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of Chemistry Although molecular crystals have long been considered to be intrinsically brittle, a study of molecular

crystals that are capable of plastic or elastic bending upon applying mechanical stress recently attracted
significant attention. Malleable molecular crystals often need to meet specific criteria regarding the
intermolecular interaction patterns within the crystal structure. Accordingly, examples have been
reported where one polymorph shows bending, while other polymorphs of the same compound exhibit
fracturing upon exposure to mechanical force. Here, we have succeeded in preparing bent crystals of an
intrinsically fragile polymorph. Methylated flufenamic acid (1) can form three different polymorphs, i.e.,
la, 18, and 1y, of which 1 is difficult to isolate. Under mechanical force, the crystals of lee exhibit
remarkable plastic deformation, while those of 1y are readily broken. Similar to the mechanical
properties, the emission properties of 1 differ depending on the polymorph, i.e., 1y exhibits a shorter-
wavelength emission maximum and much higher emission quantum yield than la. Remarkably, both the

unbent and bent forms of the l1e crystals can undergo a phase transition to the 1y phase upon exposure
Received 3rd May 2024 to ethyl acetate. In thi hase transitions of th hanically bent crystals of polymorph 1
Accepted 6th July 2024 o ethyl acetate. In this manner, phase transitions of the mechanically bent crystals of polymorph le

afforded bent crystals of the intrinsically fragile polymorph 1y. These findings may lead to a potential

DOI: 10.1039/d4sc02918f post-modification method for the preparation of functional flexible materials with enhanced emission
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Introduction

Molecular crystals have long been considered to be intrinsically
brittle. Although they often show unique optoelectronic prop-
erties that stem from their anisotropy and dense packing, their
brittle nature has hampered their applications in the develop-
ment of advanced materials." However, the past few decades
have witnessed numerous reports of molecular crystals that are
capable of plastic or elastic bending upon applying mechanical
stress. In particular, functional bendable crystals have provided
new applications in flexible optoelectronic materials,” such as
optical waveguides,® conductivity,* ferro/piezoelectricity,” and
hybridization with a polymer.°

Several studies have found that intermolecular interaction
patterns within molecular crystals are important for their
bending behavior.” For example, bendable molecular crystals
often adopt molecular arrangements that exhibit anisotropy in
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properties in order to expand their applications.

terms of the strength of the intermolecular interactions. Typi-
cally, molecules in plastically bendable crystals exhibit stacking
arrangements to form tightly packed column motifs. The
columns exhibit strong intermolecular interactions with
neighboring columns along one of the two directions orthog-
onal to the column axis, and weak interactions along the other
orthogonal direction.”*”* When the intermolecular interactions
manifest along the two orthogonal directions with respect to the
column axis are energetically comparable, elastic bending
behavior is often observed.””® These results indicate that
control over the molecular arrangement is required to achieve
bending in molecular crystals.

Polymorphism-dependent crystal-bending behavior has also
been reported. Generally, different polymorphs exhibit different
properties, such as emission or semiconducting properties,
despite the constituent molecule being the same.® Similarly, the
mechanical properties of molecular crystals can differ among
their polymorphs.® Desiraju et al. reported that three poly-
morphs of 4-bromophenyl-4-bromobenzoate show plastic
deformation, elastic deformation, and fracture under mechan-
ical stress.” In addition, the mechanical properties of crystals
can be controlled through phase transitions between poly-
morphs. For example, Zhang reported a thermal phase transi-
tion from polymorph A to polymorph B of 9,10-
bis(phenylethynyl)anthracene; these polymorphs exhibit plastic
bending and fracture, respectively, when subjected to
mechanical force under ambient conditions.* However, reports

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of phase transitions in bent crystals remain limited so far.'’
Such phase transitions should enable “post-modification” of
the properties or the shape of mechanically processed bent
crystals.

