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Methylxanthines for halogen bonded cocrystals
with 1,4-diiodotetrafluorobenzene: green
synthesis, structure, photophysics and DFT
studiesT

Monica Benito, @*2 Rosario Nufiez, @ *2 Sohini Sinha, @ 12 Claudio Roscini, @°
Yoan Hidalgo-Rosa,® Eduardo Schott,® Ximena Zarate*® and Elies Molins @2

Four new halogen-bonded cocrystals of biological methylxanthines, named caffeine, theophylline and
theobromine, have been prepared with 1,4-diiodotetrafluorobenzene as a halogen bond donor by
mechanochemical and solution processes. For theophylline, N---1 and N---O interactions were observed,
while for caffeine and theobromine, only N---| was detected. The solids were characterized by PXRD, SC-
XRD, FTIR and thermal methods (TGA-DSC analyses). In addition, the solid-state photoluminescence
properties of the methylxanthines and their respective cocrystals have been studied and quantum
chemistry calculations have been performed to rationalise and understand the electronic and optical
properties of all compounds. This work provides a triad of natural methylxanthines capable of forming
halogen-bonded multicomponent systems that can give rise to a cocrystal-to-crystal transformation with

rsc.li/crystengcomm off-on luminescence activation.

Introduction

Mechanochemistry, and by extension reactive extrusion, has
been identified by IUPAC among the ten top emerging
technologies that will change the world to make it more
sustainable." Some of the advantages of the mechanochemical
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process include the avoidance of large amounts of solvent,
quantitative reactions, reduction of waste products, generally
shorter time-scale compared to other solvent-based approaches,
and mild temperatures. All these benefits have allowed the use
of grinding processes in many different areas of application that
range from metallurgic to organic synthesis, catalysis or crystal
engineering.””

Crystal engineering has been a considerable tool for tuning
the physical properties of compounds. Among supramolecular
materials, cocrystals are defined as a class of multicomponent
solids wherein neutral components bonded by non-covalent
interactions, including hydrogen and halogen bonds, among
others, are present within a crystalline compound in a
stoichiometric ratio. The halogen bond has been defined as “a
neat attractive interaction between an electrophilic region (o-
hole) associated with a halogen atom in a molecular entity and
a nucleophilic region in another, or the same, molecular
entity”.® The halogen bond is also present in biological systems
such as protein-ligand systems used in drug delivery. A few
iodinated thyroid hormones (thyroxines T4 and T3) are known
to behave as halogen-bond donors. Many active pharmaceutical
ingredients (APIs) have been designed to contain halogenated
atoms in their backbone, not only to provide steric hindrance
but also to improve their lipophilicity, which helps to penetrate
the cellular membranes and tissues.”®

In the last few years, some of us have studied the propensity
of different modified nucleobases for the preparation of

This journal is © The Royal Society of Chemistry 2024
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multicomponent solids (salts and cocrystals) containing both
hydrogen and halogen bonds.”™ Now we study xanthines,
which are indeed purine-based nitrogen compounds with a
structure similar to that of DNA bases adenine and guanine and
their related nucleotides. This even makes them important
scaffolds for the exploration of new potential drugs."® Moreover,
some natural methylxanthines, such as caffeine (CAF),
theophylline (TPH), and theobromine (TBR), are compounds
extracted from medicinal plants. While -caffeine (1,3,7-
trimethylxanthine) is a trimethylated derivate, theophylline (1,3-
dimethylxanthine) and theobromine (3,7-dimethylxanthine) are
dimethylated and structural isomers, the main difference being
the second methyl group at the C1 or C7 position, respectively
(see Chart 1). All of them are recognized for their
pharmaceutical applications and biological effects."*"

The crystal engineering of these methylxanthines based on
hydrogen-bond interactions is a thoroughly explored area.
However, to the best of our knowledge, the preparation and
structural study of new crystalline solid forms from them,
through halogen bonding interactions, has not been reported
yet. Therefore, it remains unexplored how the halogen bond
interactions between the methylxanthine and a coformer can
influence the crystal structure and their physico-chemical
properties. In this study, the well-known halogen-bond donor
and ditopic 1,4-diiodotetrafluorobenzene (DITFB, see Chart 1)
has been chosen as a coformer for cocrystal screening.

