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Mechanochromic hydrogen-bonded cocrystals
with a salient effect upon heatingf
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Herein, we report the characterization of two hydrogen-bonded cocrystals, termed AC-TFTA and
AC-PFBA, with mechanofluorochromism upon grinding. The heating of single crystals of AC-TFTA
promotes microscopic displacements due to a decarboxylation process, which was studied through
calorimetry-based techniques, gas chromatography/mass spectrometry, and hot-stage microscopy.
Using solid-state nuclear magnetic resonance (ssNMR), powder X-ray diffraction (PXRD), and UV-Vis/
fluorescence spectroscopy, we demonstrated that AC-TFTA displays sharper photophysical changes
than its analog AC-PFBA, attributable to differences in the energies of their non-covalent interactions.
Furthermore, the reversibility of the amorphous phase in both cocrystals was explored. However, fatigue
tests led us to conclude that AC-TFTA displays potential for application as an anticounterfeiting agent, in
contrast with the more robust crystalline AC-PFBA. This work emphasizes the importance of

rsc.li/frontiers-materials

1. Introduction

The quest for smart materials capable of dynamically responding
to an external stimulus has led to significant advancements in
materials science and engineering. Among these responsive mate-
rials, mechanofluorochromic (MFC) compounds have emerged as
promising candidates due to their ability to undergo reversi-
ble changes in their fluorescence emission under mechanical
stress.”” Their expanding array of applications, ranging from
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cocrystallization in generating accessible and functional mechanofluorochromic materials.

anticounterfeiting to ref. 3 encoding,” sensing,” and other emissive
applications,® has attracted considerable interest in recent years.

Frequently reported mechanofluorochromic compounds are
based on boranyls,”® tetraphenylethylene compounds,”™ benzi-
midazole-like skeletons'>'* and cyanovinylethylene acceptors.'* In
addition, gold-containing cyano-based small molecules and other
inorganic materials can display these attractive properties.'>>°

A typical methodology for developing MFC materials
involves the amalgamation of electron-donating and electron-
withdrawing functional groups in one molecule via covalent
bonds. Such a combination allows for specific modulation of
the resulting frontier molecular orbitals (FMOs) and causes a
red-shift in the photoluminescence (PL) properties.*!

The use of bulky and twisted conjugated components also
helps to obtain MFC compounds because the grinding process
tends to modify the dihedral angles of the moieties with respect
to the backbone, thus provoking changes in the mn-conjugation
and impacting the optical properties of the materials.” When
the structural variations are drastic, they may lead to changes
from one solid form to another, whether in a single-crystal
to single-crystal (SCSC) transition,** or from a crystalline to an
amorphous material,>® among other possibilities.

Including the mentioned features in a single molecule could
be synthetically challenging and potentially lead to low yields,
quenched emission, or minimal solubility of the resulting
compounds. To overcome the cited limitations, several groups
have relied on the principles of crystal engineering and
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supramolecular chemistry using cocrystallization as the pre-
ferred approach to enable modifications of the photolumines-
cence of solids.**>® Molecular cocrystals are multicomponent
solids composed of neutral, crystalline molecules in specific
stoichiometric ratios, termed coformers.”” Its development has
enhanced the control of physicochemical properties, for
instance solubility, thermal/photo stability and its photophysi-
cal properties, owing to the availability of synthetic methods
and commercial coformers.”®

Interestingly, the research of crystalline MFC materials
based on cocrystallization is scarce.”*™' In this context, the
hydrogen bond, a directional, strong, non-covalent interaction,
has been a pivotal area of study due to the robustness that it
can provide to crystalline solids. Notable examples of these
compounds are the works of Ito,** Xie,** and Dar,****> who have
successfully developed crystalline materials with high respon-
siveness and multicolor emission.

The multi-responsiveness of crystalline materials is not
limited to the stress-induced stimuli but includes the thermal
treatment of crystalline samples that can lead to macroscopic
displacements due to the release of molecules, such as carbon
dioxide.?® In the context of cocrystals, Gong et al. reported the
jumping mechanism of a coronene-TFBQ cocrystal triggered by
the expelling of the acceptor molecule in a thermal stimulus.?”
More recently, Das et al. reported a salt formed by piperazine-
trifluoroacetic acid where the crystals released TFA molecules
upon bending.?®

Considering the above, we envisioned using a fused carbazole-
acridine fragment as the hydrogen bond acceptor due to its
straightforward synthesis, thermal robustness, and photolumines-
cent properties. Complementarily, we draw on perfluorobenzoic
and tetrafluoroterephthalic acids to facilitate new crystalline forms
and possible responsiveness inspired by previous reports.***>*° It
is important to note that additional non-classic hydrogen bonds
may also enable interesting properties both in the strength and
lattice responsiveness of the crystalline packing.>*!

Here, we report the systematic characterization of two hydrogen-
bonded cocrystals with 1:1 (AC-PFBA) or 2:1 (AC-TFTA) stoichio-
metries. The properties of each solid were thoroughly explored and
characterized by single crystal and powder X-ray diffraction, fluores-
cence, UV spectroscopy, and variable temperature solid-state NMR.
Remarkably, the heating process of AC-TFTA is translated into
jumping of its single crystals, which were successfully correlated
with a decarboxylation of the TFTA moiety. Further experiments
with this cocrystal revealed its potential application in anticounter-
feiting due to the remarkable color change between ground and
crystalline phases upon heating and vapor exposure.