Here, we report methylated flufenamic acid 1," which can be
used to prepare an intrinsically fragile bent crystal based on its
polymorph-dependent mechanical and phase-transition prop-
erties (Fig. 1). 1 forms three different polymorphs, i.e., 1o, 1B,
and 1vy, although 1B is difficult to isolate in synthetically
meaningful amounts. 1o is plastically deformed under
mechanical stress, while 1y is fractured. Crystal-structure
analyses confirmed that the packing arrangement of 1a
exhibits characteristics typical of plastically bendable molecular
crystals. In contrast, 1y does not exhibit this type of crystal
structure. Vapor treatment resulted in an interpolymorph phase
transition from 1e to 1y. Remarkably, the bent crystals of 1o
also undergo phase transitions by vapor treatment to give bent
crystals of the intrinsically brittle polymorph 1y.

Results and discussion

Compound 1'*¢ forms three different polymorphs, ie., 1a, 1B,
and 1y, under different crystallization conditions. Weakly
green-emitting polymorph 1a was obtained by slow evaporation
of 1 in methanol for three days. Using the same solution,
evaporation over seven days afforded polymorph 1p. However,
the concomitant formation of 1« and 1 made the isolation of
1B in synthetically meaningful amounts difficult, which limited
our ability to perform several of the experiments for 1B. 1y was
obtained from an ethanol/H,O (4 : 1) solution of 1 and NH,Cl, as
reported by Byrn for the crystallization of form V of flufenamic
acid.™“* A mixture of 1 and NH,CI in ethanol/H,O was filtered
and left to stand for three days under ambient conditions to give
crystals of 1vy.

Upon applying mechanical stress, the crystals of 1et and 1B
bend plastically, while the crystal of 1y breaks. Applying

(1B: hard to isolate in sufficient amounts)
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Fig. 1 Chemical structure of 1. Photographs of 1e, 18, and 1y. Sche-
matic representation of polymorphism and mechanical properties of
the crystals of 1.
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Fig. 2 Photographs of pieces of crystals of (a) 1la, (c) 1B, and (e) 1y
before and after applying mechanical stress. Photographs of the most
extremely bent crystals of (b) 1o and (d) 1B.

mechanical stress to the (001) plane of 1a resulted in a dramatic
change in its shape (Fig. 2a and S1 as well as ESI Movie S17).
After removing the stress, 1a retains its deformed shape, con-
firming the occurrence of plastic deformation. When mechan-
ical stress was applied to the other faces of the crystal of 1e, the
crystals fractured (Fig. S2t). The crystals of 1B also displayed
plastic deformation upon applying mechanical stress to the
(00—1) face (main face, Fig. 2c), but broke when the other crystal
faces (minor faces) were pushed (Fig. S31). Repeated tests
revealed that the bending behavior of 1a is much more
dramatic than that of 1B (Fig. 2b and d, respectively). Unlike the
crystals of 1ot and 1, those of 1y were found to be mechanically
brittle. Irrespective of the face to which the stress was applied,
the crystals of 1y fractured under mechanical stress (Fig. 2e).*?
These differences in the mechanical properties of 1 should
originate from their different crystal structures.

A single-crystal X-ray diffraction (XRD) analysis of 1et indi-
cated the presence of slide planes responsible for plastic
bending. 1a crystalized in the Pna2, space group (Fig. 3 and S5
as well as Table S1t). The dihedral angles of the two benzene
rings of each molecule (6,4) were determined to be 136.77° and
138.82° (Z' = 2). As typically observed for molecular crystals that
contain benzoic-acid groups,”® double hydrogen bonding
interactions were observed (O---O distance: 2.640 A; Fig. 3a).
The resulting flat planes formed by two benzoic-acid moieties
within the dimer stack with the neighboring flat planes of other
dimers with an offset result in the formation of a column
structure (Fig. 3b, ¢ and S51). These columns interact tightly
with each other along the a axis through CH-7v interactions
(3.845 or 3.869 A for the carbon-7 plane distance; dashed lines
in Fig. 3d) to form sheet-like architectures along the (001) plane.
In contrast, no clear “strong” intermolecular interactions are
present between the columns along the ¢ direction, where the