In the last decades, the development of new materials has
opened up exciting opportunities for modulating and
enhancing photoluminescence (PL) properties for various
applications. Although traditionally PL has been mainly
studied in molecular systems that contain both electron-
donor and electron-acceptor moieties,'® more recently, the
interest has focused on the modulation of luminescence in
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Chart 1 Chemical structures of natural methylxanthines and DITFB
used in this work.
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the solid state by self-assembly through molecular
interactions."” In the particular case of cocrystals, progressive
advances have been reported following the preparation of
halogen bonded cocrystals.’®® Concerning the PL properties
of methylxanthines, little information has been found in the
literature; while some references to phosphorescence in
solution have been reported in the past,>’** solid state
studies are very scarce®® and specific for caffeine or
theobromine derivatives.>**® On the other hand, the use of
DITFB as a coformer in combination with fluorescent organic
compounds or aromatic model systems has afforded new
cocrystals with luminescence features (fluorescence and
phosphorescence) in the solid state.'®'?*"232¢ However, it is
desirable to extend these studies to understand the
fundamental mechanisms of the luminescence process and
find suitable, cheap and really accessible molecules for solid-
state fluorescent materials, as well as new applications.

With this idea in mind, in the present work, new cocrystals
from these natural methylxanthines and DITFB have been
prepared by liquid-assisted grinding (LAG). Crystal structure
analysis indicates that these precursors can form 1:1, 2:1 or
even 4:1 molar ratio cocrystals through halogen bonds. Herein,
their physical characterization by thermal analysis and
spectroscopic techniques including FTIR, UV-vis and solid-state
emission spectroscopy has been described. Time-dependent
density functional theory (TD-DFT) studies were used to
understand the change in the luminescence properties of the
cocrystals with respect to the parent compounds.

Experimental section

All reagents were from commercial sources and used without
further purification. Analytical grade solvents were used for
the crystallization experiments.

Liquid-assisted grinding

Mechanochemical synthesis of cocrystals were performed using
a Retsch mixer mill MM400 in 10 mL agate grinding jars with
two 5 mm agate balls. Variable amounts (stoichiometric ratios
1:1, 2:1 or 4:1) of the selected methylxanthine and the
coformer DITFB were ground for 30 min at 30 Hz upon addition
of two drops of the chosen solvent. To avoid any confusion it
should be pointed out that only the methylxanthine:DITFB
molar ratio, when two cocrystals have been obtained, is
included in the naming of the new cocrystals.

Details for each multicomponent system are described
below.

CAF-DITFB. A mixture of caffeine (form p, refcode:
NIWFEE03*’) (100.01 mg, 0.52 mmol) and DITFB (51.78 mg,
0.13 mmol) was placed in the grinding jar with two drops of
methanol. The mixture was milled for 30 min at 30 Hz. Needle-
shaped single crystals were obtained by slow evaporation of a
methanol solution of the ground solid at room temperature.

TPH-DITFB. A mixture of theophylline (form II, refcode
BAPLOT01%*) (75.08 mg, 0.416 mmol) and DITFB (167.27 mg,
0.416 mmol) was placed in the grinding jar with two drops of
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methanol. The mixture was milled for 30 min at 30 Hz. This
solid was used for growing good quality crystals in methanol
by slow evaporation at room temperature.

TBR-DITFB (1:1). A mixture of theobromine (refcode:
SEDNAQ?) (75.01 mg, 0.416 mmol) and DITFB (167.24 mg,
0.416 mmol) was placed in the grinding jar with two drops of
methanol. The mixture was milled for 30 min at 30 Hz
yielding a crystalline solid.

TBR-DITFB (2:1). A mixture of TBR (100.11 mg, 0.555
mmol) and DITFB (111.72 mg, 0.278 mmol) was placed in the
grinding jar with two drops of nitromethane. The mixture
was milled for 30 min at 30 Hz and yielded a crystalline solid.
The solid obtained using the same amounts of TBR and
DITFB in methanol and the same conditions was used for
growing single crystals by heating in a mixture of methanol-
dimethylsulfoxide (DMSO) and ethanol (1:1:10). The
solution was filtered using a syringe filter (nylon, 0.2 um)
and allowed to evaporate slowly at rt. Needle-type crystals
were obtained after 4 weeks.

Powder X-ray diffraction (PXRD)

PXRD data were collected using a Siemens D5000 powder
X-ray diffractometer with Cu-Ko. radiation (1 = 1.5418 A), with
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40 kV and 39 mA voltage and current applied. An amount of
powder was gently pressed on a glass slide to afford a flat
surface and then analyzed. The samples were scanned in the
20 range of 2-50° using a step size of 0.02° and a scan rate of
1 s per step.

