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Organic solid state vapochromic materials are of great significance for the development of supramolecular
chemistry and materials science. Herein, we synthesize a crown ether derivative (An34C10) containing two
anthracene units and construct new crown ether-based vapochromic host—guest co-crystals. Due to the
presence of anthracene, An34C10 not only shows good fluorescence properties but also displays
mechanochromism. Single crystal structural analysis, powder X-ray diffraction and differential scanning
calorimetry experiments demonstrate that the transformation between different stacking modes of
An34C10 is responsible for mechanochromism. In addition, An34C10 can complex with 1,2,4,5-
tetracyanobenzene (TCNB) to form host—guest complex (An34C10@TCNB) co-crystals. Because organic

solvent fuming alters charge-transfer interactions in An34C10@TCNB, the fluorescence of the co-
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Accepted 4th September 2024 crystals can be turned on and off by 4-methylpyridine and chloroform vapors, respectively, realizing

selective detection with opposite emission outputs. Meanwhile, the stimuli-responsive properties of

DOI: 10.1039/d4sc05077k An34C10 and An34C10@TCNB possess good cycling performance. This work provides a new strategy
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Introduction

Organic solid state vapochromic materials have attracted
considerable attention from scientists because of their wide
applications in chemical sensors, light-emitting diodes, envi-
ronmental monitors, and other fields."® In particular, for
molecules containing donor-acceptor structures, their lumi-
nescence can be regulated by certain gases such as volatile
organic compounds (VOCs), leading to functions in smart
devices.'®™* Such organic donor-acceptor structures usually
require tedious synthesis, and molecules with a large degree of
conjugation are commonly less stable.'>'® Therefore, it is urgent
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for the construction of organic solid state luminescent materials.

to develop new vapochromic materials with simple synthesis
and robustness.

Crystal engineering provides a feasible way for preparing
crystalline functional materials."’** Owing to solid state
complexation upon crystallization, organic host-guest complex
co-crystals are promising candidates for robust luminescent
materials.>*® During co-crystallization, both the donor and
acceptor, as the host or guest, respectively, can be included in
one system via host-guest binding, avoiding tedious covalent
synthesis. Meanwhile, compared with the single-component
crystalline system, host-guest complex co-crystals show
stimuli-responsiveness, leading to more functions, such as
molecular ferroelectrics,* room-temperature
phosphorescence®*** and fluorescent devices.>**”

As the first generation of macrocycles in supramolecular
chemistry, crown ethers have been vigorously studied since they
were reported in 1967.°*%* They have been applied in many
fields including supramolecular polymers, supramolecular gels,
molecular machines, detection and sensing.** In general,
guests of crown ethers are cationic compounds, such as alkali
metal ions and dialkylammonium salts.>>* These guests cannot
be vaporized under mild conditions, and thus it is difficult to
realize vapochromic behaviors based on crown ether-based
host-guest complexes. We anticipate that new applications
related to vapochromism could be achieved by introducing
luminescent crown ethers as hosts.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Chemical structures of An34C10 and TCNB. Schematic
representations of (b) An34C10 and (c) An34C10@TCNB under
different external stimuli.

In this work, we prepared an anthracene-containing crown
ether derivative (An34C10) and used it to construct new crown
ether-based vapochromic host-guest co-crystals (Fig. 1). Due to
the presence of anthracene groups, An34C10 exhibited intense
blue fluorescence emission and mechanochromism. When
An34C10 was ground vigorously in a mortar for several minutes,
the emission color changed from blue to yellow-green. After
fuming with organic solvents or heating, the fluorescence of the
ground sample recovered to the initial blue emission. Further-
more, as the host is a good electron-donor, 1,2,4,5-tetracyano-
benzene (TCNB) was chosen as the acceptor to form host-guest
complex (An34C10@TCNB) co-crystals. Although the emission
of the co-crystals was quenched by strong charge-transfer (CT),
the emission was turned on when the co-crystals were placed in
the vapor of 4-methylpyridine, realizing sensing of such vapor
with high contrast. Subsequent fuming with chloroform vapor
was able to turn off the emission, and thus the material could be
recycled. The fluorescence turn-on and turn-off of
An34C10@TCNB showed excellent robustness and remained
unchanged for five cycles.

Results and discussion

The synthetic route to An34C10 is shown in Fig. S1, ESIf. By
using 1,4-anthraquinone and tetraethylene glycol as starting
materials, the target macrocycle was finally obtained in a yield
of 29% after a five-step reaction.”””** All of the new compounds
were confirmed by 'H and '*C nuclear magnetic resonance
(NMR) and quadrupole-time of flight (Q-TOF) mass spectros-
copies (Fig. S2-S9, ESIT).