Chem. Sci., 2024, 15, 12258-12263 | 12259
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Fig. 3 Crystal structure of la showing (a) the dimer, (b) the stacked
dimers, (c) the column, and (d) the interactions among the columns.
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CF; and Me groups are oriented (highlighted in green, Fig. 3d).
These moieties should act as slide planes along which the
molecules within the sheet motif move upon the plastic
bending of the crystal.** Such molecular movements along slide
planes have been reported for plastically bending crystals.”¢
An energy-framework analysis based on the crystal structure of
1a corroborated a pronounced anisotropy of the strength of the
intermolecular interactions (Fig. S6)."

1y also forms a column motif through the stacking of doubly
hydrogen-bonded dimers, but unlike 1a, it does not feature
slide planes. Polymorph 1y crystallizes in the P2,/n space group
(Fig. 4 and S8 as well as Table S17). Similar to 1a, the confor-
mation of 1 is twisted (fq = 45.91° Fig. 4a). The difference
between the 63 of 1o and 1y is ~90°, indicating that the
orientation of the CF; groups is the main difference between the
monomer conformations in the two polymorphs (Fig. S9T) The
hydrogen-bonded dimers in 1y (O---O distance: 2.649 A; Fig. 4a)
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Fig. 4 Crystal structure of 1y showing (a) the dimer, (b) the stacked
dimers, (c) the column, and (d) the interactions among the columns.
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stack to form a column along the a axis through the parallel
orientation of the planes formed by the benzoic-acid domains
(Fig. 4b, c and S87). These columns interact along both the
b and ¢ directions via weak CH---F interactions (dotted lines in
Fig. 4d). This is different from the intercolumnar interactions in
1a, in which the columns form sheets through relatively strong
CH- interactions. The energy-framework analysis of 1y also
showed a less pronounced anisotropy of the strength of the
intermolecular interactions along the b and ¢ axes (Fig. S107)
compared to that of 1a. Thus, 1y does not have slide planes,
which are often observed in the crystal structures of plastically
bendable molecular crystals such as 1e.’#*¢ This is in agree-
ment with the absence of plastic deformation of 1y upon
applying mechanical stress (Fig. 2e).

An investigation into the photophysical properties of 1
revealed that mechanically brittle 1y exhibits a much higher
absolute emission quantum yield (@) than 1e. Under photo-
excitation at 365 nm, the crystal of green-emitting 1ot showed
broad emission with a maximum wavelength (Aemmax) Of
469 nm and an @, of 5.6% (Fig. 5 and Table S271). The emis-
sion-decay profile of 1a provides an average emission lifetime
(tav) of 0.66 ns (Fig. S11 and Table S27), which indicates that the
emission of 1a can be assigned to fluorescence, similar to the
case of flufenamic acid.**? In contrast, blue-emitting 1y
displays a broad emission spectrum (Aem,max = 437 nm) that is
hypsochromically shifted relative to that of 1e (Fig. 5). The t,, of
1y was determined to be 3.9 ns (Fig. S11 and Table S27), indi-
cating that the emission of 1y should also be attributed to
fluorescence. The absorption spectral onset wavelength of 1vy is
also located in a shorter wavelength region (~430 nm) than that
of 1a (~470 nm; Fig. S121)."® Remarkably, the &, value of 1y
was determined to be 51%, which is roughly nine times that of
1o (Fig. 5 and Table S27}). The low @, of 1a could be due to the
presence of the slide planes, given that the crystal-structure
domains with weak intermolecular interactions in the slide
planes could promote the nonradiative quenching pathway.
These results indicate that the photophysical properties of 1
depend on the polymorph, similar to their mechanical proper-
ties, which suggests that if phase transitions between the
polymorphs of 1 could be achieved, these properties could be
controlled.