2. Experimental section

Reagents and solvents were purchased from the company
Sigma-Aldrich®™. Reactions were monitored through TLC using
silica gel plates 60 F,s, purchased from Merck®. Spots were
detected by UV-light absorption. Reactions were carried out in
an inert atmosphere using nitrogen (N,). Solution 'H and **C
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experiments were recorded at room temperature using a Jeol
Eclipse 270. The spectroscopic data is referenced to CDCl;
(*H: 6 = 7.26 ppm, s; *C: § = 77.0 ppm). High-resolution mass
spectrometry was obtained in a Jeol J]MS-AccuTOF JMS-T100LC
spectrometer, ionization mode: direct analysis in real time
(DART). FTIR-ATR spectra experiments were recorded with
Bruker ATR equipped with a diamond tip in the spectral
window from 4000 to 500 cm *. Unless otherwise noted,
uncorrected melting points were determined in a Fisher-
Johns melting point apparatus. Optical microscopy images
were acquired using an Olympus BX43 microscope in a
4x zoom lens with a Samsung SM-A525 M (F1.8, 0.0 eV, 1/60,
24 mm, and ISO from 80 to 2000). In contrast, Hot-stage
microscopy images were captured using a hot-stage Linkam
LTS420E with a ramp program of 100 °C min~'. Photolumines-
cence spectra and Fluorescence quantum yields (PLQY) in
the solid state were measured on an Edimburg Instruments
FS5 spectrofluorometer equipped with an integrating sphere
(SC-30) at room temperature. Fluorescence lifetimes were measured
at room temperature using the standard time-correlated single-
photon counting (TCSPC) technique using a picosecond pulsed
laser diode (EPL-405) at 405 nm from Edinburgh Instruments
(EPL-405). Large single crystals were grown according to the
procedures described below to obtain pristine powdered sam-
ples of the cocrystals. Then, the obtained crystals were slightly
crushed to obtain smaller crystals with no preferred orientation
confirmed through PXRD.

2.1. Synthesis of cocrystal AC-TFTA

21 mg of AC (0.06 mmol, 1 eq.) and 14 mg of TFTA (0.06 mmol,
1 eq.) were placed in a 10 mL vial. Afterward, 5 mL of
dichloromethane/methanol (4:1) was poured into the vial,
resulting in a red solution. The system was sealed and heated
at 70 °C until no solids were observed. If solid matter would
remain, the solution was filtered through a Pasteur pipette
plugged with a small piece of cotton into another 10 mL dry
vial. The cap is loosened, and the solution evaporates for 4 to
5 days to obtain yellow prismatic-shaped single crystals. They
were washed with a small amount of cold methanol to dry the
crystals and vacuum-filtered using a Hirsh funnel. Yield: 24 mg
(85%). Elemental analysis for AC-TFTA (C33H;3F4N,0,): calc. C:
75.16, H: 3.70, N: 6.04; found C: 75.11, H: 4.04, N: 6.41.

2.2. Synthesis of cocrystal AC-PFBA

34 mg of AC (0.10 mmol, 1 eq.) and 21 mg of PFBA (0.10 mmol,
1 eq.) were placed in a 20 mL vial. Afterward, 10 mL of
dichloromethane/hexane (4:1) was poured into the vial, form-
ing a red solution. The heating and cooling process is the
same as employed for AC-PFBA. The solution is allowed to
evaporate for three days to obtain yellow needle-shaped
single crystals. They were washed with a small amount of cold
hexane to dry the crystals and vacuum-filtered using a Hirsh
funnel. Yield: 45 mg (81%). Elemental analysis for AC-PFBA
(C35H;,F5N,0,): cale. C: 69.07, H: 3.08, N: 5.03; found C: 68.12,
H: 3.26, N: 5.29.
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2.3. Cocrystal grinding

Mechanical grinding of cocrystals was performed in a planetary
ball miller Fritsch® Pulverisette 7. Two grinding bowls of zirco-
nium oxide (20 mL) with steel casing and sealing silicone rings
were employed simultaneously, each with 160 mg of cocrystal
(AC-TFTA or AC-PFBA). Additionally, each container was charged
with 5 zirconium-oxide grinding balls (diameter 10 mm). The
process was carried out using the neat-grinding method for
60 minutes at 850 rpm.

3. Results and discussion

3.1. Synthesis of cocrystals and SC XRD structural
determination

The carbazole-acridine fused molecule, 9-(9H-carbazol-9-yl)-
acridine, abbreviated ‘AC,’ consisting of an Ullmann-type cou-
pling using Cu(1) as catalyst (Scheme S1, ESIf) was previously
reported by Zeghada®® and reproduced for this work. The title
compound was characterized through 'H and **C solution NMR
spectroscopy (Fig. S1 and S2, ESIY), high-resolution mass spec-
trometry, and Fourier-transformed infrared spectroscopy, with
excellent agreement with the mentioned reference. During the
purification steps, we realized that saturated methanol/THF and
toluene mixtures could produce yellow, prismatic-shaped crys-
tals as solvated forms. Also, an acetonitrile solution produced
the solvent-free form, as reported by Koshima.*® Through all
these structures, a twisted structure with a pronounced dihedral
angle between the carbazole and the acridine fragment was
visualized, likely resulting from the steric hindrance of the
protons of positions 1 and 8.

