supramolecular single-layer
hybrid 2D frameworks in the solution phase.
Polyoxometalates (POMs) as a kind of discrete metal-oxide
clusters have been proved to be outstanding candidates for
supramolecular self-assembly owin§ to their rich architecture
and multiple negative charges.”” >® Wu and co-workers
constructed single-layer 2D frameworks by pseudorotaxane
and POMs cluster nodes in water for pinpoint size-selective
separation.”” Although design and applications of 2D frame-
works are explored in diverse biomedical fields, few researchers
are focused on the modulation of enzyme activity using hybrid
single-layer 2D frameworks. Their several advantages such as
ease of synthesis, large surface area, and functional surface can
provide influential means to enhance the modulation activity.
Herein, we present a cucurbit[7]uril (CB[7])-mediated
strategy to simply construct 2D hybrid single-layer frameworks
with large size and regular shape in the water. The basic self-
assembly concepts are illustrated in Scheme 1: mono-

Scheme 1. Construction of 2D Hybrid Single-Layer
Frameworks via Self-Assembly of Cationic MQATPE@
CB[7] and Anionic Eu-POM

Eu-POM

quaternary ammonium tetraphenylethene (MQATPE)@
CB[7] was employed as the organic linker and Eu-POM as
connection nodes. Upon n—r stacking between TPE groups
and electrostatic interaction among cationic ammonium and
polyanionic Eu-POM clusters, 2D supramolecular hybrid
single-layer 2D frameworks were constructed. The steric effect
imposed by macrocycle CB[7] on the alkyl chain would lead to
the periodic hexagonal single-layer films with a lateral size as
large as several tens of micrometers. Interestingly, through
simple regulation of the contents of the red-emitting Eu-POM
and blue-emitting MQATPE, the white-light-emitting mixture
could be obtained. More significantly, due to the high surface
areas and more accessible active sites, the single-layer films can
act as an effective enzyme inhibitor to modulate the activity of
a-chymotrypsin (ChT).

B RESULTS AND DISCUSSION

MQATPE and Eu-POM were prepared according to the
previous repor‘cs.zg’29 As well-documented, CB[7] enables to

internalize alkyl chain bearing cationic ammonium to form 1:1
bina?r complexes, with the association constant as high as 10°
M. In this work, binary inclusion complex MQATPE@
CB[7] was constructed by adding equal molar ratio of CB[7]
into the MQATPE solution. As observed from Figure 1, the
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Figure 1. Fluorescence spectra of MQATPE with the addition of Eu-
POM in an aqueous solution (4,, = 350 nm). The concentration of
MQATPE was fixed at 2.5 X 107> mM and the concentration of Eu-
POM was varied from 0 to 6.67 X 107> mM.

solution of MQATPE barely fluoresces nor does it after the
CB[7] solution has been added (Figure S1), indicating that no
restriction of the intramolecular rotation of the phenyl rings
occurred.”’ When the Eu-POM solution was gradually added
to the MQATPE solution, the fluorescence intensity of
MQATPE was greatly enhanced, with the fluorescence clearly
observable by the naked eye. We deduced that the enhanced
fluorescence was attributed to the existence of charge
interactions between the cationic ammonium group on
MQATPE and the anionic charged Eu-POM, thus inducing
the aggregation of MQATPE, which consequently led to the
aggregation-induced emission (AIE) fluorescence of
MQATPE.

