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Polymorphism is defined as the ability of a substance to exist in two or more crystalline forms, which provide
a unique platform for revealing the relationship between its spatial structure and properties. However,
organic crystal polymorphism can be commonly obtained by growing crystals in different solvents or at
different temperatures. This study reports a compound named p-An-Br containing carbazole and
anthracene chromophores with three multiple stimulus modulated crystal polymorphs with green,
yellow and red fluorescence, respectively. Interestingly, switching of p-An-Br between crystal G, crystal Y
and crystal R can be achieved through the uptake and release of methanol using different stimuli, which
shows dynamically adjustable luminescent colors. Significantly, structure—property investigations via the

in-depth analysis of molecular conformations and frameworks of the polymorphic crystals demonstrate
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Accepted 28th April 2025 that the diverse conformations and abundant noncovalent interactions have a predominant impact on
emission behavior. Consequently, the crystals R can be used for the highly sensitive and specific sensing

DOI: 10.1039/d55c01503k of methanol with a detection limit of 39.35 ppm. This study not only provides a new strategy for crystal
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1 Introduction

Polymorphism, which is defined as the ability of a substance to
exist in two or more crystalline forms, is widely encountered in
studies of crystallization, phase transitions, and bio-
mineralization and in the manufacture of specialty chemicals
and drugs.'”® Polymorphs are crucial for providing insights into
the crystal packing and structure-property relationships*” and
especially for providing a perspective to understand lumines-
cence behavior from solid states. Compared to solutions, there
is tighter molecular packing within crystals, so tiny changes in
molecular configuration may cause a huge difference in lumi-
nescent properties.®* Nowadays crystal polymorphism can be
obtained under different solvent and temperature conditions
(Scheme 1). For example, Yang et al. obtained crystals with
different fluorescence emissions through slow evaporation in
a mixture of n-hexane/ethyl acetate and methanol/dichloro-
methane solution.” Li et al. controlled the temperature to
induce temperature responsive color changing phosphores-
cence in Cs—CsOH crystals. As the temperature increased from
303 K to 403 K, the afterglow color changed from blue to green
and then to yellow.'” However, the development of intelligent
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polymorphism, but also develops an effective method for the detection of methanol.

polymorphic emission materials obtained by other strategies is
still highly demanded.

Luminescent materials that respond to external stimuli
(such as light, heat, electricity, and other chemical stimuli) have
significant application potential in cutting-edge fields of opto-
electronic devices," biochemical sensing,'” imaging,* and anti-
counterfeiting encryption,** because of their dynamic," revers-
ible,'® and adaptive conversion characteristics."”” Among various
external stimuli, light is considered an ideal candidate due to its
ecofriendly and noninvasive nature, spatiotemporal operation,
and convenient and precise control.”® These luminescent
materials can indicate the stimulus-response behavior through
changes in their luminous color, intensity, and lifetimes.*
Among them, the variation of luminescent color has aroused
great interest due to the unique advantages of high spatial
resolution and in situ/real-time visualization.> However, there
are still large challenges in controlling the emitting color
because luminescence wavelength usually depends only on the
lowest energy level of the excited state and is independent of the
initial excited state.>* Although several strategies, including the
introduction of multiple emission centers,* energy transfer,>
and dynamic chemical reactions,> have been employed to
regulate luminescence color, these approaches require complex
molecular designs, matched host-guest energy levels, or even
extra reaction reagents. Consequently, developing a fast and
dynamic light-color adjustment luminescent material is of great
significance.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1
crystals with the color switch process in this work.

Herein, a new compound named p-An-Br with three crystal
polymorphs displaying different emission colors was reported.
Tunable emission colors from green and yellow to red can be
achieved through the uptake and release of methanol by illu-
mination, heating and fumigation (Scheme 1). More signifi-
cantly, the underlying mechanism of crystal polymorphism-
dependent fluorescence emission was well revealed by
analyzing the different molecular conformations and diverse
frameworks of the polymorphic crystals. Methanol vapor can
enter crystal R through the host-guest interaction to transform
crystal R into crystal G, thus achieving dynamic switching of
colorful luminescence between crystal G and crystal R, which
can be applied in highly sensitive and selective sensing for
methanol vapor.