Single crystal X-ray diffraction (SC-XRD)

Single crystals of compounds CAF-DITFB, TPH-DITFB and
TBR-DITFB (2:1) were selected and mounted for X-ray single
crystal diffraction experiments. Crystallographic data were
collected on a Bruker APEX-II CCD diffractometer using
graphite monochromated Mo Ko radiation (2 = 0.71073 A).
Crystallographic data were collected at 294(2) K. Data
reduction was performed using SAINT V6.45A, SORTAV,"’
and SADABS*! in the diffractometer package. The structural
resolution procedure was made using SHELXT*> and the
refinement by least squares on F> was performed using
SHELX12014/7 inside the WinGX program environment.****
For CAF-DITFB, although several crystallizations were
performed and after checking different crystals, the best
dataset for CAF-DITFB was selected for the X-ray study. A
major component was integrated, although other minor
components were observed in the frame images. The full set

Table 1 Crystallographic data and structural refinement parameters for compounds CAF-DITFB, TPH-DITFB and TBR-DITFB (2:1)

Compound

CAF-DITFB

TPH-DITFB

TBR-DITFB (2: 1)

Empirical formula

C19 H20 F2 I N8 O4

Formula weight 589.33

Temperature (K) 294(2)

Crystal system Monoclinic

Space group P24/c

Unit cell dimensions a =21.904(18) A
b=4.044 (4) A
c=125.87(2) A
a=90°
S =110.90(2)°
y = 90°

Volume (A?) 2140(3)

zZ 4

Density calc. (mg m™®) 1.829

Absorption coefficient (mm™) 1.561

F(000) 1172

Crystal size (mm?)

Theta range for data collection (°)

0.32 x 0.07 x 0.06
1.623 to 28.944

Index ranges -29 <= h < 29,

-5 <=k <=5,

-34 <=1<=35
Reflections collected 58277
Independent reflections 5576 [R(int) = 0.3691]
Completeness to 6 max (%) 100.0%
Max. and min. transmission 1 and 0.54

Refinement method
Data/restraints/parameters

Full-matrix least-squares on F>
5576/0/313

Goodness-of-fit on F* 0.970
Final R indices [I > 20()] R, =0.0715,

WR, = 0.1398
R indices (all data) R, = 0.1566,

WR, = 0.1686
Largest diff. peak and hole (e A™%) 1.095 and -0.936
CCDC no. 2304678
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C13 H8 F4 12 N4 02
582.03

294(2)
Monoclinic

P2y/n
a=19.924(8) A
b=4.4267(18) A
¢ =20.419(8) A
a=90°

S =113.293(9)°

y = 90°
1654.1(11)

4

2.337

3.860

1088

0.28 X 0.05 X 0.02
1.837 to 28.019
—26 <=h <= 26,

-5 <=k <=5,
-26 <=1<=26
32965

3979[R(int) = 0.0509]
100.0%
1 and 0.695

3979/0/228

1.021

R, = 0.0306,

WR, = 0.0676

R, = 0.0453,

WR, = 0.0748
0.568 and —0.798
2304676

C20 H16 F4 12 N8 04
762.21

294(2)

Triclinic

P1

a =4.0269(18) A
b=7.451(3) A

¢ =20.660(9) A

a = 82.022(8)°

B = 88.669(8)°

y = 80.671(9)°
605.8(5)

1

2.089

2.673

366

0.12 x 0.08 x 0.07
1.991 to 28.506°
-5 <=h <=5,
9<=k <=9,
27 <=1<=27
12902

3074 [R(int) = 0.0698]
100%

1 and 0.618

3074/0/174

1.008

R, = 0.0529,

WR, = 0.1238

R, = 0.0850,

WR, = 0.1410
1.199 and -1.623
2304677

This journal is © The Royal Society of Chemistry 2024
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of data was used in the refinement (even the high R, value),
which afforded the best results with a reasonable quality of
the final crystal structure. Non-hydrogen atoms were refined
with anisotropic atomic displacement parameters. Hydrogen
atoms were introduced in calculated positions and refined
riding on their parent atoms. Selected crystal and data
collection parameters are reported in the corresponding
Table 1.

Mercury 2021.1.0 software was also used to calculate the
PXRD powder patterns of the new cocrystals based on the
single-crystal X-ray structures and to predict the Bravais,
Friedel, Donnay and Harker (BFDH) morphology using the
CSD Materials module.*

Complete crystallographic data for the structural analysis
have been deposited to the Cambridge Crystallographic Data
Centre, CCDC no. 2304676-2304678.