The combination of AC and tetrafluoroterephthalic (TFTA) or
perfluorobenzoic (PFBA) acids led to the formation of cocrystals
AC-TFTA and AC-PFBA as pristine solids, which were obtained
from saturated mixtures of dichloromethane/methanol and
dichloromethane/hexane, respectively, suitable to be studied
using single crystal X-ray diffraction (SC XRD). The collection

[¢) w] Os OH
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F Fl O 2|F F
2 | <
F Fl= Slow I F
HO o g evaporation X F
TFTA | O — 3

Fig.1 Combination of AC with coformers TFTA or PFBA to form new
hydrogen-bonded cocrystals. The resulting single crystals are shown
under natural light and under UV light.
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Fig. 2 Structures of (a) AC-TFTA and (b) AC-PFBA, determined through
single crystal X-ray diffraction, with their respective representative hydro-
gen bond parameters (distances and angles). Ellipsoids are shown at 50%
level probability.

and solution of the structures allowed us to elucidate a triclinic
P1 space group for AC-TFTA, while a monoclinic system P2,/c
space group was determined for AC-PFBA. The colors and habits
of their structures can be visualized in Fig. 1.

The asymmetric unit of AC-TFTA comprises two molecules
of AC and one molecule of TFTA. However, the two molecules of
AC and two complete molecules of TFTA are non-equivalent.
Due to this feature, one of the TFTA molecules establishes
two hydrogen bond interactions, described by a distance
(Odonor * ‘Nacceptor) Of 2.592(1) A, while the angle / Njc:--H-
Orrra Was 168(2)°. Different parameters were observed for the
other TFTA molecule, consisting of a 2.609(1) A distance and an
angle of 173(2)°. All these interactions have been represented in
Fig. 2a. Regarding AC-PFBA (Fig. 2b), this cocrystal comprises
one molecule of both donor and acceptor of hydrogen bonds in
the asymmetric unit. The associated parameters for this inter-
action are composed of a distance of 2.653(3) A and an
L Npc: - -H-Opgpa angle of 167(2)°.

3.2. Spectroscopic features of pristine solids

The association of the corresponding carboxylic acids with the
AC molecules could be visualized and further analyzed using
Fourier-transform infrared spectroscopy (FTIR). Both cases
illustrated in Fig. S3 (ESIt) emphasize the presence of the
O-H stretching band of starting materials, which typically
appears in the region between 3000-2500 cm ' with a notable
broadening due to the formation of dimers between the car-
boxylic acid molecules.** Contrastingly, when the cocrystalliza-
tion occurs, the O-H stretching is resolved and shifted towards
higher frequencies as barely perceivable bands with respect to
the sole carboxylic acids. An equally visible change between the
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spectra is the decrease in the intensity and position of the C=0
stretching of the carbonyl towards higher frequencies when the
cocrystals are formed, from 1698 to 1720 cm™ ' for the TFTA,
and from 1711 to 1714 cm ™ * for the PFBA.*

The presence of a hydrogen-bond donor in the cocrystals led
to interesting crystalline packings and very different photolu-
minescence (PL) properties compared to the starting emissive
material AC, as seen in photographs from Fig. 1. Fresh samples
of pristine powders were prepared to assess and compare this
property. The experimental diffractograms of these solids were
obtained using powder X-ray diffraction and compared against
the calculated powder diffractograms from the crystallographic
information files to ensure the correct phase was obtained.
These are depicted in Fig. S4 (ESIT).

Next, room-temperature fluorescence spectroscopy was
employed to characterize the resulting solids’ photolumines-
cence. The PL spectra of both AC and pristine cocrystals are
depicted in Fig. 3a, illustrating an emission maximum at
507 nm for the starting material AC. As for the cocrystals, their
PL spectra display two emission maxima at 550 and 563 nm,

View Article Online
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corresponding to AC-PFBA and AC-TFTA, respectively. Despite
the closeness in the emission wavelength of the new solids, the
measured photoluminescence quantum yields (PLQY, @) are
very different. At a /., of 405 nm, the pristine AC showed a @ of
74.2%, while the value for AC-PFBA was 26.4% and 15.4% for
AC-TFTA.

Moreover, the time-resolved fluorescence decay experiments at
room temperature allowed us to determine the lifetimes (7) of the
pristine samples. Firstly, an exponential fit with three fluores-
cence lifetimes was proposed for the pristine AC as a solvent-free
crystalline powder (Fig. 3b). These times were 9.7 ns for 74, 28.3 ns
for 1,, and 48.8 ns for t;. These values are slightly higher for a
small fluorophore in comparison with other solid-state carbazole
derivatives;*®*” which could be attributed to the rigidity of the
crystal as well as lack of vibrations, owing to the mn-conjugated
system and strong intermolecular interactions between AC
molecules.?® On the other side, the fluorescence lifetimes of the
pristine cocrystals were determined through a biexponential fit.
For AC-TFTA, the 7, and 1, values were 7.1 and 20.3 ns, respec-
tively, whereas for AC-PFBA, these were 8.3 and 21.6.

a) b) c)
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Bl | AC-PFBA Pristine 10 ——AC Pristine S AC-PrFISBu:ePrisnne
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Fig. 3 Solid-state characterization of polycrystalline solids. Photophysical measurements in powdered samples: (a) room temperature photolumines-
cence of starting material AC and both cocrystals in their pristine forms; (b) time-resolved fluorescence decay profiles of starting material and cocrystals
in the solid state at room temperature (lex = 405 nm); (c) room temperature, solid-state absorption spectra of the compounds. Characterization of the Sy
state of (d) AC, (e) AC-PFBA, (f) AC-TFTA-a and (g) AC-TFTA-b at S; minimum. Electron density difference plots (pink positive, blue negative) for the Sg —
S, transition computed at TD-CAM-B3LYP-D3/6-311++G(d,p) theory. Isosurface contour value = 0.02 for (d) and (e) and 0.01 for (f) and (g).
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Table 1 Relevant photoluminescence parameters for the different pow-
dered samples are presented in this work