The photophysical properties of An34C10 were explored in
solution. Fig. S10, ESIt exhibits the absorption spectra of
An34C10 in different solvents. It can be seen that the absor-
bance of An34C10 was mainly located between 350 and 450 nm,
the characteristic peak of anthracene chromophores.®® When
the solvent polarity increased from hexane to DMSO, the
absorption wavelength of An34C10 displayed a bathochromic
shift of about 7 nm. The emission of An34C10 showed a signif-
icant bathochromic shift of 50 nm with the increase of solvent
polarity (Fig. S11, ESIt), and the maximum emission peak was
red-shifted from 452 nm to 502 nm, indicating that the excited
state of An34C10 was easily polarized compared with the
ground state.®**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Anthracene derivatives exhibit photoluminescence not only
in solution but also in the solid state.> We then explored the
solid state emissive properties of An34C10. As shown in Fig. 2a,
An34C10 appeared as a yellowish powder under daylight and
emitted a bright cyan fluorescence under irradiation of 365 nm
UV. According to the solid state photoluminescence (PL) spectra
(Fig. 2a and b), the maximum emission peak of An34C10 was
located at 470 nm with a fluorescence lifetime of 2.96 ns. No
long-lived emission was observed. We also determined the
fluorescence quantum yield (QY) of An34C10, which was 13%.

We next investigated the mechanochromism of An34C10.%>%
As shown in Fig. 1b, when An34C10 crystals were ground in
a mortar for 20 minutes, the luminescent color changed from
cyan to yellow-green. The maximum emission of An34C10 dis-
played a bathochromic shift from 470 nm to 498 nm after
grinding (Fig. 2c), and the CIE coordinates changed from (0.18,
0.29) to (0.24, 0.44) (Fig. 2d). The emission of the ground sample
was restored to its initial state after heating at 100 °C for 5
minutes or fuming with THF for 2 hours. As characterized by
the PL spectra (Fig. 2c), the maximum emission recovered to
470 nm upon heating and THF fuming, indicating that the
mechanochromism of An34C10 was reversible.

In order to study the mechanism of mechanochromism, we
tried to get single crystals of An34C10. Slowly evaporating
a saturated ethyl acetate solution of An34C10 at room temper-
ature afforded crystals with bright cyan fluorescence. In the
single crystal structure (Fig. 3) of An34C10, the distance
between two anthracene units in one An34C10 molecule was
6.532 A, greatly exceeding the effective distance of aryl stack-
ing.** Besides, negligible interactions were observed between
two adjacent An34C10 molecules, demonstrating a relatively
loose packing. Therefore, the pristine crystals of An34C10
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Fig. 2 (a) Normalized fluorescence spectra of An34C10 in the solid

state. Insets: pictures of An34C10 under daylight and UV illumination.
(b) Emission decay of An34C10 in the solid state. (c) Normalized
fluorescence spectra of An34C10 in the solid state under different
stimulus conditions. (d) The 1931 CIE coordinate diagram of An34C10
before and after grinding.
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Fig. 3 (a) Single crystal structure of An34C10. Carbon atoms are grey,
oxygen atoms are red, and hydrogen atoms are white. Crucial
distances are marked with dashed lines. One water molecule was
encapsulated in the cavity that might come from a trace amount of
water in the solvent. Solvent molecules are omitted for clarity. (b) The
packing mode of An34C10. Hydrogen atoms and solvents are omitted
for clarity.

exhibited emission from anthracene monomers. We infer that,
upon grinding, the packing mode was partially destroyed (vide
infra), leading to a relatively dense packing between adjacent
anthracene units that further resulted in the bathochromic
emission.®** Upon heating or fuming, the dense packing mode
became loose again, thus the emission recovered to cyan.

In addition to the single crystal analysis, we also performed
'"H NMR, Fourier transform infrared spectroscopy (FT-IR),
powder X-ray diffraction (PXRD) and differential scanning
calorimetry (DSC) experiments for An34C10 under different
conditions. As can be seen from Fig. S12 and S13, ESI{, the 'H
NMR and FT-IR spectra of An34C10 didn't change after
grinding, heating or solvent fuming, which indicated good
chemical stability under these stimuli. The PXRD patterns
revealed that An34C10 in the initial state exhibited strong and
sharp diffraction peaks that agreed well with the simulated data
derived from the single crystal structure, suggesting a well-
ordered molecular arrangement (Fig. S14, ESI}). For the
ground sample, however, some of the characteristic peaks dis-
appeared in the PXRD pattern, and the intensity of the diffrac-
tion peaks was greatly reduced, indicating that the crystal
packing changed from ordered stacking to a disordered state.
These analyses implied that the emission change resulted from
the altered packing mode of the crystals. In addition, after
heating or fuming with THF, the sample exhibited restored
PXRD diffraction peaks and intensities, and the patterns were
consistent with those of the pristine material, indicating that
the molecular arrangement of An34C10 became ordered again.