Thermogravimetric analysis - differential scanning
calorimetry (TGA-DSC)

A simultaneous thermogravimetric analysis (TGA)-differential
scanning calorimetry/differential thermal analysis (heat flow
DSC/DTA) system NETZSCH-STA 449 F1 Jupiter was used to
study the thermal properties of the solids. Samples (3-8 mg)
were placed in an open alumina pan and measured at a scan
speed of 10 °C min™" from ambient temperature to 300 °C
under a N, atmosphere as protective and purge gas (their
respective flow velocities were 20 and 40 mL min™").

Spectroscopic measurements

A Jasco 4700LE spectrophotometer with an attenuated total
reflectance accessory was used to record the FT-IR spectra of
the starting products and the new cocrystals in the range
from 4000 to 400 cm™" and at a resolution of 4.0 cm™ and
32 scans. Fluorescence images were taken using an Olympus
BX51 microscope with a DP20 camera and a mercury lamp
U-RFL-T accessory for the sample excitation in the UV-
visible region. Diffuse reflectance analyses were performed
using a Jasco UV-vis-NIR V-780 spectrophotometer with a
diffuse reflectance sphere accessory in the scan range of
200-800 nm. The diffusion reflectance was converted in the
F(R) function through the Kubelka-Munk law. Steady-state
luminescence spectra and fluorescence quantum yields for
all the compounds in the solid state were measured on a
Hamamatsu absolute PL quantum yield spectrometer C9920-
02G.

Theoretical calculations

Periodic models of cocrystals. To simulate the extended
structures of the cocrystals, periodic density functional theory
(periodic-DFT) calculations were performed. All periodic
calculations were carried out using the Perdew-Burke-
Ernzerhof (PBE)*® functional and projected augmented wave
(PAW) PSlibrary v1.1.0 pseudopotentials,”” considering 60
Ryd as the energy-cutoff and 400 Ryd as the density cutoff.
The cell optimization process is considered as free lattice

This journal is © The Royal Society of Chemistry 2024
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vectors and coordinate optimization. An empirical dispersion
correction was also applied to all calculations under the
Grimme-D3 (DFT-D3) scheme.*®*® Particularly, a 2 x 2 x 3
k-point scheme was employed to optimize the crystal
experimental model. All calculations were performed using
the Quantum Espresso 7.0 package.’® In the second stage,
the simulation was carried out by extracting a fraction of the
crystal (finite fragment) and treating it with more robust
methodologies, as implemented in molecular modeling
software. The purpose of this procedure was to obtain the
electronic configuration of the system in both the ground
state (Sp) and the excited states (S; and Ty). This procedure
allowed the simulation of the electronic and optical
properties therefore using levels of theory that are not
currently available for the periodic calculations.

Molecular model (finite fragments) of cocrystals. All
calculations were performed with the ORCA 5.0.3 code.”" The
molecular models for the simulation of cocrystals were
designed based on the crystal optimized via periodic-DFT.
With respect to methylxanthine and the coformer DITFB, the
stoichiometry for these molecular models was 1:1, 2:1, or
4:1 for TPH-DITFB, TBR-DITFB (2:1), and CAF-DITFB,
respectively. The initial configuration was derived from the
optimized crystal structure of each of these cocrystals. (see
Fig. S1at). In the case of free methylxanthine, the structural
model for the simulations was created using the available
crystallographic data for caffeine, theophylline, and
theobromine (see Fig. S1b¥).

The electronic structure for all the electronic states (So, Sy
and T,) were computed using the Perdew-Burke-Ernzerhof
(PBE) function® and the basis set def2-TZVPP.*>** The ma-
def2-SVP basis set with the Def2-ECP pseudopotentials was
used to treat iodine atoms. The RIJ approach for the
Coulomb term with the “chain of spheres” COSX
approximation and their related auxiliary basis sets were used
to speed up the SCF computation.”>*® A time-dependent DFT
(TD-DFT) method® was used to simulate the optical
properties (absorption) of all compounds. The PBE0®” hybrid
exchange correlation and the def2-TZVPP*® basis set were
used to compute the absorption spectra for all systems.

Results and discussion
Synthesis of cocrystals and powder X-ray diffraction

Liquid-assisted grinding was used as a fast and reliable
method for solid phase screening. To confirm the phase
purity of the bulk solid obtained by LAG, powder X-ray
diffraction analysis was performed for all the samples. The
results are shown in Fig. 1 and 2. New phases were obtained
for CAF or TPH when co-crystallized with the donor coformer
in the presence of methanol, in 4:1 (CAF-DITFB) and 1:1
(TPH-DITFB) molar ratios, respectively. Further, the peak
positions were correlated with the corresponding simulated
powder patterns from the crystal structures for these two
compounds confirming the great agreement for all of them
(Fig. 1a and b, respectively).