Vapor treatment of 1a resulted in a phase transition to 1y,
accompanied by changes in the mechanical and emission

437 469
1y 1a
> DPen=51% D= 5.6%
2
2o
£
el
9]
N
©
£
S
z
400 450 500 550 600
Alnm

Fig. 5 Emission spectra of 1lae and 1y under excitation at 365 nm.
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Fig. 6 (a) Photographs of the transformation of la into 1,,,, UpoN

exposure to ethyl acetate recorded under irradiation with UV light. (b)
Emission spectra of 1a, 1y, and 1,,,c under excitation at 365 nm. (c)
Photographs of a piece of a 1,55 Crystal before and after the appli-
cation of mechanical stress; white scale bars in (c) represent 0.5 mm.

properties. After exposure to ethyl acetate for 24 h, the solid
sample of 1a changed color from yellow to white (Fig. S157).
Simultaneously, the emission color changed from blue-green to
blue with intensified emission intensity (Fig. 6a). The resulting
samples are hereafter called 1,,,,.'” Interestingly, the absorp-
tion and emission spectra and the emission-decay profiles of
1yapo Were different from those of 1o and resemble those of 1y
(Fig. S12, 6b and S11,} respectively). Moreover, single-crystal
XRD analysis of the 1., crystal revealed that the crystallo-
graphic parameters of 1,,;,, were essentially identical to those of
1y obtained from recrystallization (Table S37). Similarly, the
DSC traces of 1,,,, resemble those of 1y (Fig. S17f). These
results indicate that the phase transition of 1a to a phase
similar to that of 1y occurs upon exposure to ethyl-acetate
vapor. Other good solvents, such as acetone and chloroform,
can also promote the phase transition from 1a to 1y (Fig. S187).
As a result of the phase transition from 1a to 1,4p, (=1Y), the
emission color changed (Fig. 6b), accompanied by a marked
increase in emission intensity (®em: 5.6 — 46%; Fig. S19 and
Table S27). Similarly, the mechanical properties of 1 were
modulated, ie., the bendable 1o became brittle upon vapor
treatment when 1,,p, is formed (Fig. 6c). The thermal phase
transition from 1e to 1y phases also occurred, as confirmed by
spectroscopic and powder XRD analyses (Fig. S20%)."* These
results indicate that the vapor treatment of 1 induces a phase
transition from 1e to the thermodynamically favorable phase
1y.

By utilizing the phase transition behavior of 1, bent crystals
of intrinsically brittle 1y can be obtained. A pristine crystal of 1
was bent via mechanical force and then exposed to ethyl-acetate
vapor (Fig. 7). This bent crystal of 1a also underwent an emis-
sion color change (Fig. 7). The resulting emission spectrum
essentially overlaps with that of 1y (Fig. S21t), similar to the
spectrum of the unprocessed crystal of 1a (Fig. 6b). This result
indicates that the bent crystal 1o underwent the phase

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

Fig. 7 Photographs of unbent and bent 1o and bent 1,5, recorded
under irradiation with UV light. The exposure time to ethyl-acetate
vapor is shown in parentheses.

transition to 1,4, (=1Y). The transition was also supported by
a single-crystal XRD study of a small piece of a bent 1,,p, crystal,
which was cut off from a larger crystal (Table S37). The resulting
bent 1,.,, crystal showed intense green emission (Fig. 7).
Importantly, 1y is intrinsically brittle under mechanical force
(Fig. 2e). Thus, the “intrinsically brittle” bent crystal 1y,p, (=17Y)
can only be obtained through a vapor-induced phase transition
from the bent crystal of malleable 1a. This method will possibly
lead to new applications that require both a bent crystal shape
and novel emission properties.