Then we conducted thermal analysis. DSC curves revealed
that the crystalline sample of An34C10 only exhibited an
endothermic peak at about 138 °C, belonging to the melting
point (Fig. S15, ESIt). No other phase transition was observed.
However, ground An34C10 displayed two signals in DSC curves.
The first one was an exothermic peak located at about 57 °C,
which was attributed to the phase transition process, and the
other was a melting peak located at about 138 °C. Heating the
ground sample for 5 minutes produced an identical DSC curve
to that of the pristine material. A similar result was also ob-
tained with the solvent-fumed sample, which only gave a minor
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difference at about 69 °C on account of solvent loss. Based on
the above analysis, it can be inferred that the transformations
between packing modes of the An34C10 crystal are responsible
for its reversible mechanochromism.®” Grinding the crystals
produced a metastable dense stacking state, rendering the
emission bathochromic shifted. Stimuli such as heating or
solvent fuming transformed the unstable dense packing state to
the thermodynamically stable crystalline state, which restored
the initial emission.

Cycling performance is an important parameter to evaluate
the reversibility of mechanochromism, so alternative grinding-
heating and grinding-solvent fuming experiments were carried
out. As expected, the fluorescence of An34C10 could be altered
between cyan and yellow-green five times without any perfor-
mance loss, indicating the excellent reversibility of mechano-
chromism of An34C10 (Fig. S16 and S17, ESIY).

Considering that An34C10 is electron-rich, we next investi-
gated the construction of donor-acceptor co-crystals with
1,2,4,5-tetracyanobenzene (TCNB) as an electron-deficient
guest. We determined the binding stoichiometry of An34C10
and TCNB using the Job's plot, and as expected, the ratio of the
host and guest was 1:1 (Fig. S18, ESIT). Next, the host-guest
recognition between An34C10 and TCNB in solution was
investigated by "H NMR. As shown in Fig. 4a-c, compared with
the spectrum of free TCNB, upfield shifts occurred for the signal
related to proton H, of TCNB in the presence of 1.00 equiv. of
An34C10. Meanwhile, the proton resonances H; and H, on
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Fig. 4 H NMR spectra (400 MHz, chloroform-d, 298 K): (a) TCNB; (b)
5.00 mM TCNB and 5.00 mM An34C10; (c) An34C10. (d) Normalized
UV-vis absorption spectra (CHCls): An34C10 (1.00 mM); TCNB (1.00
mM); An34C10 and TCNB (1.00 mM, each). (e) Photographs: An34C10
(1.00 mM); TCNB (1.00 mM); An34C10 and TCNB (1.00 mM, each).
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An34C10 exhibited upfield shifts and H;-Hjy shifted downfield
upon complexation. These results suggested that TCNB was
encapsulated in the cavity of An34C10, allowing the protons on
TCNB to be shielded by the electron-rich host. The complexa-
tion was also supported by 2D nuclear Overhauser effect spec-
troscopy (NOESY). Strong correlations between H, on TCNB and
H, and H, on An34C10 were observed, and thus the guest was
located in the cavity of An34C10 (Fig. S19, ESIY).

We further studied the host-guest complexation between
An34C10 and TCNB through UV-vis spectroscopy. As shown in
Fig. 4e, after mixing colorless TCNB and the light yellow
An34C10 in chloroform, an obvious color change occurred.
Different from the UV absorbances of the free host and guest,
a new absorption band appeared at about 450-650 nm for the
mixed solution ascribed to CT between the host and guest
(Fig. 4d). In addition, fluorescence titration experiments were
performed to afford the binding constant between An34C10 and
TCNB in chloroform. It was found that the color of the solution
became darker and the fluorescence intensity decreased during
the titration of the guest (Fig. S20, ESIt). The association
constant was determined to be (2.34 & 0.12) x 10> M~ by non-
linear fitting in a 1:1 complexation mode (Fig. S21, ESI¥).
Meanwhile, the binding affinity of the host-guest complexation
was also investigated by "H NMR titration experiments (Fig. S22,
ESIT). And the association constant was determined to be (1.91
+ 0.17) x 10* M~" (Fig. $23, ESI). The above results revealed
strong intermolecular CT interactions between An34C10 and
TCNB in chloroform, which enabled the formation of a stable
host-guest complex.

