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Abstract: A quadrangular prismatic tricyclooxacalixarene
cage 1 based on tetraphenylethylene (TPE) was efficiently
synthesized by a one-pot SyAr condensation reaction. As
a result of the porous internal structure in the solid state, cage
1 exhibited a good CO, uptake capacity of 12.5 wt% and
a high selectivity for CO, over N, adsorption of 80 (273 K,
1 bar) with a BET surface area of 432 m’g~'. Formation of
cage 1 led to the fluorescence of TPE being switched on in
solution. The system was employed as a single-molecule
platform to study the mechanism of aggregation-induced
emission (AIE) by examining the restriction of intramolecular
rotation (RIR).

Rapid progress in organic porous materials has resulted in
the development of different classes of porous networks, such
as covalent organic frameworks (COFs)!"! and amorphous
microporous organic polymers.>¥ Interest has grown in the
development of porous materials composed of single organic
molecules with open structures (such as tris(o-phenylene-
dioxy)cyclotriphosphazene (TPP),*! 3,3’ 4 4'-tetra(trimethyl-
silylethynyl)biphenyl (TTEB),’! the hydrogen-bonded
organic framework HOF-1a,/® and the supramolecular
organic framework SOF-1a”) or closed structure (such as
calixarenes,® and cucurbituril”) because of their intriguing
solution-processible properties. To obtain permanent poros-
ity, porous molecular crystals containing rotors''”’ or porous
cages with inherent internal voids'!! have been developed.
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Three-dimensional (3D) shape-persistent cage com-
pounds!"! have attracted considerable attention because of
their fascinating structures and potential application in gas
storage, separation, host—guest chemistry, and catalysis."”! So
far, different synthetic methods to prepare cage compounds
have been developed. For example, dynamic covalent
chemistry (DCC)™ has been used as a powerful approach
towards cage formation using imine chemistry or boronic acid
condensation and led to a series of important results.'***! To
avoid the issue of the facile hydrolysis of linkages of imine or
B—O bonds, ethynylene linkages have been used to construct
stable cages by Sonogashira reactions,”! Glaser-type cou-
pling®! or alkyne metathesis.”?! However, these methods
have been somewhat restricted by the requirement for
multiple reaction steps and the use of heavy metal catalysts.
Therefore, the development of straightforward, cost-effective,
and environmentally-friendly methods to prepare stable
organic molecular cages is still important in the field of
porous materials.

The nucleophilic aromatic substitution (SyAr) reaction
has been successfully utilized in the synthesis of oxacalix-
arenes,” % which was recognized as a new generation of
macrocyclic host molecules in supramolecular chemistry.
Bicyclooxacalixarene [2+3] cages have also been constructed
by SyAr reactions of phloroglucin with nucleophilic reagents
for application in host-guest chemistry.’”” However, the
internal cavity is too small, which greatly limits their further
applications, especially in gas storage. Using building blocks
of a larger size to construct expanded oxacalixarene cages
might facilitate their application in gas storage. However,
the synthesis of larger and more complex multi-cyclooxa-
calixarene cages is still a challenge and remains largely
unexplored.®

Tetraphenylethylene and its derivatives (TPEs)?*! have
attracted increasing interest in photoelectric materials®®! and
in chemo/biosensorsP®! because they exhibit aggregation-
induced emission (AIE), an effect based on the restriction of
intramolecular rotation (RIR). Intensive efforts have been
made to understanding the mechanism of RIR. Host—guest
inclusions have been used to limit the motions of TPE by Tang
et al.”? and Zheng and co-workers,** respectively. Jiang et al.
demonstrated restriction of the rotation of TPE in an
intermolecular network to afford emissive conjugated micro-
porous polymers.** Dinci et al. reported the immobilization
of TPE units in a rigid metal-organic framework (MOF)
through coordination polymerization in which TPE fluores-
cence was switched on.’>) All these efforts, however, are
focused on the polymer or supramolecular systems. Although
simple TPE molecular models based on a single-molecule
platform are better to investigate structure—property relation-
ships and to understand the AIE/RIR mechanism, the
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examples are scattered.”” We envisaged that introducing TPE
units into a closed molecular system such as cage might offer
a novel single-molecule platform to understand the RIR
mechanism of AIE, and also might provide a porous
fluorescent cage suitable for gas storage. To date, no such
TPE-based cages have been reported.