2 Results and discussion

4,4'-(9H-Carbazole-3,6-diyl)bis(1-(anthracen-9-yl-methyl)pyr-
idin-1-ium) (named p-An-Br) was synthesized from 3,6-di(pyr-
idine-4-yl)-9H-carbazole (p-DPC) and 9-(bromomethyl)anthra-
cene via a simple two-step reaction. p-DPC was simply
synthesized by the Suzuki cross-coupling reaction. "H NMR, **C
NMR, and high-resolution mass spectra (HR-MS) measure-
ments verified the structure of p-An-Br (Fig. S1-S6t). The
detailed synthetic procedures and characterization are provided
in Schemes S1 and S2 (ESIT). The molecular structure of p-An-Br
is shown in Fig. 1a.

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a) Previous examples of the polymorphism of crystals in the literature. (b) A brief introduction of the polymorphism of p-An-Br

2.1 Photophysical properties of the solid state powder

The photophysical properties of p-An-Br were first investigated
in solution (Fig. S771). As a result, p-An-Br demonstrated iden-
tifiable absorption bands at 400 nm which belonged to the m—
7o* transition, and their positions were almost unchanged upon
altering the solvent polarity, indicating that the electronic
intermolecular interaction in the ground state could be negli-
gible. However, the emission band red-shifted from 495 nm to
530 nm (DI = 35 nm) by changing the polarity of solvents, such
as from CHCI; to H,O in sequence, which was the typical sol-
vatochromic effect assigned to the intramolecular charge
transfer (ICT) transition.

Because compounds exhibiting an ICT effect tend to be more
responsive to molecular stacking, the solid-state photophysical
properties of p-An-Br were further explored. Pristine p-An-Br was
a yellow crystalline powder with green fluorescence (508 nm,
@p;, = 14.5%) under UV light irradiation. Upon full grinding
with a mortar and pestle, the yellow powder was converted to
a brown powder and the absorption band underwent redshift
(Fig. 1b). The maximum emission peak redshifted from 508 nm
to 544 nm, corresponding to a fluorescence color change to
yellow (®p, = 12.3%) (Fig. 1c). When ground powder was
exposed to methanol for 3 min, it returned to its original state
and could be cycled multiple times, indicating that the
mechanical-chromatic behavior has good reversibility (Fig. S87).
The fluorescence lifetimes of p-An-Br before and after grinding

Chem. Sci., 2025, 16, 9988-9997 | 9989
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(a) Molecular structure of compound p-An-Br. (b) UV-vis spectra and (c) fluorescence spectra of p-An-Br powder before and after

grinding. (d) Fluorescence spectra of solid powders of p-An-Br under continuous UV lamp irradiation time.

were also measured (1.13 and 2.30 ns), indicating that the
emission belonged to the fluorescence (Fig. S91). These results
indicate that molecular configurations, inter-molecular inter-
actions and packing arrangements can be changed under an
external force stimulus. Powder X-ray diffraction (PXRD)
measurements were carried out to gain insight into the crystal
structure change upon grinding. For the pristine powder,
quantities of sharp scattering peaks were observed (Fig. S107).
After grinding, the scattering peaks vanished, indicating
a grinding-induced phase transition from the crystal phase to
an amorphous state.

In addition, the solid powder of p-An-Br exhibited photo-
chromic fluorescence properties. Upon continuous ultraviolet
(UV) light exposure, the fluorescence color red-shifted gradually
from green (502 nm) to yellow (553 nm) (Fig. 1d). The yellow
fluorescence can revert back to green fluorescence through
methanol vapor treatment, and this process can be repeated
cyclically, indicating good reversibility of the photochromic
process (Fig. S111). PXRD spectra were measured but no obvious
change was found (Fig. S121), indicating that the molecular
structure was unchanged after UV light irradiation. Besides, the
fluorescence lifetimes of p-An-Br before and after UV light irra-
diation were also measured (1.13 and 2.35 ns), revealing that the
emission belonged to the fluorescence (Fig. S137).