Sample  Treatment A, (nm) &% (%) 7T, (n=1,2,3...) (ns)
AC Pristine 507 74.2 9.7 28.3 48.8
AC-TFTA Pristine 563 15.4 7.1 20.3
Ground 656 0.6 5.6 15.1 32.5
Fumed 595 2.1 6.1 15.9 31.4
AC-PFBA  Pristine 550 26.4 8.3 21.6
Ground 567 5.6 6.6 18.4 44.3
Fumed 553 22.5 8.9 19.8 47.9

¢ Jex = 405 nm.

The reduction in the fluorescence lifetimes and PLQY of
the cocrystals compared to AC could be attributed to the
vibrational relaxation of the proton at the carboxylic acid,
reducing the fluorescence in the cocrystals.*® Another detri-
mental factor for fluorescence emission is the presence of
n-stacking in both cocrystals, depicted in Fig. S5 (ESIt), since
associated energy transfer, non-radiative processes can be
involved due to orbital overlap between fragments.*® For com-
parison purposes, the relevant PL data is displayed in Table 1.

To generate a deeper understanding of the photophysics of
the generated solids, UV-Vis spectroscopy experiments using
the diffuse reflectance technique were carried out on polycrys-
talline samples. From the spectra shown in Fig. 3c, a red shift
in the absorption bands of the cocrystals is visualized com-
pared to the AC powder. AC displays its maximum at ca.
292 nm, whereas AC-TFTA depicts an absorption maximum at
424 nm, and AC-PFBA does it at 419 nm. Moreover, through the
conversion of diffuse reflectance data into Tauc plots, it was
determined the optical gaps in the cocrystals, which correspond
to the energy of the lowest electronic transition accessible via
absorption of a single photon.>® For the case of AC-TFTA, this
energy corresponds to 2.32 eV; for AC-PFBA, it is 2.36 eV. The
comparative plot can be visualized in Fig. S6 (ESIf).

3.3. Theoretical calculations based on the SC-XRD structures
of cocrystals

We investigated the electronic transitions behind the absorption
and emission spectra in the crystalline phase for pure AC crystal
and both cocrystals. First, the crystals were refined using
periodic DFT (see Computational details in the ESIt). Then, we
considered embedded quantum mechanics (QM: QM’) cluster
models implemented in the fromage package to analyze the
excited states.”™*> Considering a molecular-centered mecha-
nism, as previously done for similar carbazole-based crystalline
systems>** the QM region was defined to be a monomer (AC),
dyad (AC-PFBA), or triad (AC-TFTA) and was described as the TD-
CAM-B3LYP-D3/6-311++G(d,p) level of theory. The QM’ region
consists of a semi-spherical radius cluster ~22 A and was
described by the GFN2 extended tight binding (GFN2-xTB)
Hamiltonian. Further details are provided in the ESL}

The S; of AC is a transition mainly located over the acridine
moiety (Fig. 3d) with absorption at 352 nm (3.52 eV), slightly
red-shifted to the experimental maximum absorption peak at

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024  Mater. Chem. Front., 2024, 8, 3331-3343 |
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292 nm. Upon cocrystallization, the S; state of the dyad and
triads remains with the same local excitation character over the
AC molecule. The energy of the S, — S, transition is 3.45 eV for
AC-PFBA with an oscillator strength of 0.1423, which is very
close to the computed values for the AC crystal (Fig. 3e). In
the case of the asymmetric triads observed in the AC-TFTA, S;,
and S, are quasi-degenerated, resulting from the in-phase
(out-phase) electronic transition dipole moment interaction
of the S, — S; transition of each AC fragment.>® While S,
(Fig. 3f and g) is the brighter state, whose fis around twice the
value computed for AC and AC-PFBA, the S, of AC-TFTA-a(b) is a
dark state with excitation energy of 3.50 eV (3.47 eV). Due to the
degree of localization of the orbitals, the energies of the frontier
orbitals of the cocrystals are closer to the ones of the pure AC
crystal, as can be observed in Fig. S7 (ESIt).

To simulate the photoluminescence properties of the cocrys-
tals, we obtained the optimized geometry for the S; state using
the same ONIOM QM: QM’ embedded scheme described
before. The predicted emission energy of the pristine AC crystal
is 2.99 eV, which overestimates the experimental maximum
(507 nm, 2.45 eV) by around 0.5 eV. The predicted values for
AC-PFBA and AC-TFTA are slightly red-shifted (around 0.1 eV) for
both crystals, which agrees with the experimental results for both
the absorption maxima and the optical gaps. In both cocrystals,
the PL originated from the S;ni, geometry, localized on the AC
molecule with almost no influence of the acid. This explains
the very close emission of AC-PFBA and AC-TFTA with AC.
The generation of orbitals and associated energies are visualized
in Fig. S8 (ESIT).

3.4. Decarboxylation-mediated thermosalient effect of AC-
TFTA

As we described in the introduction of this work, TFTA and
PFBA are coformers used in the synthesis of cocrystals
with photosalient and thermosalient effects. Driven by these
precedents, we decided to test the capabilities of our cocrystals
toward thermal responsiveness. Regarding AC-TFTA, it was
observed that when single crystals of this solid (as a pristine
sample) were heated using a Fisher-Johns apparatus, these
started to jump out of the plate at ca. 265 °C, as visualized in
the progressive images from Fig. S9 and Movie S1 (ESIT).