Recently, we have used TPE as a building block to
construct an expanded oxacalixarene and found that the TPE-
based oxacalixarene adopts a 1,3-alternate conformation in
which the TPE aromatic rings are nearly parallel, which
suggested that the pendant phenols on TPE could be linked
into a cage structure by two additional molecular linkers.””
Herein, we report the synthesis of a tricyclooxacalixarene
cage 1 by a one-pot SyAr reaction of tetrahydroxytetra-
phenylethylene 2 with 2,6-dichloropyridine-3,5-dicarbonitrile
(3). In the cage structure, two TPE units were locked in a rigid
cage framework and the fluorescence of TPE was switched on
in solution. The obtained tricyclic cage 1 assembled into
a grid-like porous structure and displayed high adsorption
capacity for CO,, with extraordinarily high selectivity
of CO,/N.,.

The synthesis of the TPE-based tricyclooxacalixarene
cage 1 was carried out by one-pot condensation reaction as
depicted in Scheme 1. Tetrahydroxytetraphenylethylene 2
was prepared according to a reported method.” The
coupling reaction of 2 with 3 in the presence of Cs,CO; in
DMSO at 25°C for 4 h resulted in the formation of 1 which
was isolated in a yield of 21 %.

HO,

S O Cs,CO4DMSO ¢, O 6 2 CN
HO 'OH 25°C N\‘/
CN

o

2

Scheme 1. Synthesis of TPE-based tricyclooxacalixarene cage 1.

The structure of cage 1 was confirmed by single-crystal X-
ray analysis.[*’! Single crystals suitable for X-ray diffraction
were obtained through recrystallization by cooling the hot
DMSO solution of cage 1 to room temperature. As shown in
Figure 1, tricyclic cage 1 crystallizes in an orthorhombic space
group Pna2, and adopts a quadrangular prismatic structure
with a large central cavity. As a result of the steric effect of the
cage framework, the TPE units exhibited propeller-like and
nonplanar conformations and resulted in the molecular cage
being asymmetric. Four pyridine rings form four identical V-
shaped clefts. In the prism structure, the distance between the
top and bottom TPE is about 5.3 A and the distance between
the two pyridine ring N atoms in oppositely facing rings is
about 7.4 A (Figure S2a in the Supporting Information).
Moreover, as a result of 7w+t (d,,.., = 3.54 and 3.57 A) stacking
and C—HN (dc y.n=2.73 and 2.63 A) interactions, cage
1 packs to form a grid-like porous structure with a diameter of
11.83 A (Figure S2b).
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Figure 1. a) Top view and b) side view of the X-ray crystal structure of
cage 1. c) Grid-like porous structure from the crystal packing of cage
1 shown in space-filling mode. Hydrogen atoms and solvent molecule
were omitted for clarity. Thermal ellipsoids in (a) and (b) are set at
50% probability. Atom colors: C=gray; N =blue; O =red.

The 'HNMR spectrum of 1 in [Dg]DMSO (Figure S3)
shows one singlet at 0 =9.03 ppm for the proton H, of the
pyridine moiety and a complicated set of signals for aromatic
protons in the TPE scaffold at room temperature. Moreover,
the »C NMR spectrum of cage 1 also showed complicated
carbon resonances in [D¢]DMSO at room temperature (Fig-
ure S4). The complex proton and carbon resonance signals in
the NMR spectra suggested that the symmetric structure of
cage 1 was probably not retained in solution at room
temperature. This distortion from symmetry is likely because
of the steric strain on the TPE units caused by incorporation
into the cage framework, which is consistent with its crystal
structure (Figure 1). Variable-temperature NMR (VI-NMR)
experiments were used to investigate the conformation of
cage 1. As shown in Figure S5, upon heating to 328 K, the
signals attributable to the aromatic protons in TPE merged to
form a single broad resonance signal. Further increasing the
temperature led to the detection of a single sharper signal for
the aromatic protons in TPE. These results indicated a fixed
conformation of the cage at room temperature because of the
tension and the steric effect. When the temperature was
elevated, rapid interconversion of conformational isomers
occurred, most likely as a result of the accelerated rotation of
the phenyl rings on the NMR timescale. Based on the results
of VI-NMR experiments, the activation energy (AG™) for the
rotation of the phenyl ring was calculated to be 68 kI mol .