2.2 The photophysical properties of the single crystal

As is well-known, it is rather difficult to realize crystal-state
photochromism because the tight stacking of molecules
significantly hinders molecular isomerization. Out of our
expectation, the single crystal of p-An-Br showed excellent

9990 | Chem. Sci, 2025, 16, 9988-9997

reversible photochromic properties. The single crystal exhibited
green fluorescence under 365 nm UV light with an intensified
fluorescent peak at 520 nm. After irradiation with a UV lamp at
365 nm for 30 minutes, the single crystal color changed to
yellow, and as the irradiation time continued to extend up to 24
hours, the single crystal color ultimately turned red (Fig. 2a).
And the ultraviolet color of the crystal G did not change at all. It
is worth noting that three crystal polymorphs of p-An-Br with
different emission colors were achieved through modulating
the illumination time. The repeat of irradiation under nitrogen
and vacuum atmospheres also resulted in similar color
changes, ruling out the involvement of atmospheric oxygen
behind the observed photochromism (Fig. S14t). In order to
investigate the effect of irradiation wavelength on crystal
photochromism, crystal G was irradiated with lamps of
different wavelengths for 24 hours. The results are shown in
Fig. S15,1 where all wavelengths below 520 nm can change
crystal G to crystal R, indicating that the photochromism of
p-An-Br displayed good application prospects. Furthermore, the
crystal R was found to be stable and retained red emission for
more than a month under room light or under dark conditions,
indicating the stability of the red crystal.

The fluorescence spectra of single crystals at different UV
light irradiation times were also recorded. As shown in Fig. 2b,
the emission wavelength of the single crystal shifted from 520
nm to 600 nm. Furthermore, the CIE chromaticity coordinate
diagram also illustrated this redshift (Fig. 2c). Crystal G
exhibited green emission (520 nm) with short lifetimes of
several nanoseconds. In contrast, crystal R showed the
redshifted, structureless and broadened photoluminescence
(PL) spectrum with emission at 600 nm and long lifetime (t =

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01503k

Open Access Article. Published on 06 May 2025. Downloaded on 1/14/2026 2:25:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article
®.@
S 4 4 4 4 4
N

View Article Online

Chemical Science

o0 O

5

4

(e}

<
»
>
=

g
o

(b) (c)

0.8

=
n

0.6

0.4

e
n

0.2

Normalized intensity
=]

(d)

Ll .. L Simulated R crystal

Experimented R crystal

Simulated Y crystal

N -

PP

Experimented Y crystal

L. YW P Simulated G crystal

Experimented G crystal
N 1 1

e
PN

Wavelength (nm)

Fig. 2

50 500 550 600 650 700 00 01 02 03

0.6 07 08 10 20 30 40 50
2 Theta (degree)

0.4 05
CIE 1931 coordinates

(a) Photoswitchable PL images of the p-An-Br crystal switching 9 times between UV light irradiation and methanol fuming. (b) Fluo-

rescence spectrum changes of crystal G with UV lamp irradiation time. (c) CIE chromaticity coordinates of crystals as a function of UV lamp
irradiation time. (d) Simulated PXRD patterns of three single crystals of p-An-Br.

