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Creating stimuli-responsive materials with switchable solid-state
luminescence remains a challenge. We report that the solvation of
a noval organic fluorophore can be ulitized to prepare such a
material, which emits in the blue (442-446 nm) region when wet
and green (497-503 nm) when dry.

Solid-state materials that respond to external stimuli with
switchable luminescence have been attracting attention due to
their applications in the construction of physical and chemical
sensors, displays, and recording devices.! Organic and
organometallic molecules with different solid-state packing
modes have been widely used to construct such materials.
Switching of the luminescence is usually induced by stimuli such
as light, mechanical grinding, temperature, shearing, pressure,
and solvents, which can change materials’ intramolecular
conformation2 and intermolecular arrangement, resulting in the
formation of excimers3a— or exciplexes,3 amorphization,4a—
and/or phase transitions.4e-i

Solvent-based switching of solid-state luminescence shows
advantages in recording, as the liquid state of solvents allows
easy control of the stimuli position—analogous to writing ink,3&
and can be utilized to detect volatile organic compounds
(VOCs).56 There are different ways for solvents to change
luminescence. In organometallic materials, solvent molecules
can change luminescence by (a) directly coordinating to a metal
cation,%2-d (b) changing their position or occupancy number in
the void space of crystals,®¢~ or (c) simple fuming without the
net uptake of solvent molecules.% However, traditional organic
fluorophores often suffer from aggregation-caused quenching
problems, limiting their use in the development of organic solid-
state luminescent emitters.” The emerging classes of organic
compounds showing aggregation-induced emission (AIE) are
overcoming such limitations.” For organic materials with solid-
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state luminescence, the emission color switching by fuming an
amorphous material was reported,® but the use of crystal
solvation as a strategy to switch the solid-state emission in
organics was only recently reported by Yin.° Considering the
importance of solvents in the behavior of stimuli-responsive
materials, more details on their role in the building of the basic
units with organic fluorophores are acutely needed. Here, we
report two crystals of a new organic fluorophore 1 with
different solvation modes of DMF solvent. One of them shows
solid-state fluorescence which switches from blue to green
upon drying (and vice versa), while the other has a constant
cyan fluorescence. This difference is explained by the different
roles of DMF molecules in the intermolecular packing.
Recently, our group synthesized a number of porous
molecular crystals (PMCs) with rigid aromatic “arms” built from
fluoroarenes and pyrazoles, which promote intermolecular
hydrogen bonds and [r--m] stacking that hold the porous
structures in place.19 Such PMCs and their precursors show fast
adsorption of fluorinated compounds,l2 adsorbate-induced
piezochromism,1b and aggregation and self-assembly induced
emission.tcd Qur previous work has explored linear, bent, and
trigonal geometries of precursors to PMCs. In this work, we set
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Scheme 1. The synthesis of compound 1.
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out to examine the properties of a tetragonal geometry wherein
four arms are linked to the central ethylene core. As shown in
Scheme 1, we designed the organic fluorophore 1 by grafting
the arm of fluorinated benzene and pyrazole to
tetraphenylethylene, which is a classic compound exhibiting AIE
effect and often used in stimuli-responsive materials.” The
synthetic procedures and characterization data for the new
compounds can be found in the ESI.

Absorption and emission spectra of 1 and 2 in the THF (good
solvent)/H,O (poor solvent) mixed solvent system were
collected, which show that both compounds are AIE active
(Figure 1, and Tables S1 and S2). Both 1 and 2 show very similar
absorption and emission spectra when water fraction f, = 0%,
as they share the same conjugation system. The relative
emission intensity (//lp) of 1 increased to 27.3—29.6 with visible
green fluorescence under UV light (365 nm) when the H,0
volume fraction (fu) exceeded 75% (Figure 1c). The I/lpof 2 also
enhanced to 13.7-18.8 with f, = 45%, but the visible emission
color changed significantly from blue (fi,, = 45—-75%) to cyan (fw
= 90%) and then to green (f, = 98%) (Figure 1f). In the
absorption spectra of 1 in mixed solvent at f,, > 75%, a new peak
around 393 nm appeared, which may be from a dimer formed
by tight intermolecular interactions between electron-rich
pyrazole donor and electron-poor tetrafluorobenzene acceptor
as aggregation.’2 However, the absorption peaks of 2 just
changed in a narrow region (279-309 nm) in the mixed solvent
system, and no such peak around 393 nm was observed even
when f,, reached 98%. Tentatively, we explain this observation
by the bulky tert-butyloxycarbonyl groups of 2 hindering the
tighter intermolecular approach and interaction between
molecules of 2. The different emission behaviors of 1 and 2 in
H,O/THF suggest that it is possible to achieve different solid-
state luminescence based on the same 1 conjugation system.
We next set out to test whether a single compound could be
coerced into such different emission behaviors through
variations in crystal packing.