The strong interactions in solution prompted us to explore
whether CT existed in the solid state. Evaporating an acetone
solution of the host-guest complex afforded dark purple crys-
tals (An34C10@TCNB) suitable for X-ray single crystal diffrac-
tion (Fig. 5). In the single crystal structure, TCNB was located in
the cavity of An34C10, in line with the above spectroscopic
results in solution. The guest was stabilized by multiple C-H---
N and C-H---O hydrogen bonds, where the distances were 2.849
A,3.147 A, 3.255 Aand 3.284 A, respectively. Additionally, strong
aryl stackings between An34C10 and TCNB with distances of
3.427 A and 3.439 A evidenced CT between the host and the
guest in the co-crystals. PXRD experiments were performed to
analyze the stacking mode of co-crystals. As shown in Fig. S24,
ESIT, An34C10@TCNB co-crystals showed different PXRD
patterns from those of free An34C10 and TCNB, demonstrating
that the initial molecular packing modes of single components
vanished. In addition, the existence of CT in An34C10@TCNB
was also confirmed by FT-IR spectroscopy (Fig. S25, ESIT) and
thermogravimetric analysis (TGA) (Fig. S26, ESIf).

Then photophysical properties of the co-crystals were
explored to further confirm the existence of intermolecular CT.
Fig. 6a displays the solid state UV-vis absorption spectrum of
An34C10@TCNB. A new absorbance appeared at 500-700 nm in
the co-crystals that could be attributed to intermolecular CT. In
addition, the PL spectrum of An34C10@TCNB co-crystals
revealed that the host-guest complex was nearly non-emissive
(Fig. 6b). This was because the strong intermolecular CT

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Packing

Fig. 5 Single crystal structure of An34C10@TCNB: (a) side view; (b)
top view. Carbon atoms are grey, oxygen atoms are red, nitrogen
atoms are blue, and hydrogen atoms are white. Crucial distances are
marked with dashed lines. Solvents are omitted for clarity. (c) The
packing mode of An34C10@TCNB. Hydrogen atoms and solvent
molecules are omitted for clarity.

between the host and the guest generated dark states that
quenched the emission.®¢

Intermolecular CT is vulnerable to surrounding environ-
ments, we thus envisaged that external stimuli could be applied
to restore the emission. After screening VOCs, we found that
fuming the co-crystals with 4-methylpyridine (4MePy) vapor was
an effective method to turn on the emission. That is, when
An34C10@TCNB co-crystals were placed in a saturated atmo-
sphere of 4MePy vapor for 3 days, the fluorescence of the
material recovered. The "H NMR spectrum of a solution of the
fumed co-crystals (denoted as An34C10@TCNB-4MePy,
Fig. S27, ESIY) illustrated that 4MePy was trapped in the co-
crystals. Besides, the proton signal of TCNB showed a slight

a2 ——An34C10 b1.5x10“ ——An34C10
——TCNB
2 1.0 ——TcNB
Z ——An34C10@TCNB 1.2x10°4 — ARACI0GTCNE
£ o084 > "
E 2 9.0x10
2 os g
3 £ 6.0x10°
E 0.44
o 3.0x10°
% 02
0.0
0.0 , Y , r 7 . , ,
200 300 400 500 600 700 800 400 450 500 550 600
Wavelength (nm) Wavelength (nm)
Fig. 6 (a) Normalized solid state UV-vis absorption spectra and (b)

fluorescence spectra of An34C10, TCNB and An34C10@TCNB.
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An34C10@TCNB-4MePy and An34C10@TCNB-4MePy-CHCls.

downfield shift compared with that of An34C10@TCNB
(Fig. S28, ESIf), evidencing weakened CT interactions that
turned on the emission of the host. Such turn-on emission
clearly indicates that the co-crystal is a promising candidate for
sensing and detection of pyridyl compounds.