To gather more detailed information on the macroscopic
phenomena, we used Hot-Stage microscopy with a heating
ramp setup of 100 °C min ", coupled with a high-speed camera.
The resulting cut frames from the original movie (Movie S2,
ESIT) display that when the temperature approaches 260 °C,
the material starts to lose some crystallinity, as seen from the
darkening of the prisms under polarized light. Afterward, a
swift collapse of the crystals occurs in a direction towards the
center of the prisms along the significant diagonal, as
described in the arrows of Fig. 4a.

Surprised by our observations, a fresh sample of pristine AC-
TFTA was studied through coupled differential scanning calori-
metry and thermogravimetric analyses (DSC/TGA). It was
observed that the DSC curve highlights an endothermal peak
from 245 up to 270 °C, with a maximum of 262 °C (Fig. 4b).
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Gas release

(a) Hot-stage microscopy frames showing the detail on the thermosalient effect of AC-TFTA single crystals due to the decarboxylation of TFTA. The

images were captured with a high-speed camera and display the process of loss of crystallinity (darkening) of the prisms and compression along the major
axis of the prismatic material; (b) DSC/TGA curves of pristine AC-TFTA displaying the percentage loss of mass and the endothermal associated with the
thermosalient effect; (c) photographs of single crystals of AC-TFTA on a hot-plate, layered in Parabar to observe the release of CO, gas due to the heating.

Interestingly, the interval of temperatures matches with a 27%
loss of mass from the initial sample from the TGA curve, which
could be initially associated with the loss of CO, molecules.

To confirm the identity of the molecules released during the
heating process, freshly grown single crystals of AC-TFTA,
covered by a thin layer of Parabar 10312 (an oil used for
crystallographic purposes), were placed on the Fisher-Johns
melting apparatus. Towards 260 °C, it was observed that a large
amount of bubbles emanated from the oil, followed by the
melting of the remaining material (Fig. 4c). This process was
recorded in Movie S3 (ESIT). Subsequently, we relied on the
characterization of the volatile compounds through gas chro-
matography (GC) coupled to mass spectrometry. A sealed vial,
with an initial quantity of the pristine AC-TFTA, was loaded and
purged with N,, then heated towards 270 °C, and the volatile
compounds generated were injected into the GC. The resulting
chromatogram is shown in Fig. S10a (ESIt), which displays the
resolution of several peaks. The detection of each peak and its
associated compound is depicted in the spectrograms of
Fig. S10b-h (ESIt). A series of fragmentations of the AC and
the TFTA molecules could be identified, especially carbon
dioxide and tetrafluorobenzene, due to the decomposition of
TFTA. At longer retention times, the presence of acridine,
carbazole, and AC molecules was also detected.

After submitting a sample of AC-TFTA under complete
decarboxylation, we gathered information on the identity of

the remaining solid. The residual yellow powder after the
heating process was characterized using PXRD and fluores-
cence spectroscopy in the solid state. From Fig. S11a (ESIt), the
PXRD diffractogram shows a series of broad reflections that
barely agree with any of the diffractograms for AC pristine or
AC-TFTA. On the other hand, Fig. S11b (ESIt) displays the PL
spectra of the compound with an emission maximum of
468 nm for the recovered solid. The DSC/TGA curve of pristine
AC is shown in Fig. S12 (ESIt), which displays the melting of the
sole compound at 255 °C. The data shows that a new crystalline
phase of residual AC is present after the dramatic heating of the
cocrystals towards the thermosalient effect and further cooling
at room temperature.

Overall, the joint evidence led us to postulate that a dec-
arboxylation of the TFTA coformer inside the crystalline net-
work was responsible for the thermosalient effect, followed
closely by the melting of AC. Contrastingly, we did not observe
the decarboxylation effect on crystalline TFTA on its own. To
corroborate this, crystals of TFTA were studied through DSC/
TGA (Fig. S13, ESIf). The curves display the sublimation of
TFTA starting from 250 °C up to an endothermal peak at 283 °C.

Similar tests were carried out for the single crystals of
AC-PFBA. The heating of freshly grown samples in the melting
apparatus did not show the described jumping behavior.
A recording of the visual changes under UV light (254 nm)
through the heating interval can be recovered from Movie S4
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(ESIY). Furthermore, crystals of AC-PFBA were placed, covered
with Parabar, and heated up to 260 °C. In Movie S5 (ESIf), a
slow release of bubbles was observed, starting at ca. 180 °C and
continuing up to 230 °C. More information was obtained
through the DSC/TGA curves of pristine AC-PFBA (Fig. S14,
ESIT), which show an endothermal peak at 177 °C, in agree-
ment with a mass loss of 37.5%, corresponding to the release of
complete PFBA molecules, instead of a decarboxylation pro-
cess. As the temperature increases, the DSC profile shows a new
endotherm at 267 °C, which can be associated with the
melting of AC.