Unlike TPE which shows no fluorescence in solution, cage
1 emits blue fluorescence at A =450 nm with a fluorescent
quantum yield of 7.8% when excited at A =320 nm in THF
(see Figure S6 for the UV/Vis absorption spectra and Fig-
ure S7 for the fluorescence spectra). Like conventional
fluorophores, cage 1 displays a visible solvent effect in
solution. As shown in Figure S7, the fluorescence intensity
of cage 1 decreased with increasing solvent polarity. More-
over, 1 exhibits a unique AIE effect. With the water fraction
was increased from 0 to 60%, the fluorescence intensity
decreased. However, further increasing the water fraction
dramatically enhanced the fluorescence intensity (Figure S7b
and Figure S7c). The change of the intensity of fluorescence
can be explained as follows. Upon addition of water into THF,
the increase in solvent polarity quenched the fluorescence of
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cage 1 because of the solvent effect. When the water fraction
was increased to 70 %, cage 1 precipitated from solution and
was found to be highly fluorescent as a result of the AIE
effect. Moreover, the fluorescence quantum yield for cage 1in
a mixture of 90 % water/THF can be measured to 32.7%.
Given these results, the TPE-based tricyclic cage 1 can be
viewed as a useful single-molecule platform to investigate the
RIR mechanism.

To understand the origin of the suppression of the phenyl
ring rotation, quantum chemistry calculations based on
density functional theory (DFT) were employed to explore
the activation barrier for phenyl-ring flipping in cage 1. The
potential energy surface (PES) was constructed by varying
the C,,—C,,—C=C dihedral angle from 0 to 180°. This process
led to the rotation of just one phenyl ring along its symmetric
axis while the other components of the system remained fixed
(Figure 2a and b). From the PES pathway, the activation
energy for the flipping of one phenyl ring in cage 1 was
73 kJmol ™" (Figure 2c), which is higher than that of the TPE-
MOF reported by Dincd etal. (49kJmol™') and TPE
(24 kJmol™") by 24 and 49 kImol™' (Figure S8), respective-
1y.*®l The distances between hydrogen atoms was analyzed
for cage 1 during the PES scanning process. As shown in
Figure 2a,b and Figure S9, two very short distances were
calculated in cage 1 for the H10—H84 and H5—H48 distances
which measured 2.1 A, which also demonstrated the signifi-
cant steric hindrance in cage 1 (note: H48 is equivalent to H84
but is located at the back of the structure). The high activation
barrier of phenyl ring flipping in cage 1 (73 kJ mol ') might be
as a result of the steric effect based on
the distortion of the geometry of the
TPE units by the cage framework. As
shown in Figure 3¢, the lowest energy
structure at the bottom of the PES is
located at a C,,—C,,—C=C dihedral
angle of 46.5°, which is very close to
the crystallographic analysis in which
the bond measured 46.3° (Fig-
ure S10). With the high activation
barrier for phenyl ring flipping, non-
radiative decay of the singlet excited
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Figure 2. DFT-calculated structures of cage 1 with one phenyl ring
fixed relative to other rings at 46.5° (a) and 18.6° (b). For clarity, some
hydrogen atoms were omitted. Atom colors: N =blue; O=red;
C=green. The purple-colored carbon atoms define the dihedral angles
used to model the PESs. c) PES for the flipping of one phenyl ring in
cage 1.
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Given the internal grid-like
porous structure of cage 1 in the
solid state, the gas adsorption and
desorption properties of the structure
were investigated (Figure 3). In prep-
aration for these experiments, cage
1 was desolvated at 200°C for 8 h
under vacuum until all DMSO had
been removed (Figure S11). From the
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the BET surface area is 432 m’g™"
(the Langmuir surface area is
507 m?’g™") and the total volume is
023 cm’g™!. A steep nitrogen gas