TGA also confirmed the existence of three components
(Fig. S29, ESIY). Three plateaus were observed in the thermog-
ravimetric curve of An34C10@TCNB-4MePy. The first plateau
implied the desorption of solvent molecules, that is, 4MePy. The
amount of 4MePy adsorbed by co-crystals was determined to be
0.89 molecules per host-guest complex, in good agreement with
the results of the "H NMR spectrum. The latter two plateaus
corresponded to the decompositions of TCNB and An34C10,
respectively. Similarly, the photophysical properties of
An34C10@TCNB-4MePy were characterized. The solid state UV-
vis spectrum showed a decrease in the CT band compared with
that of An34C10@TCNB (Fig. 7a). The PL spectrum of
An34C10@TCNB-4MePy was the same as that of An34C10,
indicating that the fluorescence came from the luminescence of
the macrocycle (Fig. 7b). However, the luminescence intensity
was greatly reduced, and the fluorescence quantum yield was
determined to be 1.9%. PXRD patterns revealed that after
4MePy fuming, some of the diffraction signals corresponded
well to those of the macrocycle (Fig. S30, ESIT). These results
confirmed that 4MePy fuming weakened CT interactions in the
co-crystal, thus enabling the fluorescence of An34C10 to turn on
again. Besides, when An34C10@TCNB was exposed to other
common VOC vapors such as toluene, cyclohexane, methyl-
cyclohexane, pyridine, 2-methylpyridine, and 3-methylpyridine
at room temperature, no fluorescence was observed (Fig. S31,
ESIT). The main diffraction peaks in PXRD patterns and fluo-
rescence spectra of An34C10@TCNB did not change after
absorption of these VOCs, which exhibited the selective vapo-
chromic behaviors for 4MePy (Fig. S32 and S33, ESIY).

Although crystallization of An34C10, TCNB, and 4MePy
failed, we still observed that when An34C10@TCNB co-crystals
were immersed in a 1.0 mol L' 4MePy aqueous solution for
10 days (Fig. S34, ESIY), light yellow cracks appeared on the
surfaces of the dark purple crystals. These cracks emitted blue
fluorescence under 365 nm UV irradiation, which is consistent
with the induced emission in the presence of 4MePy.

Additionally, it was found that when An34C10@TCNB-
4MePy was placed in chloroform vapor, the fluorescence of the

16304 | Chem. Sci, 2024, 15, 16300-16306
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material was quickly quenched (denoted as An34C10@TCNB-
4MePy-CHCl;, Fig. 7b). PXRD experiments (Fig. S30, ESIf)
showed that the pattern after fuming with chloroform was
consistent with that of An34C10@TCNB, indicating that the
crystal structure was restored to the initial CT state. This
implied that chloroform could be a competitive guest, whereby
4MePy is released and the co-crystals become non-emissive
again. However, under vapors of other haloalkanes and aryl
halides, such as tetrachloromethane, 1-iodobutane, 1,4-dibro-
mobutane, chlorobenzene and bromobenzene, the fluorescence
of An34C10@TCNB-4MePy remained unchanged (Fig. S35 and
S36, ESIt). And the main PXRD diffractions of crystals after
vapor exposure were consistent with those before fuming
(Fig. S37, ESIt). These results showed that An34C10@TCNB-
4MePy displayed a high selectivity for chloroform vapor.

Moreover, we tested the recyclability of the vapochromic
behaviors for An34C10@TCNB (Fig. S38, ESIf). As expected,
after alternative fuming with 4MePy and chloroform vapors, the
fluorescence of An34C10@TCNB could be switched between on
and off at least five times without any performance loss, which
indicated the good cycling performance of host-guest co-
crystals. The on and off switches hold potential in the fabrica-
tion of smart luminescent materials with response to pyridyl
and alkyl chloride compounds.

Conclusions

In summary, we synthesized a crown ether derivative containing
two anthracene units and investigated the host-guest co-
crystals based on crown ether for vapochromism. Due to the
presence of anthracene, An34C10 not only emitted bright blue
fluorescence, but also showed mechanochromic properties, and
the fluorescence change could be recovered by heating or
organic solvent fuming. Through various experimental anal-
yses, it was found that the mechanochromism of An34C10 was
derived from a transition between different stacking structures.
In addition, An34C10 complexes with TCNB to form co-crystals.
Due to the strong charge-transfer interactions between the host
and guest, the fluorescence was quenched. Since solvent fuming
would weaken intermolecular charge-transfer interactions, the
fluorescence of co-crystals was turned on by fuming with
4MePy. Interestingly, when the emissive co-crystal was further
fumed with chloroform vapor, the fluorescence was quenched
again, and the structure of co-crystals returned to the initial
state. Meanwhile, both the mechanochromism of An34C10 and
the fluorescence turn-on and off in An34C10@TCNB displayed
good cycling performance. This work not only broadens the
application of supramolecular chemistry but also combines
a macrocycle with co-crystal engineering, providing a new
strategy for the preparation of various stimuli-responsive crys-
talline materials.

Data availability

The crystallographic data for An34C10 and An34C10@TCNB
have been deposited at CCDC with deposition numbers
2226677 and 2226678, respectively. The data can be obtained via

© 2024 The Author(s). Published by the Royal Society of Chemistry
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https://www.ccde.cam.ac.uk/structures. Data for this paper,
including synthesis and structural characterizations, are
available in the ESI.{ The raw data are available from the
authors upon reasonable request.
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