Compound 1 crystallizes in two distinct forms. Crystals 1A
were produced by the slow evaporation of the solution
obtained after a solvothermal reaction (80 °C, 24 h) of
compound 2 (2.1 mg/mL) in a mixed solvent of DMF/MeOH. The
crystals of 1A are long, straight, and rod-like in their mother
liquor. They are colorless under white light and show an
emission peak (Aem) at 446 nm with visible blue color under UV
irradiation (Figure 2a and c, labelled as “wet 1”). Surprisingly,
when crystals of 1A were filtered and air-dried, they became
yellow. Such sensitive color change prompted us to explore 1A’s
emission under dry conditions too. To do so, the mother liquor
of the wet 1A was first adsorbed by a Kimwipe and then the
crystals were dried in vacuo at room temperature for 10 min.
After the first drying, the crystals remained long, straight, and
rod-shaped but became opaque and small cracks appeared on
their surface. They showed Aem at 503 nm with visible green
fluorescence under UV irradiation (Figure 2a and c, “dry 2”). Re-
wetting the sample by 1-2 drops of DMF recovered its original
emission spectrum with blue emission color (Figure 2a, “wet
3”). The alternation of wet and dry conditions resulted in the
reversible switching of emission color from blue to green over
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Figure 2. Behavior of crystal 1A (a-c) and 1B (d-f) during wetting and drying cycles:
emission spectra (a and d, Aec = 298 nm) and the emission peak (b and e) of crystals as a
function of wetting and drying. Digital microscope photos (c and f) of wet as-prepared
(left) and then dried (right) crystals under UV (365 nm) and white light; Note: “wet 1” of
crystal 1A contained DMF and a small (<15%) amount of MeOH leftover from the
synthesis. Other “wet” crystals have been wetted with DMF only.
six wetting-drying cycles (Figure 2a-b and Figure S10, and a
video in ESI).

On the other hand, recrystallization of the hot DMF solution
of compound 1 (10 mg/mL) generated crystals of 1B, which are
yellow and block-like, showing Aem at 480 nm with visible cyan
emission under UV light (Figure 2d and f, “wet 1”). Subjected to
the same drying and wetting cycles as 1A, the crystals of 1B
changed the Aem, only within a very narrow range (479-483 nm)
and kept their cyan fluorescence over six wetting-drying cycles
(Figure 2d-f and Figure S11). The excitation spectra were also
tested for crystals 1A and 1B (see Figure S12), which show that
a new peak around 430 nm appeared after crystals 1A were
dried. However, the excitation spectra of 1B almost overlapped
at the long wavelength side. All these emission and excitation
spectra under the wet and dry conditions indicate that 1A is
stimuli-responsive to DMF solvent, but 1B is not. To explain the
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Figure 3. The structure of single crystal 1A: (a) the framework formed by 1 and DMF; (b)

the intermolecular interactions established by a DMF molecule. Note: the cyan, orange,
and green dash lines represent O--H, N--H, and C---H interactions, respectively. Element
colors: H—white, N—blue, C—gray, F—green, O—red.
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observed difference, single X-ray diffraction (XRD) analyses
were carried out on both crystals.

Crystals of 1A show a monoclinic space group C2/c with half
a molecule of 1 and one DMF molecule in the asymmetric unit.
Molecules of 1 and DMF form a framework with parallelogram-
shaped void channels (16.0 x 29.5 A, Figure 3a) along the
crystallographic c axis. These channels are filled with disordered
solvent molecules (DMF and MeOH) under wet conditions.3
Each DMF molecule shows strong interactions with four
molecules of 1 and two other molecules of DMF (Figure 3b). The
oxygen atom of the central DMF forms hydrogen bonds with 1x
and 1y. The formyl group of the DMF as hydrogen bond donor
interacts with a pyrazole group of 1x’. There is also a C—H---C(m)
interaction between a methyl group of DMF and a benzene ring
of 1y’. Along the crystallographic c axis, each DMF molecule also
interacts with two adjacent DMF molecules by O:-H-C
hydrogen bonds. The DMF molecules therefore form an infinite
hydrogen-bonded chain along the c¢ axis, while also hydrogen
bonding with neighboring molecules of 1, forming the void
channels structure. More details of the structure of crystal 1A
can be found in Figure S13-15. The important role of DMF in
forming such a framework also means that the crystal structure
is unstable after drying. Although the single crystal structure of
the dried 1A was not obtained due to the poor quality of dried
crystals, the powder XRD data supports that the packing mode
changed during wetting and drying cycles (see Figure S16).