The significantly different thermal responses in both samples
led us to find a feasible explanation through the analysis of their
non-covalent energy interactions for each crystalline packing. For
this matter, we performed theoretical calculations using the CE-
B3LYP® 6-31G(d,p) functional implemented in CrystalExplorer
21.5.%7 The resulting energy values suggest that the hydrogen
bond interactions in AC-TFTA (ca. —58 to —61 kJ mol ') are
stronger than in AC-PFBA (ca. —53 kJ mol ). Both values are in
agreement with some reports of the association of carboxylic acids
and acridines through hydrogen bonds in the solid state.>®™*

Despite this fact, the distribution of weaker non-covalent
interactions, such as C-H-- &, is somewhat different in both
cocrystals. For instance, it was observed that the non-covalent
interactions around the TFTA molecules in AC-TFTA range from
—7 to —9 kJ mol ™. In sharp contrast, inside AC-PFBA, the non-
covalent interactions of the PFBA molecules with neighboring
molecules are stronger and range between —15 to —29 k] mol "
for adjacent PFBA molecules and —32 k] mol ™" for AC fragments.

The contrasting energy differences between both cocrystals
indicate a higher anisotropy in the crystalline packing of AC-
TFTA against the more uniform AC-PFBA moiety. As described
recently by Geerts and coworkers, the anisotropy derived from
different non-covalent interactions can result in dramatic
effects in the mechanical and responsive properties of crystals,
also providing a methodology for the slow or fast release of
organic molecules or gases with thermosalient effects.*® For
illustration purposes, Fig. 5a and b highlights the strongest
interactions around fluorinated molecules in each cocrystal.
To complement the analyses, Hirsfeld surfaces of the fragments
are depicted as insets in the corresponding fingerprint plots
(Fig. S15 and S16, ESIt), where the principal interactions of
these cocrystals are displayed.

3.5. Mechanical induction of photophysical and structural
changes in cocrystals

The presence of different degrees of anisotropy in the cocrystals
herein described motivated us to explore changes in the photo-
physical properties of the pristine solids via mechanical stress
through the grinding of microcrystalline samples. For this
purpose, a planetary ball-miller was employed, as described in
the Experimental section. After one hour of grinding at 850 rpm,
the two solids featured abrupt changes in their physical appear-
ances. Fig. 6a depicts a visual comparison of the powders before
and after the grinding. AC-TFTA displayed a deep-red color upon
grinding, whereas AC-PFBA resulted in a faint orange color.
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Fig. 5 Distribution of non-covalent interaction energies in (a) AC-PFBA
and (b) AC-TFTA, obtained from calculations at the CE-B3LYP 6-31G(d,p)
level of theory in CrystalExplorer 21.5.

The characterization of the crystallinity, performed through
PXRD at room temperature, showed remarkable differences
between both powders. Firstly, the ground powder of AC-TFTA
is significantly amorphized compared to ground AC-PFBA under
the same conditions, as shown in Fig. S17 (ESIf). A LeBail
analysis of the experimental diffractograms helped us determine
the percentage of crystalline material remaining after the milling
of the solids. While AC-TFTA displayed a 20% of crystalline
material remaining, AC-PFBA contained 52% of crystalline pow-
der under the same grinding conditions.

To quantitatively compare the absorption of the new powders
due to the grinding, Fig. 6b portrays the UV-Vis profiles of both
cocrystals after the grinding process. It can be visualized that
AC-TFTA, after grinding, displays a significantly broader band,
extended up to ca. 600 nm, with an absorption maximum of
365 nm. On the other hand, the broadening of the absorption in
AC-PFBA is not as dramatic as in the previous cocrystal, extended
towards 520 nm. Similarly to the pristine solids, the data from
diffuse reflectance was employed in calculating the energy
optical gaps, through the Tauc plots displayed in Fig. S18 (ESIT).
The obtained values were considerably lower than those for
pristine solids, being 2.02 eV for AC-TFTA against 2.22 eV for
AC-PFBA.

Regarding the PL of the ground solids, the spectra are shown
in Fig. 6c¢. It highlights an emission maximum of 656 nm for
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Fig. 6 Schematics of induction of mechanical stress on crystalline samples of cocrystals herein reported: (a) appearance of the solids of AC-TFTA and
AC-PFBA as pristine and ground samples. Pictures were obtained under natural light. Solid-State spectroscopic characterization of the resulting powders
through (b) absorption and (c) fluorescence spectroscopies. For comparison purposes, the PL spectra of pristine solids are shown in panel ¢, against the
obtained for grounds samples. (d) Solid-state, room temperature time-resolved fluorescence decay profile of ground powders (e, = 405 nm).

AC-TFTA, while for AC-PFBA, it is 567 nm. In comparison with
the pristine samples, AC-TFTA showed a bathochromic shift of
93 nm, and AC-PFBA only showed a 17 nm red-shift. The
ground samples showed a dramatic quenching in the fluores-
cence; in the case of AC-TFTA, the PLQY went from 15.4% to
0.6%, and for AC-PFBA, the value changed from 26.4% to 5.6%.
The smaller values of quantum yields agree well with a higher
contribution of amorphous solid component, with a rise in the
degree of freedom of the molecules, promoting more effective
vibrational relaxations.> Additionally, the time-resolved
fluorescence decay profiles were determined for these samples
(Fig. 6d). The concentrated data is displayed in Table 1, which
shows that for both AC-TFTA and AC-PFBA, the decay was fitted
as a three-component exponential.