Table 1 The summary of the crystals G, Y and R

Materials Obtained conditions Emission wavelength (nm) PLQY Lifetimes (ns)
Crystal G Liquid-phase diffusion (methanol/ethyl acetate) 520 nm 12.6% 3.43
Crystal Y Iluminating the crystal G with a UV lamp for 30 minutes 550 nm 13.8% 3.26
Crystal R Iluminating the crystal G with a UV lamp for 24 h 600 nm 12.9% 34.50

34.50 ns), which is in good agreement with the characteristic of
the anthracene excimer according to the previous reports
(Table 1 and Fig. S16t).*® The photoluminescence quantum
yields (PLQYs) of p-An-Br in different aggregation states were
measured at room temperature. The rate constants &, and ky,
were estimated from the experimental PLQYs and the corre-
sponding lifetimes, and the data are summarized in Table S1.f
Comparatively, crystal R with long-wavelength emission showed
significantly longer t and lower k,, than the other two crystal
polymorphs with short-wavelength emission.

2.3 The analysis of the single crystal structure

To gain deep insights into the underlying mechanisms for the
crystal packing and structure-property relationships of these
polymorphs, we cultivated crystals of p-An-Br to study its
different packing modes and the corresponding fluorescence.
The crystal G was successfully cultivated by diffusion of mixed
solutions (methanol/ethyl acetate) at room temperature (addi-
tional experimental details in the ESIt). Crystal G was irradiated
under ultraviolet light for 30 minutes and 24 hours, resulting in
crystal Y and crystal R, respectively. X-ray single crystal analyses
of the crystals were carried out and the data are summarized in

© 2025 The Author(s). Published by the Royal Society of Chemistry

the ESI, Tables S2.1 Three crystal polymorphs of p-An-Br are all
in a monoclinic crystal system and crystallize in the space group
C2/c.

In the crystal G, the torsion angles between the pyridine ring
and anthracene were 84.93° and 85.06° (Fig. 3a). Thus, the
carbazole unit exhibited a planar quasi-equatorial (QE) confor-
mation, which was favorable for charge delocalization and
strengthened the electron-donating ability and ICT effect.
Additionally, the carbazole unit presented a crooked QE
conformation, and the twisted angles between benzene and
pyridine rings of the conformational molecule were larger (5.01°
and 4.52°) than those of crystals Y and R (Fig. S171), resulting in
a weak ICT effect of the p-An-Br G crystal. Eight methanol
solvent molecules are involved in the unit cell, resulting in
a looser packing pattern and weaker intermolecular CT inter-
action. There are obvious C-H:---O interactions to be observed
between p-An-Br and solvent molecules, corresponding to the
monomer emission in crystal G (Fig. S18t). As a comparison,
there is no solvent molecule in crystals Y and R. Later, the
adjacent molecules were connected through abundant C-H---7
(2.734-2.884 A) interactions and C-H--Br interactions (2.787-
2.840 A) (Fig. 3b). Therefore, the p-An-Br G crystal showed high

Chem. Sci., 2025, 16, 9988-9997 | 9991
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Fig. 3 The single-crystal structure, intramolecular interactions and molecular packing patterns of (a—c) crystal G, (d—f) crystal Y, and (g—i)

crystal R.

excited state energy, thus resulting in a blue-shift emission
compared to p-An-Br-Y and p-An-Br-R crystals.

Comparatively, the carbazole unit of the p-An-Br Y crystal
adopted a less crooked QE conformation (Fig. S17t). This could
facilitate the conjugation between nitrogen lone pair electrons
with the adjacent acceptor, leading to a more localized elec-
tronic transition upon excitation. Accordingly, the twisted
angles between benzene and pyridine rings were smaller (4.43°
and 4.25°) than those of crystal G. Therefore, the ICT effect of
the p-An-Br Y crystal was strengthened, which led to a red shift
to yellow emission. The more crooked forms (85.66° and 85.19°)
of the p-An-Br moiety in crystal Y are considered the other inner
reason for its red shift of emission (Fig. 3d). Furthermore,
a three-dimensional (3D) supramolecular framework with the
cavity units was stacked by the different conformers, which were
linked via abundant intermolecular C-H---7 (2.743 A) and C-
H---Br (2.759-2.825 A) (Fig. 3e and f).

In addition, the torsion angles between the pyridine ring and
anthracene in crystal R are 86.71° and 86.48° (Fig. 3g).