To further understand the importance of DMF in
maintaining the framework of 1A, a theoretical simulation was
carried out to show the stability of a dimer (Figure 4).100 The
initial dimer model is based on the dimer extracted from the
single crystal structure of 1A, where the arms (two from C; atom
and two from C; atom) not involved in the intermolecular
interactions in the dimer are replaced with hydrogens to save
the computational expense. The dihedral angle of C;—C,—C3—C,,
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Figure 4. (a) The initial dimer model. (b) The optimized dimer with the lowest structure
energy. (c) The relation between the C,—C; distance and the relative energy of the dimer.
The calculations were performed at the B3LYP-D3/6-31G(d) level by using Gaussian 16.17

Figure 5. (a) The intermolecular interactions among molecules of 1 in a single layer and

(b) the structure established by four spatially close DMF molecules, covered by Hirshfeld
surfaces, with neighbouring molecules of 1 in crystal 1B. The orange dash line represents
N--H interaction.
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and the angles of C;—C,—Cs; and C,—C3—C4 are fixed, which ensure
that the orientation of the two C=C bonds are always kept as in
the original crystal structure. The calculation scanned the
energy of each optimized dimer structure along the distance of
C,-Cs with an interval of 0.2 A, which changes the relative
position of the two adjacent arms. As shown in Figure 4b and c,
a more stable dimer with 9.9 kcal mol! lower energy can be
found as the distance of C,-Cs decreases from 20.2 A of the
initial dimer to 15.6 A. Such stable structure shows a larger
overlapped area of the intermolecular aromatic rings with a
shorter interlayer distance, which may be the reason why the
emission color of crystal 1A shifts from blue to green upon
drying.

Crystal 1B crystallizes in a triclinic space group P1 with two
molecules of 1 and four molecules of DMF in the asymmetric
unit.13 There are two conformations in crystal 1B, indicated as
1a and 1B, where the pyrazole groups are almost coplanar with
the central double bond. However, crystal 1A just has one
conformation 1y, whose pyrazole groups are nearly
perpendicular to the central double bond (see Figure S17 and
Table S5). Such difference results in different packing modes of
crystals. Each 1a (or 1B) connects with four molecules of 1B (or
1a) by N---H—N hydrogen bonds as donors or acceptors in a layer
(Figure 5a). Each layer combines with adjacent layers by a series
of intermolecular interactions and short contacts (see Figure
S$18), which results in a much tighter packing mode of crystal 1B
than that of crystal 1A, as supported by the analyses of void
space, which are 527.02 A3 (7.8% of unit cell volume) in crystal
1B and 2522.2 A3 (29.4% of unit cell volume) in crystal 1A (for
details, see Figure S19). In crystal 1B, each four spatially close
DMF molecules are closely trapped in a void formed by
molecules of 1, which can be observed easily by Hirshfeld
surfaces covering four such DMF molecules (Figure 5b, and
Figure S20 and 21).14 After dried in vacuo overnight, crystals of
1B kept similar unit cell parameters (triclinic, a = 17.08(10) A, b
=21.15(12) A, c =21.57(13) A, @ =94.5(2) °, 8= 111.37(17) °, v
= 110.82(13) °) as those of the single crystal 1B under wet
conditions (Table S4).

The calculated energy gaps between the optimized first
excited state and ground state of the three types of molecule 1,
surrounding by neighbouring molecules generated by Hirshfeld
surface analysis, are 2.52 eV (492 nm), 2.51 eV (494 nm), and
2.74 eV (452 nm) for laand 1B of 1B, and 1y of 1A, respectively.
These values agree with experimentally obtained Aem values of
479-483 nm (1B) and 442-446 nm (1A, wet). Details of these
calculations are provided in Figure S22.

In summary, our analyses above show that the tight packing
mode of crystal 1B neatly traps the DMF molecules, making
their escape and reentry impossible during the drying and
wetting cycles; therefore, its emission remains constant. On the
other hand, the framework of crystal 1A established with DMF
and 1 is loosely packed, and can easily shift from one occupancy
mode to another with drying and re-wetting and that change is
reported on with vivid switching of the emission color of 1A. Our
results suggest that the solvation of crystals could be used in the
design of stimuli-responsive materials: different solvation of
one and the same fluorophore can be an efficient way to

J. Name., 2013, 00, 1-3 | 3
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stimuli-responsive materials by using solvent

molecules to adjust fluorophores’ packing mode.
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