3.6. ssSNMR experiments of pristine and ground powders

To provide a deeper understanding of the structural changes of
the transformation from grinding, we used solid-state nuclear
magnetic resonance (ssNMR) through the cross-polarization (CP)
magic-angle spinning (MAS) for "*C and direct pulse with MAS for
'9F. Fig. 7a shows that for the case of crystalline AC-TFTA, a >C CP
MAS spectrum with six signals between 100 and 165 ppm is
presented. When this spectrum is compared with the ground
powder, a broadening of signals is evident, especially with the pair
of signals centered at 123 and 119 ppm. This effect is attributed to
the different orientations of the >C carbon atoms due to the
amorphization of the sample. A less pronounced broadening is
observed for the signals in the AC-PFBA spectra from Fig. 7b.
Even more interestingly, significant changes are observed in
the ssNMR *°F MAS spectra of both cocrystals. The comparison

3338 |

of ground and pristine AC-TFTA at room temperature is shown
in Fig. 7c. A set of signals between —130 and —145 ppm
correspond to the fluorine atoms of the TFTA when the periodic
arrangement is intact. On the other hand, upon amorphization
of the sample, the resolution of the signals is notoriously
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C) —— AC-TFTA Ground
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Fig. 7 Characterization of pristine and ground powders of cocrystals
through ssNMR. 3C MAS spectra with cross-polarization (125.8 MHz, Spin
Rate = 20 kHz, d; = 20 s) of (a) AC-TFTA, and (b) AC-PFBA ‘°F MAS spectra
(470.6 MHz, Spin Rate = 20 kHz, d; = 10 s) of (c) AC-TFTA, and (d) AC-
PFBA. In these spectra, only the central signals are shown. For the full
spectra, please visualize the ESIT file.
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diminished, resulting in the coalescence into a broadened
signal centered at —143 ppm. Additional experiments at vari-
able temperatures (Fig. S19, ESIT) were conducted to evaluate
possible changes in the chemical shift of the signals. However,
no noticeable effects were observed through the temperature
interval between 248 and 308 K. For the case of AC-PFBA, even
after the thorough grinding process, the "°F spectra associated
with both pristine and ground solids remain essentially unal-
tered both at room (Fig. 7d) and low temperatures (248 K), as
can be seen from Fig. S20 (ESIt).

3.7. Regeneration of crystallinity through thermal and fuming
stimuli

A practical yet not fully understood feature of mechanofluor-
ochromic materials is their capability to regenerate their crys-
talline structure through the application of external stimuli,
such as solvent vapors or temperature. We were curious to
unveil whether these cocrystals portrayed this type of behavior.
For this matter, we placed a portion of each ground powder in a
holder and then immersed it in a beaker previously saturated
with dichloromethane vapors. After 10 minutes of fuming for
both powders, there was a noticeable change in the colors, with
AC-TFTA the most notable return from the red coloration to a
faint yellow. In contrast, the faint orange of AC-PFBA was
quickly returned to its original yellow.

The color changes were recorded and can be visualized in
Movie S6 (ESIT). The vapor-treated powders were characterized
through PXRD to examine the degree of crystallinity after the
whole process. The resulting data, presented in Fig. 8a and b,
allowed us to visualize the regeneration of the crystalline solid
with good agreement between the reflections of the
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Fig. 8 PXRD diffractograms of fumed samples compared against calcu-
lated PXRD form SC XRD for (a) AC-TFTA and (b) AC-PFBA. The appear-
ance of the fumed solids is shown as insets in each diffractogram under
natural light; (c) time-resolved fluorescence decay of the fumed samples
and (d) relevant data from fatigue tests performed on the cocrystals. The
regeneration of samples was carried out through the fuming of samples
with DCM vapours.
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experimental diffractogram and the calculated from SC XRD
structures. Moreover, the photophysical parameters for these
solids were determined. The Fig. S21 (ESIT) displays the solid-
state fluorescence spectra of the fumed solids, depicting a Aem
of 595 nm for AC-TFTA, different from the 563 nm determined
for the pristine sample. Meanwhile, for AC-PFBA, the maximum
appears at 553 nm, which is extremely close to the initial
550 nm of the pristine sample.

Furthermore, the quantum yields of the fumed samples
were measured. It was clear that for AC-TFTA, not only was
the emission maximum drastically changed, but it also suffered
a quenching in the emission of the powder with a 2.1% yield.
The determined fluorescence lifetimes of this fumed sample
were 6.1, 15.9, and 31.4 ns, which closely resemble the lifetimes
of the ground powder. Contrastingly, the fumed powder of
AC-PFBA showed a remarkable 22.5% yield against the 26.4% of
the pristine sample, while the fitted fluorescence lifetimes were
determined to be 8.9, 19.8, and 47.9 ns. The decay curves are
shown in Fig. 8c.

Due to the contrasting results in the recovery, we decided to
perform fatigue tests on powdered samples of both cocrystals.
For this purpose, three grinding-recovery (fuming) cycles were
carried out. Fluorescence spectroscopy was employed to monitor
the regeneration of the crystalline phase. The reduced spectral
data is displayed in Fig. 8d, and the progressive solid-state
spectra are depicted in Fig. S22 and S23 (ESIt). From the fuming
of AC-TFTA in the first cycle, this powder showed clear signs of
fatigue, as seen in the ever-smaller differences between the
emission wavelength of the ground and the fumed sample. By
the end of the third cycle, the difference between emission
maxima was only 21 nm (from 600 to 579 nm), in contrast to
the first grinding-fuming with a difference of 61 nm. On the
other side, AC-PFBA showed remarkable recovery properties
under fuming since the most significant difference between
the ground and the fumed samples was only 21 nm and occurred
during the second cycle.