CrystEngComm), 2024, 26, 3672-3686 | 3675
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Fig. 1 PXRD patterns of former compounds and the new cocrystals (experimental and calculated from crystal structures) for a) CAF-DITFB and b)

TPH-DITFB systems.
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Fig. 2 a) PXRD patterns of starting materials (TBR and DITFB) and the new cocrystals (experimental and calculated from crystal structures); b) TGA
(solid lines)-DSC (dashed lines) traces of cocrystals TBR-DITFB (1:1) and TBR-DITFB (2:1) and c) phase transformations among TBR and its

cocrystals.
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In the case of the TBR-DITFB system, the grinding process
at a 1:1 ratio, with a few drops of methanol, afforded the
cocrystal TBR-DITFB (1: 1), as suggested by a powder pattern,
which was different from the pristine compounds. On the
other hand, grinding TBR-DITFB at a 2:1 ratio, the process
did not proceed effectively as the powder pattern of the bulk
solid contained a mixture of the same phase observed
previously for the TBR-DITFB (1:1) system, along with the
phase corresponding to the starting TBR.

Surprisingly, when the process was carried out in
nitromethane, chloroform, or dichloromethane as catalytic
solvents, the process was quantitative and a new phase,
corresponding to the cocrystal TBR-DITFB (2: 1), was yielded,
as shown in Fig. 2a.

Finally, from a mixture of methanol, EtOH and DMSO, it
was possible to isolate single crystals of the corresponding
new TBR-DITFB (2: 1) cocrystal.

Unfortunately, despite the efforts performed to isolate
single crystals of the TBR-DITFB (1:1) cocrystal, they could

Ofy0
2 T o b) A
Y r?\ :‘—'{{;»
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not be obtained. TBR showed very low solubility in many
common solvents and in all cocrystal syntheses a residual
part of non-cocrystallized TBR was always found even when
working in an excess of DITFB. This was ascribed to the
different solubility between TBR and DITFB and the thermal
stability of the cocrystals, as it will be commented later in the
thermal analysis section.

Structural description of single crystals

Cocrystal CAF-DITFB crystallizes in the monoclinic space
group P2,/c with two different molecules of caffeine and half
a molecule of DITFB in the asymmetric unit (Fig. 3a). At first
sight, self-assembled caffeine molecules are linked through
hydrogen bonds established between the carbonyl groups
and C-H groups as no N-H moieties are available in this
trimethylated xanthine. This yields zigzag chains, which are
also bridged by halogen bonds with the coformer through
N---I interactions (Fig. 3c). Additionally, zig-zag chains of

Fig. 3 a) ORTEP with atom numbering. Note only half of the DITFB molecule contains atom labelling, indicating the equivalence of the other half,
and thus, giving a 4:1 molar ratio, b) BFDH predicted morphology, c) hydrogen and halogen bonding interactions in the packing (view along the b
axis). Additionally, self-assembly of other caffeine molecules giving a zigzag chain, and d) perspective view along the a axis of cocrystal CAF-

DITFB.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 a) ORTEP with atom numbering, b) BFDH predicted morphology, c) hydrogen and halogen bonds in tapes along the b axis and d) tapes

(perspective view along the c axis) of cocrystal TPH-DITFB.

caffeine molecules are also assembled like in DNA. All these
interactions are the responsible for the final 4:1 molar ratio
observed in the CAF-DITFB cocrystal, showing a needle habit
in agreement with the BFDH predicted morphology
(Fig. 3b and d). Although not very common, recently we
reported another cocrystal containing the same molar ratio
with 5-fluorouracil and DITFB."

Compound TPH-DITFB crystallizes from a methanol
solution as needles, in agreement with the BFDH predicted
morphology (Fig. 4b), in the monoclinic space group P2,/n,
with one molecule of TPH and one molecule of the ditopic
coformer (Fig. 4a). TPH molecules are self-assembled by
hydrogen bonds between C=O(6)---H(7)-N(7) atoms. Each
TPH molecule in the dimer is bridged to two molecules of
DITFB through halogen bonds by the same carbonyl group
(C=0(6)-"1(2)) as well as by N(9)---I(1) interactions, leading
to twisted tapes (Fig. 4c). These tapes are interconnected
through the C(1)-H(1A)---O(2) and C(1)-H(1B):--O(2)
hydrogen bonds and C(3)-H(3A)---I(1) and C(3)-H(3B)--1(2)
halogen bond interactions which afford the final
tridimensional packing. Distances and angles for the
halogen bond interactions observed for these two cocrystals,
CAF-DITFB and TPH-DITFB, are shown in Table 2, while
H-bond interactions are summarized in Table S1 in the
ESL¥
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Cocrystal TBR-DITFB (2:1) also crystallized as needles
from a methanol solution in agreement with the BFDH
predicted morphology (see Fig. 5a). It belongs to the triclinic
space group P1, with one molecule of TBR and half a
molecule of the halogen bond donor coformer in the
asymmetric unit, Fig. 5b. In this case, self-assembly between
two TBR molecules is also observed through the hydrogen
bond interactions N(1)-H(1):--O(6), C(7)-H(7A)---O(2) and
C(7)-H(7C)---0(6), which yielded zigzag tapes of TBR
molecules. These are bridged by only one type of halogen
bond between N(9) and I(1) atoms through the N(9)---I(1)
interaction (see Table 2 for distances and angles), forming
first a folded structure which resembles a ladder where the
TBR molecules represent its steps (see Fig. 5c¢). Finally, the