The Eu-POM can emit red fluorescence when excited at 280
nm due to the intramolecular energy transfer from the ligand-
to-metal charge-transfer (LMCT) band of heteropolyoxotung
to the Eu®* core.’” The photoluminescent properties of Eu-
POM with the gradual addition of MQATPE@CB[7] were
researched. As shown in Figure 2, the pure Eu-POM solution
displays obvious characteristic transitions of Eu*": *Dy—"F, at
576 nm, Dy—"F, at 590 nm, *Dy—’F, at 617 nm, D,—"F; at
649 nm, and ’D,—'F, at 697 nm. With the increase of
MQATPE@CB[7], the fluorescence intensity of Eu-POM is
partly quenched. The quenching of Eu-POM could be ascribed
to the ammonium group of MQATPE, which would block the
energy transfer from the O/W LMCT states to the Eu®* ion in
the first step. As the *Dy—’F, transition is sensitive to the
chemical environments around Eu** ions, while the SDy—"F;
transition is almost independent of the changes, the intensity
ratio of I(*Dy—"F,)/I(*Dy—"F;) could be used to analyze the
chemical microenvironments of Eu** ions.”® This ratio in the
presence of MQATPE@CB(7] is lower than that of pure Eu-
POM, indicating the increased symmetrical environment of
Eu-POM in the complex. These phenomena could be
attributed to the fact that MQATPE@CB[7] has gradually
replaced the coordinate water due to the strong electrostatic
interactions between Eu-POM and ammonium segments.g'2
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Figure 2. Emission spectra of the mixture of Eu-POM and
MQATPE@CB[7] in aqueous solution (4, = 280 nm). The
concentration of Eu-POM was fixed at 1.25 X 107* M and the
concentration of MQATPE@CB[7] was varied from 0 to 1 X 10™* M.

These luminescent properties of Eu-POM were consistent with
the gradual addition of only MQATPE (Figure S2), which
confirms the fact that the existence of CB[7] molecule would
have little effect on the original electrostatic interactions.
Upon excitation with 280 nm light, the CIE coordinates
(Figure 3) of (0.62, 0.38) for the Eu-POM solution are close to
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Figure 3. CIE coordinates of MQATPE@CB[7] and Eu-POM
mixture excited at 280 nm.

those of (0.66, 0.33) for the saturated red emitter.** With the
introduction of MQATPE@CB[7] to the Eu-POM solution,
the fluorescence intensity of MQATPE is gradually enhanced
and the blue emission intensity of the mixture was improved
significantly. The emission spectrum of the mixture covers
almost the whole visible spectral region (400—720 nm) when
excited at 280 nm. Blending MQATPE@CB[7] and Eu-POM
in the mole ratio of 1:8.33 led to white emission (inserted
photograph) with CIE coordinates of (0.31, 0.32), close to
those of the ideal white light.

Scanning electron microscopy (SEM) images showed that
the free MQATPE gave rise to nanoparticle morphology with
dozens of nanometers (Figure S3a). With increasing the molar
fraction of MQATPE and Eu-POM from 1:1 to 9:1, the
morphologies transform from giant particles hundreds nano-

meter to 2D planar flakes with the lateral dimension of several
micrometers (Figures 4a and S3b—d). The SEM images

Vert distance

1.625 nm

Figure 4. Morphological observations of the 2D nanostructures: (a)
SEM image of MQATPE + Eu-POM assembly, (b) SEM, (c) TEM,
and (d) AFM images of MQATPE@CB[7] + Eu-POM assembly
(MQATPE@CB([7] = 2.5 X 107° M, the molar ratio of MQATPE to
Eu-POM was fixed at 3:1).

(Figure 4b) demonstrate the three MQATPE@CB[7] + Eu-
POM component systems present extended 2D films with
large lateral dimensions. Such films seem to have a uniform
thickness, since no multiple 2D sheets stack on each other, as
observed in the images of the MQATPE/Eu-POM assembly.
In the transmission electron microscopy (TEM), these three-
component 2D films are very thin as observed by diaphanous
morphology when they overlap (Figure 4c). The energy-
dispersive X-ray (EDX) spectral analysis of the observed films
points out the presence of europium and tungsten elements
(Figure S4), confirming the existence of clusters in the films.
The atomic force microscopy (AFM) studies confirmed the
above results even more clearly. As shown in Figures 4d and
SS, the film thickness is homogeneous in areas at the
micrometer scale as expected and the thickness is determined
to be around 1.6—1.7 nm. The thickness is consistent with the
outer diameter of CB[7], indicating that single-layer films have
been successfully fabricated.