uptake at low relative pressure in the
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Figure 3. a) Nitrogen sorption isotherms of cage 1 at 77 K, b) pore size distributions calculated
using the DFT method, c) H, sorption isotherms at 77 K, and d) CO, and N, sorption isotherms at
273 K and 298 K. In (a), (c), and (d), empty symbols denote gas adsorption and filled symbols
denote desorption. STP=standard temperature and pressure.
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nitrogen adsorption isotherms (Figure 3a) indicates that the
structure has abundant micropores. The pore size distribution
calculated by the DFT method (Figure 3b) also confirmed the
presence of micropores with pore sizes of 5.8, 7.3, and 11.8 A,
which is in agreement with the crystallographic analysis
(Figure 1). We compared the powder XRD patterns after the
desolvation treatment with the calculated result (Figure S12)
and deduced that cage 1 after desolvation is still in a micro-
crystalline state and has good thermal stability. Generally, *C
cross-polarized magic angle spinning solid-state (CP-MAS)
NMR spectroscopy can be utilized to probe molecular motion
down to frequencies of circa 10° Hz.®) The “C CP-MAS
NMR spectra of cage 1 with and without solvent display
signals with similar resolution and peak shape (Figure S13),
which is consistent with slower rotation of the phenyl rings
than what is detectable on the NMR timescale (< 10* Hz).
This result is in agreement with the high energy barriers to
rotation of the phenyl rings indicated by VI-NMR experi-
ments and DFT calculations, and furthermore confirms that
the empty crystals have permanent porosity.

Given the microporous structure and the polar functional
groups of the pyridine rings and cyano groups, it was
envisaged that cage 1 might also be suitable to adsorb H,
and CO,. As shown in Figure 3¢, cage 1 can absorb 0.75 wt %
of H, at 1.0 bar, which is similar to that found for TTEB at
10 bar.’! The CO, sorption properties of cage 1 were mea-
sured at 273 K. As shown in Figure 3d, cage 1 can absorb
12.5 wt% (2.8 mmolg ') of CO, at 1.0 bar. With the moderate
surface area, the good CO, uptake capacity of cage 1is similar
to the high CO, uptake reported by Schroder et al. for SOF-7
(12.54 wt %).1*l The uptake is also similar that reported by
Cooper et al. for porous cages CC2 (3.0 mmolg™') and CC3
(2.5 mmol g~!), respectively, and is higher than the reported
triptycene-based cages (11.0 wt % or 2.1 mmolg ') with high
BET surface area of 1566 or 1700 m*g™!, respectively.'>!%]
The excellent CO, adsorption ability of cage 1 may result
from the perfect match of the microporous structure with the
size of CO, and the electron-rich properties of nitrogen and
oxygen atoms in the cage skeleton that facilitate local-dipole/
quadrupole interactions with CO,. The isosteric enthalpy
(Qy) of cage 1 toward CO, with a value of 24 kJmol ™" was
calculated from the adsorption isotherms at 273 K and 298 K
using the Clausius—Clapeyron equation (Figure S14).!! The
selectivity of cage 1 toward CO, over N, was investigated by
single-component gas sorption experiments at 273 K. A CO,/
N, selectivity of 80 was calculated from analysis of the initial
slopes of the adsorption isotherms for cage 1 (Figure S15).
The selectivity of cage 1 for CO,/N, is much higher than most
porous materials and comparable to some imine cages.!'*!"]

In summary, we have designed and synthesized a quad-
rangular prismatic tricyclooxacalixarene cage 1 by a one-pot
SyAr condensation reaction. Cage 1 is a useful single-
molecule platform to investigate the RIR mechanism of the
AIE effect. For cage 1, the TPE units were fixed by four
pyridine rings in the tricyclooxacalixarene cage framework,
which suppressed the motion or vibration of the phenyl rings
with a high activation barrier for phenyl ring flipping.
Therefore, the fluorescence of TPE was switched on in
dilute solution. Moreover, cage 1 assembled into a grid-like
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porous structure in the solid state and exhibited an excellent
adsorption capacity for CO, with high CO,/N, selectivity. The
ready accessibility of stable cage compounds might open new
opportunities for the development of efficient cage-based
porous materials in gas storage, catalysis, and chemosensors.

Keywords: aggregation-induced emission - cage compounds -
calixarenes - gas storage - supramolecular chemistry
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