Table 2 Halogen bond interaction with distances and angles for the new
cocrystals

Cocrystal I---A° d(1---A) (A) (C-1---A) (9)
CAF-DITFB 1(1)---N(29) 2.859(8) 175.0(2)
TPH-DITFB 1(1)-+N(9) 2.979(4) 177.23(11)
1(2)--0(6)’ 3.392(3) 152.36(12)
TBR-DITFB (2:1) 1(1)---N(9) 3.032(5) 176.1(2)

“ A: Halogen bond acceptor. '1/2 + x, 1/2 -y, =1/2 + z.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 a) ORTEP with numbering. Note only half of the DITFB molecule contains atom labelling, indicating the equivalence of the other half, and
thus, giving a 2:1 molar ratio, b) BFDH predicted morphology, c) hydrogen and halogen bonds in tapes and d) perspective view of the ladders of

cocrystal TBR-DITFB (2:1).

tridimensional packing is promoted by additional F---F
interactions between DITFB molecules from different chains,
F---H-C interactions with the methyl groups of TBR, and n-n
stacking between coformer rings or xanthine molecules
(Fig. 5d).

Thermal analysis

The thermal behavior of the new cocrystals and the starting
materials was studied by simultaneous TGA-DSC. No mass
loss was observed before melting, confirming that the four
cocrystals are unsolvated and with the component ratio
confirmed by SC-XRD. In Table 3 the melting points (Mp) of
precursors and cocrystals are collected. The DSC trace for
cocrystal CAF-DITFB shows two endothermic peaks at Tpeax =
165.9 and 236.6 °C. The loss weight of 31% observed up to
approximately 170 °C was associated with the removal of the
donor coformer (theoretical amount of weight 34.1%) of the
4:1 CAF-DITFB cocrystal. A second step of 67% weight loss,
corresponding to the endo peak of the DSC trace at 236 °C,
was ascribed to the melting-decomposition of caffeine (Mp =
236 °C, from the literature) (Fig. S27).”®

This journal is © The Royal Society of Chemistry 2024

For cocrystal TPH-DITFB, in the DSC, two sharp
endothermic peaks were observed, at a Tpear Of 148.0 °C, with
a wide shoulder at 164.8 °C, and 271.5 °C (Fig. S31). The
weight loss measured (68.9%) in the TGA analysis in
agreement with the first event at 148.0 °C, matches well with
the removal of a molecule of DITFB (theoretical weight
amount of 69%). The latter endothermic peak corresponds to
the melting decomposition of TPH (Mp = 273 °C).>*

In the DSC of the compound TBR-DITFB (1:1), two
endothermic peaks at around 151.4 and 186.5 °C were
observed and the TGA trace suggests a two-step weight loss
(68% in total) ascribed to the removal of the halogenated

Table 3 Summary of melting points (Mp) of natural methylxanthines,
coformer and the synthesized cocrystals

Compound  Mp (°C)  Cocrystal Tpeax (°C)

DITFB 108-110

CAF 236 CAF-DITFB 165.9 and 236.6

TPH 273 TPH-DITFB 148.0, 164.8 and 271.5
TBR 357 TBR-DITFB (1:1) 151.4, 186.5 and 317.6

TBR-DITFB (2:1) 178.1 and 317.5

CrystEngComm, 2024, 26, 3672-3686 | 3679
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coformer (Fig. 2b). The last endothermic signal (at 317.6 °C)
was attributed to the decomposition of TBR.”

Finally, the TGA-DSC for compound TBR-DITFB (2:1)
showed a single endothermic peak at 178.1 °C with the
expected weight loss of 52.4%, corresponding to the weight
of the DITFB coformer.