FTIR and Raman spectroscopies are useful tools to
demonstrate the driving force interactions for the assembly.
In the FTIR spectrum of Eu-POM (Figure S6), four
characteristic vibration peaks were determined: 929 cm™
assigned to (W = Od), 833 cm™" assigned to v(W—Ob—
W), and 771 and 684 cm™" assigned to v(W—0Oc—W).*® After
the complexation with MQATPE, these four bands in the
nanocomposite sheets are preserved. These results demon-
strate that Eu-POM clusters have been incorporated into the
nanosheets with the basic structure preserved. The slight shifts
at 771 and 684 cm™' demonstrate the existence of electrostatic
interaction between MQATPE and Eu-POM.”° In the
MQATPE@CB([7] + Eu-POM films, the four characteristic
vibrations (including the shifts) of Eu-POM and the vibrations
of CB[7] are all presented in the spectrum, which confirm the
existence of CB[7] in the films and the CB[7] molecule would
have little effect on the original electrostatic interactions.

In the Raman spectra of the films in Figure S7, the W=0
symmetric stretching vibration band at 970 cm™" shifts to 964
cm™!, the W,—O corner-sharing band at 892 shifts to 900
cm™', and the W;—O stretching vibration band at 553 shifts to
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572 cm™'. Meanwhile, the stretching vibration of CB[7] in the
films is consistent with that of pure CB[7]. These results
further prove that Eu-POMs are incorporated into the
assembly through the electrostatic interactions with MQATPE
molecules, which would not be destroyed by the existence of
CB[7] molecules.

The ordered structures were investigated by powder X-ray
diffraction (XRD) measurements (Figure S). The X-ray

—— MQATPE + Eu-POM
—— MQATPE@CB[7] + Eu-POM
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Figure 5. PXRD patterns of the MQATPE + Eu-POM nanosheets
and MQATPE@CB[7] + Eu-POM hybrid films.

diffraction pattern of the MQATPE + Eu-POM nanosheets
displayed four clear peaks with d-spacings of 3.49, 1.65, 1.09,
and 0.87 nm. These peaks can be indexed as the (001), (002),
(003), and (004) diffractions of a lamellar structure, with a
layer spacing of 3.49 nm. Combining the diameter of one Eu-
POM (1.04 nm) and the length of two cationic MQATPE
(3.68 nm, from the optimized structure of MQATPE in Figure
S8), the ideal lamellar distance of MQATPE + Eu-POM is
about 4.72 nm, which is much larger than the measured layer
distance. We thus inferred that in the MQATPE + Eu-POM
lamellar nanosheets, TPE groups would adopt a 7—x stacking
and the alkyl chains possess a partial interdigitation.”® This
lamellar pattern is illustrated in Scheme 2a, in which the Eu-
POM layers are alternated with the bilayer MQATPE.
Interestingly, the XRD peaks of the MQATPE@CB[7] +
Eu-POM films showed three clear Bragg diffractions with d-
spacings at 1.76, 1.02, and 0.71 nm, equal to the ratio of
1:\/ 3:2, in agreement with the theoretical peak distribution of
a hexagonal arrangement derived from Bragg’s law.”” Broad
peaks were also observed at larger angles that correspond to d-
spacings of approximately 0.41 and 0.33 nm (Figure S8), which
could be assigned to the alkyl chain halo, 7—x stacking, and
electrostatic interactions, indicating that there is a degree of

ordering.”® Considering the above bilayer spacing of 3.49 nm
in the MQATPE + Eu-POM lamellar nanosheets, the first
visible reflection at the d-spacing of 1.76 nm would correspond
to the index of (200) within the hexagonal lattice, and then the
first-order reflection along this axis (100) would have the d-
spacing of 3.52 nm."” The unit lattice parameter a was
calculated to be 4.06 nm given by 2¢i10()/\/3.40’4I The
increased value of a than the above layer distance of 3.49
nm could be attributed to the stiffening and stretching of the
alkyl chain after being wrapped in CB[7]. In the control
experiments using two-quaternary ammonium-modified TPE
(TQATPE; Figure S9), three nearly identical Bragg diffractions
of TQATPE@CB[7] + Eu-POM assembly were also observed
with d-spacings equal to the ratio of 1:\/ 3:2, in agreement with
the theoretical peak distribution of a hexagonal arrangement.
Since there is only one TPE group in the TQATPE molecule,
this observation demonstrated that the TPE groups of
MQATPE would adopt a #—z stacking in MQATPE@
CB[7] + Eu-POM films, and the proposed hexagonal
arrangement pattern is illustrated in Scheme 2b. For
fabrication of large-area single-layer 2D films, the building
block usually possesses a planar backbone and suppression of
out-of-plane stacking of the backbone is also necessary.'” The
cyclic CB[7] groups bound on the alky chain would impose a
steric influence on the arrangement of MQATPE around the
Eu-POM. As the negative charges of Eu-POM are delocalized
and moveable,”” cationic MQATPE groups can spontaneously
adjust their locations around the Eu-POM due to the
electronic and steric effects; then, the triangular preorganized
module was constructed. Due to the symmetrical and rigid
stacking-forbidden properties, the constituent modules would
adopt a single-layer 2D periodic hexagonal assembly via a 7—7
stacking of the TPE groups.””'”**~*