9992 | Chem. Sci, 2025, 16, 9988-9997

Moreover, the twisted angles between the benzene and pyridine
rings were only 3.80° and 4.02° for crystal R, respectively. Such
tiny twisted angles in the acceptor moieties were beneficial for
boosting the electron-withdrawing ability. These results led to
the bathochromic-shift emission. Compared to crystal G and
crystal Y, abundant intermolecular C-H:--Br (2.821-2.904 A), C-
H---7 (2.725-2.872 A) and 7---7v (3.318 A) interactions existed in
the R-crystal (Fig. 3h). There were no - interactions between
p-An-Br molecules in crystals G and Y due to the highly twisted
p-An-Br moiety. Furthermore, more intermolecular -7 inter-
actions in molecular packing of crystal R induce the emission
red-shift (Fig. 3i).

Overall, the molecular conformations and packing modes in
crystals have a significant influence on the fluorescent proper-
ties. The stacking arrangement of crystal G differs slightly from
that of crystals Y and R, resulting in different fluorescence
colors. As shown in Fig. 3c, f and i, the detailed stacking
diagram illustrates the differences among the three polymorphs
(G, Y, and R). In G crystals, methanol molecules exist in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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framework voids through C-H:--O interactions, while there are
no such interactions in crystals Y and R. The stacking of the
three types of crystals depends on the C-H:--Br and C-H--®
interactions, especially in crystal R where there is also a 77
interaction, resulting in a tighter stacking of crystal R and a red
shift in crystal wavelength. When stimulated using pressure,
the packing structures are destroyed and the transformation of
the molecules from the crystalline state into an amorphous
state results in the redshift of the emission. Besides, methanol
molecules were found within the pores of single-crystal struc-
tures of crystal G, indicating that methanol plays a crucial role
in determining the emission of single crystals. When the crystal
Ris placed in a methanol atmosphere, methanol molecules are
absorbed into the pores of the crystal, transforming it into
crystal G, thus achieving a reversible change.

To further confirm that the crystal is closely related to the
fluorescent emission, PXRD patterns of the three crystals were
simulated and are shown in Fig. 2d. The PXRD patterns of the
three crystals are consistent with their simulated ones, indi-
cating the high purity of the three crystals (Fig. 2d). The PXRD
patterns of crystal Y and crystal R were similar. Compared with
crystals Y and R, crystal G has no diffraction peaks at 5.2, 15.8,
and 17.2 degrees, indicating a difference in the structure from
crystals Y and R and variations in its single crystal structure.
These results implied that p-An-Br possessed different aggre-
gation states, and the molecular conformation and stacking
arrangement of single crystals could provide a deep insight into
the underlying luminescence mechanisms.

2.4 Underlying mechanisms of different polymorphism
emissions

Considering the possibility of radical generation upon irradi-
ation, electron paramagnetic resonance (EPR) studies have
been conducted to understand the differences between the
optical properties of crystal G, crystal Y and crystal R. There
was no obvious EPR signal for the crystal G after irradiation;
moreover, the appearance of the EPR signal at a g value of
2.0051 in the crystals Y and R after irradiation also demon-
strates that EPR silent crystal G turns into the other two
polymorphs accompanied by the formation of radicals via
charge transfer (Fig. 4a).

We further examined the possibility of excimer formation by
the concentration-dependent PL spectra in the solutions. The
results demonstrated that p-An-Br in high-concentration tetra-
hydrofuran (THF) solutions (such as 10~> and 10~" M) showed
new emission bands which were almost the same as that of
crystal R (Fig. S191). Therefore, p-An-Br was capable of forming
the excimer with the close AN dimer in solids and solutions. For
the individual AN fluorophore without p-DPC, there was no
emerging emission band in high-concentration THF solutions
(Fig. S2071), also indicating that the molecular design was in
favor of excimer formation. We tested the solution sample and
the ground powder of p-An-Br, but no photochromism was
observed (Fig. S217), implying that the light-induced molecular
motion may play a vital role in the crystal-state photochromism.
In situ Fourier transform infrared (FT-IR) spectra were recorded

© 2025 The Author(s). Published by the Royal Society of Chemistry
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but no change was found (Fig. S22%), indicating that the
molecular structure was unchanged after UV lamp irradiation.