Phase transformations

Phase transformation between cocrystals with different
stoichiometric ratios are scarcely studied although a few
examples have been described in the literature.®*®
Interestingly, these multicomponent solids are expected to
show different physical properties depending on the phase,
which extends the plethora of the properties of the solid
forms available.

In view of our results, we aimed to study the relationship
between TBR and its cocrystals (TBR-DITFB (1:1) and (2:1))
and their interconversion through grinding or sublimation,
as shown in Fig. 2c. When the two precursors (TBR and
DITFB) were ground together using the appropriate molar
ratio (1:1 or 2:1) and solvent (methanol or chloroform,
respectively), two different cocrystals were obtained. Also,
solid phase transformation from the cocrystal TBR-DITFB (1:
1) to the cocrystal TBR-DITFB (2:1) was possible upon the
extra addition of TBR while grinding in chloroform. In
methanol, a mixture of both cocrystals resulted from the
extra addition of TBR. On the other hand, by heating the
TBR-DITFB (1:1) cocrystal at 135 °C, the formation of long
needles at the top of the vial was observed, which through
single-crystal X-ray diffraction were assigned to the
halogenated coformer DITFB.

In a similar way, by heating compounds CAF-DITFB and
TPH-DITFB at 165 °C and 130 °C, respectively, long needles
were noticed at the top of the vial, which were ascribed to the
DITFB compound (Fig. S4t). The residual solid was further
analyzed by PXRD and the observed phases confirmed the
presence of the precursors B-CAF along with some remaining
cocrystal or TPH form II. This result confirmed that for TPH
the TPH-DITFB (2:1) cocrystal could not be obtained (Fig.
S3b).

FT-IR spectroscopic analysis of cocrystals

FT-IR was performed to i) corroborate the presence of both
components, ie. methylxanthines and DIFTB and to ii)
ensure the presence of hydrogen and halogen bonds in the
cocrystals, taking advantage of the variation of their more
characteristic vibrational modes. The vibrational modes for
the free coformer DIFTB appeared at 1456 (vC-C stretching
aromatic ring), 937 (vC-F stretching) and 755 (vC-I
asymmetric stretching) cm™. Some of these stretching modes
appeared slightly shifted in the FT-IR spectra of the new
cocrystals (see Fig. S5 and Table S2t) suggesting the existence
of N--I and O---I interactions already observed by SC-XRD.

For the methylxanthines, the changes of C=0, C=N and
N-H modes were examined.

3680 | CrystEngComm, 2024, 26, 3672-3686
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By careful analysis of the single-crystal structure of the
starting B-CAF, no H-bonds could be detected, while n-n
stacking and other short interactions were present. In the
cocrystal CAF-DITFB, higher wavenumbers for the C=0 and
C=N modes were recorded, suggesting that some kind of
new interaction for these functional groups has taken place.
SC-XRD showed that self-assembly occurred through the
carbonyl and C-H groups. The halogen bonds between the
only available nitrogen, N(27), and the ditopic coformer were
responsible for these shifts (Fig. S5af).

TPH form II (refcode BAPLOT06) self-assembles through
N-H--‘N synthons. In a similar way, in the cocrystal TPH-
DITFB, the self-assembly also occurred but through N-
H---O=C interactions. This is reflected by a shift to lower
frequencies of the vibrational modes corresponding to C=0
and C=N stretchings, which are also involved in the halogen
bond interactions (C=0(6)---1(2) and N(9)---I(1)) (as shown in
Fig. 4c).

Finally, for TBR (refcode SEDNAQ), self-assembly occurred
through N(1)-H:--O(2)=C interactions. Despite the crystal
structure not being obtained, in the FT-IR spectrum of
cocrystal TBR-DITFB (1:1), an increase of wavenumbers
corresponding to the C=0O stretching was observed,
suggesting that this group was also involved in the new
network formed by hydrogen and halogen bonds. Finally, for
the TBR-DITFB (2: 1) cocrystal, a shift to higher wavenumbers
for the C=O0 and imine bands was observed, due to the
establishment of hydrogen and halogen bonds, as described
in the previous SC-XRD section. For all these compounds, in
the region 3100-2900 cm ™, corresponding to N-H modes,
some peak shifts were also observed and ascribed to these
interactions.

Absorption and luminescence properties

In order to study the effects of cocrystallization and the
molecular packing on the optical features, the absorption
and emission properties of the solid compounds were
studied.

Diffuse reflectance (and corresponding absorption) (DR-
UV-vis) and fluorescence emission (FE) spectra of the pristine
methylxanthines and their corresponding cocrystals were
measured in the solid state (Fig. 6 and S6t). Both cocrystals
and methylxanthines showed absorption in the UV region. In
all cases, the bands of the cocrystals slightly broadened with
respect to the solid pure xanthine forming a tail up to 350
nm, suggesting a variation of the intermolecular interactions
in the cocystals.