Afterward, we tested the thermal-induced regenerating cap-
abilities of the ground powders. First, we decided to gather
information on the thermal stability and behavior of ground
powders. The resulting calorimetric and thermogravimetric
analysis can be visualized in Fig. 9a. AC-TFTA, in its ground
form, showed notable changes in the DSC curve in comparison
with the pristine solid. From 78 °C and up to 245 °C, the DSC
displays a progressive, increasing heat flow, which can be
associated with the gradual migration of the amorphous solid
to regenerate the crystalline arrangement. Afterward, an
exotherm at 252 °C, which is aligned with a mass loss of 22%
(from the TGA curve), could be related to the progressive
decomposition of TFTA, expelling CO,. Finally, an endothermal
peak towards 267 °C features the melting of AC coformer.

A similar case is exposed for AC-PFBA ground, which dis-
plays a slow but continuous heat entry until an endotherm at
166 °C is evident, in agreement with the expulsion of PFBA and
a 35% loss of starting mass. Afterward, at ca. 266 °C, as
happened in AC-TFTA, an endotherm is presented, which could
also be associated with the melting of AC.
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thermally treated powders of the cocrystals herein reported. As inset in
each PXRD a picture shows the appearance of the powder after 10 minutes
of heating on a hot plate at 80 °C under natural light; (d) drawing-erasing
cycles with heat and DCM vapours of a filter paper with dispersion of AC-
TFTA powders on the surface.

To obtain visual evidence of the recovery of crystallinity
under thermal stimuli, amounts of both ground cocrystals were
placed on a glass holder and put on a hot plate at 80 °C for
10 minutes. The transition was recorded in Movie S7 (ESIT),
and the characterization of the thermal-treated powders was
carried out through PXRD. The diffractograms are exposed in
Fig. 9b and c, with insets of the appearance of the resulting
solids after the thermal treatment. Despite the recovery of some
of the initial crystallinity, especially in AC-TFTA4, it is notorious
that the crystalline phase is not fully recovered under the
conditions employed, with the presence of a higher amorphous
component in comparison with the PXRD obtained for the
fuming procedure.
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The regeneration of the crystalline phases due to external
stimuli is an ongoing field of study. So far, the evidence
collected not only in this manuscript but also in previous works
suggests that the presence of highly twisted, rigid fragments
plays a role in the change in the photophysical properties
during the grinding process, overall, changing the dihedral
angles between fragments, modifying the n-conjugation across
the system, with a subsequent change in the absorption of the
material, as visualized from Fig. 6.7*®% A synergistic effect
between the amorphization of the crystalline structure and the
torsional changes of molecules give rise to a metastable phase.
This phase, overall, in an amorphous state, should contain
seeds of remaining microcrystals capable of inducing the
regeneration of the crystalline solid when the external stimuli
are applied. The degree of regeneration of these materials can
vary with the anisotropy of the crystalline packing.®® If the
distribution of the non-covalent interaction energies around
the molecules is similar, as in the case of AC-PFBA herein
presented, the recovery of the material should occur with a high
probability. On the contrary, if some energies are remarkably
different from the rest, as in AC-TFTA, the regeneration of the
crystalline phase will rely primarily on the recovery of these
non-covalent interactions, with a lower probability of recovery
and a high tendency towards fatigue.

3.8. Potential of AC-TFTA towards application in
anticounterfeiting

Finally, due to the dramatic change of color upon grinding and
to qualitatively show the possible use of AC-TFTA towards antic-
ounterfeiting applications, a filter paper was soaked in a DCM/
MeOH solution (1:1) containing AC and TFTA. The paper was
left to slowly dry at room temperature, generating a yellow
canvas in which, by applying mechanical pressure with a mortar
pestle, we first drew the silhouette of a flat-bottom flask, as
depicted in Fig. 9d. Then, the paper was treated in a chamber
containing DCM vapors for 10 minutes. It was observed that the
first figure was erased, and the initial yellow canvas was left
almost intact. On the same paper, we proceeded to draw the
letters ‘IQ’, which stands for “Instituto de Quimica,” then the
paper was heated on a hot surface at ca. 80 °C for 10 minutes,
which produced the same erasing effect. This experiment led us
to corroborate that the regeneration of the photophysical proper-
ties of AC-TFTA not only occurs in the microcrystalline solid but
also when it is supported on a paper surface.

4. Conclusions

In this manuscript, we have taken advantage of the cocrystalli-
zation technique through the usage of an acridine/carbazole
hydrogen-bond acceptor and thoughtfully combined it with two
fluorinated carboxylic acids. Despite the apparent similarities
in the structures of the acids, we found very different non-
covalent interactions, leading to varying behaviors of the
cocrystals upon mechanical grinding. Even more interestingly,
we have obtained insights into the structural and spectroscopic
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features of the pristine and ground cocrystals, as well as
described the regeneration processes of their crystallinity under
solvent and thermal stimuli, provided feasible origins of the
photoluminescence in both structures, and characterized both
facets of these solids via solid-state NMR techniques, UV-Vis and
fluorescence spectroscopy, and differential scanning calorime-
try. Our results show that the cocrystal AC-TFTA features a more
fragile crystalline packing than its analogue AC-PFBA, which is
translated into more dramatic changes in photoluminescence,
UV-Vis absorption, and thermal stability. Interestingly, one of
the cocrystals showed a high-temperature jumping effect due to
decarboxylation. The work herein reported provides deep
insights into the development of stimuli-responsive materials
with additional jumping capabilities through the release of gas
as a driving force.
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