Considering the presence of methanol within crystal G, it is
possible to remove methanol through heating. Upon heating,
the crystal undergoes a process of turning yellow first and then
red (Fig. S237). This should be attributed to the volatilization of
methanol in the lattice, leading to the crystalline transition
from crystal G into crystal R. In order to verify the specific
recognition mechanism of crystal R for methanol, the NMR
spectra of crystal R before and after methanol fumigation were
measured. As shown in Fig. S24,1 additional C and H peaks of
methanol appeared in the NMR spectrum after fumigation,
indicating that methanol molecules entered the crystal. The
thermogravimetric analysis (TGA) data indicate that compared
to crystal Y and crystal R, crystal G exhibits an additional weight
loss peak in the range of 96-165 °C with a thermal weight loss of
3.37% (Fig. S25%), which corresponds exactly to the relative
mass of methanol molecules in the lattice, indicating that the
entry of methanol molecules into the lattice of crystal R is the
key factor for the recognition of methanol. We attempted to
recover crystal G from crystal R by fuming crystal R with
methanol vapor (Fig. S267). As expected, after fuming crystal R
for 2 min, the luminous color of the crystal R changes to yellow
and then completely turns into green after continuous fuming
for 10 min. The fumed crystal can be restored to its initial state
by heating for 5 min. The PXRD patterns of the fumed and
heated samples are almost consistent with those of crystal G
and crystal R (Fig. S271), implying the single-crystal to single-
crystal structural transformations in the process of methanol
adsorption. At the same time, it is shown that heating and
methanol fumigation can achieve a reversible switch between
crystal G and crystal R. While crystal R, which has no solvate,
had voids in the crystal structure (Fig. S28f) to promote
molecular motions, methanol solvent could occupy the voids
through host-guest interaction. These results confirm that the
recognition mechanism of methanol is probably induced by the
interactions between guest methanol molecules within the host
framework. The uptake and release of methanol molecules play
a crucial role in the structural switching among these crystal
polymorphs.

2.5 Theoretical calculations

To gain insight into the molecular geometries, frontier molec-
ular orbital distributions, and excited-state energy levels of the
emitters, theoretical calculations based on time-dependent
density functional theory (TD-DFT) were conducted (Tables S4-
S671). The frontier molecular orbitals include the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). The energy difference of the frontier
orbitals (HOMO-LUMO energy gap) is the key factor to deter-
mine the emission wavelength. The smaller the energy gap, the
longer the emission wavelength. For crystal G, the transition
from the HOMO to the LUMO located on the entire molecule
mainly contributed to the vertical excitation of crystal G. The
transition of crystal G is characterized by the locally excited (LE)
state with a short wavelength. The frontier molecular orbitals of
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in monomer and dimer states.

this LE state mainly reside at the entire molecule with
a minimal degree of charge transfer. Adequate separation and
appropriate overlap of the HOMO and the LUMO indicated
intramolecular through-bond charge transfer (TBCT) with
a band gap of 2.77 eV (Fig. 4b). As for crystal Y and crystal R, it is
noteworthy that the electron distribution of molecular orbitals
of p-An-Br was much different from that of crystal G. Accord-
ingly, the transition of crystal Y exhibits obvious ICT from the
bromide ion to p-DPC with a moderate wavelength. The frontier
molecular orbitals of crystal R are characterized by a complete
charge separation between the bromide ion and the cation (p-
An”") fragments, with a smaller optical gap (or a longer emis-
sion wavelength). Besides, the maximum emission wavelengths
of the crystals G, Y and R calculated were located at 489 nm, 530
nm, and 590 nm, which are proximate to the experimental
values (Fig. 4c). Hole-electron analysis showed that the crystal R
had a stronger charge transfer ability, resulting in a red shift in
the emission wavelength (Fig. S297).