The slow phase transition from 1a to 1y could be the key to
retaining the bent shape of the crystals. In previously reported
studies that investigated the phase transitions of the mechan-
ically bent crystals, the phase transitions induce the crystal-
shape changes to recover the original straight shape or to
further bend the shape.’® Importantly, these phase transi-
tions occur in a time frame of minutes or less.***“ Such rapid
phase changes often result in accumulated internal strain
within the crystalline lattice, especially at interfaces between the
parent and the converted domains.' The crystal-shape changes
then occur as a result of releasing this strain. On the other hand,
the vapor-induced phase transition of 1 takes 20 h or more,
most likely due to the relatively large conformational change
including the ~90° rotation of the CF;-substituted benzene ring
of 1 (Fig. S91). Such slow crystal-structure changes prevent the
accumulation of residual strain within the interface. Thus,
molecular-arrangement changes in 1 do not lead to a change in
the shape of the crystal morphology.

The pristine polymorphs 1a and 1y were both found to
exhibit optical waveguide behavior. Molecular crystals with
optical waveguide properties have potential for various appli-
cations in optoelectronics and flexible materials.>*® To assess
the waveguide properties of 1, their pristine crystals were
photoexcited via irradiation with focused laser light (Aex = 405
nm) at specific positions, and the emission spectra were
monitored at the edge positions (Fig. 8a, b and S22+). The ratio
of the emission intensity at the excitation point (Ig,) and crystal
edge (Iwg) was plotted as a function of the distance (D) between
the excitation and detection points (Fig. 8 and S237). Both
polymorphs 1a and 1y exhibited decreasing Iyc/Iex values with
increasing D (Fig. 8c and d, respectively), indicating their
waveguide activity. Furthermore, the plots were fitted using the
relationship Iyg/Izx = A exp(—aD), where A is a constant and « is
the loss coefficient.” The results suggest « values of 0.013 £
0.005 dB pm™* and 0.044 + 0.003 dB pm ' for 1& and 1y,

Chem. Sci., 2024, 15, 12258-12263 | 12261
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Fig. 8 (a) Fluorescence images of (a) pristine 1ee and (b) pristine 1y with

laser excitation (Aex = 405 nm) applied at different positions along the
long-axis direction. The distance between the excitation and detection
points (D in pm) is denoted in parentheses. Magnified images are
shown in Fig. S22.7 (c) Ratios of the emission intensity lwg//ex plotted as
a function of D for (c) 1o and (d) 1y, corresponding to the images in (a)
and (b), respectively.

respectively. The smaller « value of 1a indicates its superior
waveguide behavior compared to that of 1y. Unfortunately,
subjecting 1a to bending or phase transitions led to a loss of its
waveguide properties, i.e., the bent crystals of 1a and the crystal
of 1yap, did not show waveguide properties (data not shown).
This result indicates that the current process of changing the
shape or molecular arrangement of the crystals causes a dete-
rioration of the molecular order, which severely affects their
specific optical properties, i.e., their waveguide activity. Ideally,
the application of external stimulation in an optimized manner,
i.e.,, gentle pushing to bend 1la or pressure/concentration
control during vapor exposure for the transformation of 1a
into 1,,p0, could prevent the deterioration of the molecular
arrangement within the resulting crystals, allowing the wave-
guide activity to be retained. The achievement of waveguide
activity in bent 1,,p, is our future goal.

Conclusions

In conclusion, we have reported the mechanical and emission
properties, as well as the phase-transition behavior of two
predominant polymorphs of 1, i.e., 1o and 1. The crystals of 1a
with a low @.p, of 5.6% exhibit dramatic plastic bending upon
exposure to mechanical stress. In contrast, the crystals of 1y,
which exhibit pronounced emission properties (P, = 51%),
are brittle and break upon exposure to mechanical stress.
Treatment of crystals of 1a with ethyl-acetate vapor induces
a phase transition, even after these crystals had undergone
mechanical deformation, thus allowing the preparation of bent-
shaped 1y crystals (1yapo). This indicates that through exploi-
tation of the polymorph-dependent emission and mechanical
properties in conjunction with the phase-transition capability,

12262 | Chem. Sci,, 2024, 15, 12258-12263
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we successfully achieved the preparation of a novel optically
active bent crystal of an intrinsically fragile polymorph. This
method can be used as a post-modification technique for the
preparation of functional flexible materials to enhance the
emission properties in order to expand their application
portfolio.
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