a-Chymotrypsin (ChT) is an important serine protease in
the alimentary canal. As immoderate ChT activity may lead to
serious medical disorders, modulation of ChT is of great
importance in the field of biology. ChT can be inhibited
through electrostatic interactions between ChT and the
inhibitive materials, as the active site is surrounded by cations
on the surface. The homogeneous MQATPE@CB([7] + Eu-
POM single-layer films possess more accessible active sites
(electronegative Eu-POM) than the aggregated nanosheets
and would offer great opportunities to tune the enzyme
activity. N-Succinyl-L-phenylalanine-p-nitroanilide (SPNA) as
a substrate can be hydrolyzed to a product with a characteristic
UV—vis absorption at 410 nm by ChT. To evaluate the
inhibitory potency of the single-layer films, activity assays were
conducted by preincubating ChT (80 pg:mL™') and single-
layer films with concentrations of Eu-POM ranging from 0 to

Scheme 2. Schematic Representation of the Self-Assembly Patterns of (a) MQATPE + Eu-POM Multilayer Nanosheets and (b)

MQATPE@CB[7] + Eu-POM Hybrid Single-Layer Films
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Figure 6. (a) Activity of ChT with different concentrations of single-layer films, calculated as a concentration of Eu-POM. (b) Activity of ChT with
nanosheets and single-layer films (with the same concentrations of Eu-POM at 31.2 uM). The activities were normalized to that of ChT, and

incubation time was maintained at 60 min.

31.2 uM. By monitoring the hydrolysis rate of SPNA and
normalizing to the sample without inhibitors as control, the
enzyme activities were determined. A remarkable decrease in
the ChT activity was observed with the increasing concen-
tration of the MQATPE@CB[7] + Eu-POM single-layer films
and the activity was inhibited to 9% with films at a
concentration of 31.2 uM Eu-POM (Figure 6a). The self-
assembled single-layer films showed a superior inhibition effect
compared to those of dendrimers,* carbon nanotubes,* gold
nanoparticles,”’ and other materials.** We also tested the ChT
activity with the incubation of the MQATPE + Eu-POM
nanosheets. Inhibition efficiency shows a significant decrease
with the incubation of nanosheets compared with that of
single-layer films with the same Eu-POM concentration
(Figure 6b). This might be ascribed to the good dispersibility
and large surface areas of single-layer films for adequate protein

binding.

B CONCLUSIONS

In summary, we have successfully constructed hybrid single-
layer films through a supramolecular approach by TPE
derivatives, POM, and CB[7]. The assembly modes of
MQATPE + EuPOM and MQATPE@CB[7] + Eu-POM
were unambiguously elucidated by fluorescence experiments,
SEM, AEM, TEM, and XRD. White light with nearly ideal CIE
coordinates has been obtained through the regulation of the
contents of Eu-POM and MQATPE. We have also
demonstrated MQATPE@CB[7] + Eu-POM single-layer
films to be new protein inhibitors. Such a novel and simple
strategy to build hybrid organic—inorganic single-layer frame-
works via supramolecular interaction can be hopefully
extended to diverse 2D supramolecular materials and may
hold promise for practical applications in various areas such as
membrane and biology.
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