Molecular dipole moment is an indicator of charge separa-
tion, and large charge separation can cause strong CT effects,
resulting in long wavelength emission. Due to the strong CT
effect between ICT or TICT states, their dipole moments are
greater than those of LE states. When the dipole moment of
a molecule changes, its electronic and vibrational energy levels
also shift accordingly, which usually leads to a shift in the
emission wavelength, depending on the structure of the mole-
cule and the external environment. During the photochromic
process, rotation of the pyridine ring and anthracene led to an

9994 | Chem. Sci., 2025, 16, 9988-9997

obvious change in the vector direction of molecular dipole
moment. Orientations of the transition dipoles for the mono-
mers of crystals G, Y and R were almost antiparallel and led to
a sharp decline for the dipole moment of the dimer. Besides, the
photochromic process can also affect the regular arrangement
in the crystalline state. Crystallinity is equal to the proportion of
the crystalline fraction in the whole, which refers to the degree
of structural order of a solid material. Noticeably, each asym-
metric unit in the crystal G consisted of a dimer with moderate
intermolecular C-H---7 interactions and its dipole moment was
calculated to be 5.23 debye (Fig. 4d). Compared to the dipole
moment of the monomer in crystal G (3.01 debye), special
packing mode greatly enhanced the total dipole moment of p-
An-Br in the crystalline state and promoted intense lumines-
cence. During the process of photochromism, the production of
free radicals and the strengthened m-7 interaction (crystal R)
led to an obvious change in the molecular dipole moment. The
formed radicals reduced the molecular charge, while dimers are
more tightly packed than monomers, resulting in a greater
change in dipole moment. The dipole moment of crystal R
drastically decreased from 3.68 D (monomer) to 2.35 D (dimer).

2.6 The detection of methanol

Methanol is one of the most common volatile organic
compounds that have a great impact on human health. As re-
ported, working in an environment where the concentration of
methanol exceeds health standards can cause metabolic
acidosis in humans.”®*” Therefore, rapid and highly sensitive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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detection of methanol has significant value in life and health,
safety production, clinical diagnosis, and other aspects. Herein,
considering that crystal R can be recovered to crystal G after
methanol vapor fuming, the crystal R was chosen as a sensor to
detect volatile solvent vapors. In order to verify the specificity of
crystal R in detecting methanol, crystal R was fumigated with
different solvent vapors. After fuming with solvent vapors for 10
min, no significant changes in the appearance and lumines-
cence color of the crystal R were observed in these solvents
except for methanol (Fig. S30t). As shown in Fig. 5a and S31,
the emission peak of only the methanol-treated sample showed
a significant blueshift from 600 nm to 520 nm. The PXRD mode
showed that the diffraction peaks did not change significantly
after fumigation with other solvents except methanol. And the
PXRD mode after fumigation with methanol was consistent
with that of crystal G, indicating that the encapsulation of
methanol led to structural transformation from crystal R into
crystal G (Fig. S321). On this basis, a control experiment was
designed to test the specific recognition of the crystal R for
methanol in mixed solvent environments (Fig. 5b and S337).
The experimental results indicate that other solvents do not
interfere with the highly specific and selective sensing of
methanol. Although alcohol may interact with the crystal R via
C-H:---O interactions, protic solvent molecules larger in size
than methanol molecules could not penetrate the crystal
matrices. To better illustrate the interaction between the host
and solvent molecules, the binding energies of the solvent

View Article Online
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molecules to the host framework were estimated using DFT
calculations on the basis of the single-crystal structures.
Notably, the binding energies of methanol, ethanol, propanol,
isopropanol, butanol, glycol, benzyl alcohol, phenethyl alcohol,
isopentanol, 2-butyl alcohol, diethyl ether, chloroform,
dichloromethane and acetonitrile reach —23.34 kJ mol %,
—10.76 k] mol™, —9.43 k] mol™*, —8.35 k] mol™*, —14.35 kJ
mol ™', —9.07 k] mol™?*, —3.48 k] mol %, —2.99 k] mol !, —6.83
k] mol™, —7.16 k] mol™, —5.27 k] mol™*, —4.46 kJ mol %,
—9.06 k] mol ! and —13.94 k] mol ', respectively, indicating
that methanol has the strongest host-guest interaction (Fig.
S347). Being consistent with the strong interactions revealed by
the single-crystal structure of crystal G, the strong host-guest
binding energy facilitates structural transformation from
crystal R into crystal G, resulting in the change of emission color
and realizing the specific detection of methanol. The switching
between red and green emission can be reliably repeated many
times by alternating stimulation of methanol vapor and heating
(Fig. $35%).

To quantitatively detect the concentration of methanol,
crystal R was fumigated with different concentrations of
methanol vapor for 10 min and then taken out for emission
spectroscopy testing. As shown in Fig. 5c, the higher the
methanol concentration, the more pronounced the change in
the proportion (Z500 nm/Z520 nm) Of the emission peak intensity of
crystal R and crystal G. The degree of the proportion of emission
peak positively correlates with methanol concentrations in the
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(a) Selective and (b) anti-interference bar charts of crystal R for detecting methanol. (0) Blank, (1) methanol, (2) ethanol, (3) propanol, (4)

isopropanol, (5) butanol, (6) glycol, (7) benzyl alcohol, (8) phenethyl alcohol, (9) isopentanol, (10) 2-butyl alcohol, (11) diethyl ether, (12) chlo-
roform, (13) dichloromethane, and (14) acetonitrile. (c) Normalized prompt emission spectra of the crystal R samples treated with different
concentrations of methanol solution. (d) Linear relationship between the fluorescence intensity ratio (/o0 nm//s20 nm) @nd the concentration of

methanol in the range of 0 to 70 ppm.
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5-70 ppm range (Fig. 5d). Based on the methanol concentration
and the proportion of the emission peak of the crystal R and
crystal G, the standard working curve y = —0.0206x + 1.9498 (R’
= 0.9939) can be obtained to give a limit of detection (LOD) of
39.35 ppm. Compared to other reported chemical sensors, the
LOD value is one of the lowest detection limits (Table S77),
which is significantly lower than the threshold limit value (TLV)
of methanol (200 ppm), where the TLV is defined as the
permitted maximum concentration of a chemical during
a working day for continuous exposure without producing
adverse health effects.””*® In addition, the detection sensitivity
of crystal R is also far beyond that of most of the previously
reported methods for detecting methanol, such as NMR, Raman
and fluorescence spectroscopy, with the advantages of strong
specificity, fast response, high sensitivity, and visualization.

3 Conclusion

In summary, three crystals of p-An-Br with different emission
colors were achieved by multiple stimuli, including light,
heating and fumigation. Structure-property investigations in
different aggregation states demonstrate that molecular
conformations and frameworks of the polymorphic crystals
have a significant influence on their emission wavelength.
Crystal G crystallized in methanol solvent contains methanol
molecules in its framework. Removing methanol from the
crystal G lattice through light or heating triggers the trans-
formation from crystal G into crystal R. Conversely, fumigating
with methanol vapor can restore crystal G from crystal R. By
manipulating the uptake and release of methanol molecules,
a repeatable and reversible switch between crystal G and
crystal R can be achieved. The unique photophysical properties
of crystal G and crystal R are expected to have applications for
the highly sensitive and selective detection of methanol. This
work provides a good insight into how molecular conforma-
tions and supramolecular interactions in the crystal lattice
modulate the luminescent properties of the emitters in
different aggregation states and would promote the develop-
ment of novel organic multifunctional emissive materials for
related fields.
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