The three methylxanthines exhibited blue emission (Ayax
= 402, 450, and 455 nm) with different absolute PL
quantum yield values (®p, = 54.7, 12.4, and 53.6%),
whereas the emission considerably dropped after the
formation of the corresponding cocrystals (Table 4). CAF
showed a maximum emission band at 402 nm when excited
at 350 nm, while in the cocrystal CAF-DITFB the emission
band was slightly red-shifted to 406 nm upon excitation at

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Absorption and fluorescence emission spectra of CAF and CAF-DITFB cocrystals (a and b) and TBR and its cocrystals TBR-DITFB (1:1) and

TBR-DITFB (2:1) (c and d).

345 nm (Fig. 6a). It is important to stress the significant
decrease of the @, after the introduction of DITFB to form
the cocrystal with respect to the pristine CAF (54.7% versus
2.4%). In the case of TPH, excitation at 330 nm afforded an
emission band at 450 nm with a @®p;, of 12.4%. The
formation of the cocrystal TPH-DITFB produced a
significant decrease of the luminescence and negligible ®py,
(Table 4). Remarkably, TBR exhibited blue emission with a
maximum at 455 nm upon excitation at 330 nm and a high
@pp, value of 53.6%. Both cocrystals TBR-DITFB (1:1) and
TBR-DITFB (2:1) exhibited a blue-shift of the emission
bands (at around 404-406 and 449-451 nm, respectively)
when compared to the pristine TBR and, as for the previous

Table 4 Photophysical properties of methylxanthines and their
respective cocrystals in the solid state

Jex (NM) Jem (NM) D (%)
CAF (B polymorph) 350 402 54.7
CAF-DITFB 345 406 2.4
TPH (form 1) 330 450 12.4
TPH-DITFB 350 429 <0.2
TBR 330 405, 455 53.6
TBR-DITFB (1:1) 346 404, 451 3.7
TBR-DITFB (2:1) 346 406, 449 8.2

This journal is © The Royal Society of Chemistry 2024

cocrystals, a large decrease of the &y, values (Table 4 and
Fig. 6d). Notably, TPH showed much lower luminescence
quantum efficiency than its analogues CAF and TBR, which
in turn presented similar quantum efficiency in the solid
state. The large variation of the fluorescence intensity
between the pristine compounds and the corresponding
crystals could be easily observed even through fluorescence
microscopy images, under UV irradiation (330-385 nm
range), as shown in Fig. 6 (insets).

In general, the important quenching of luminescence that
occurs after the formation of the cocrystals, compared to the
corresponding methylxanthines, evidences that a) the
interactions between the coformer DITFB and the different
methylxanthines are established and b) the incorporation of
DITFB molecules in the network does not improve the
luminescence properties of the methylxanthines in the solid
state, probably due to the overall dilution of the
intermolecular interactions among methylxanthines (vide
infra). Furthermore, as described in the thermal analysis
section, since these cocrystals display cocrystal-to-crystal
transformations by heating (Fig. S47), a new system with
thermally-induced off-on luminescence modulation was
achieved, which might be of interest for the optical detection
of the starting natural methylxanthines in optoelectronics or
biological applications.

CrystEngComm, 2024, 26, 3672-3686 | 3681
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Computational results

Periodic calculations. The optimized cell parameters are a
=y =90° and f§ = 110.99° with ¢ = 21.92 A, h =4.11 A and ¢ =
25.76 A for CAF-DITFB. The computed parameter of the unit
cell for TPH-DITFB are o = y = 90°, f =113.37° and a = 19.82
A, b =4.45 A and ¢ = 20.36 A. Meanwhile for TBR-DITFB (2:1)
the cell parameters are « = 81.99°, f = 80.63°, y = 88.66° and
a=410 A, b =7.42 A and ¢ = 20.59 A. These results are in
excellent agreement with the crystallographic data obtained
for each of all three cocrystals, see Table S3.f In all three
systems, the computed halogen bond interactions between
methylxanthines and DITFB through N---I bonds are in the
range from 2.80 A to 2.96 A, being the experimental values
for the cocrystal, between 2.86 A and 3.03 A. Besides, the
calculations reveal similar results regarding the C-I---A bond
angles, which are between 174.4° and 176.6°. These values
agree with the experimental crystallographic data, which are
in a range from 175.4° to 177.1°, see Table S4.f

Optical properties of free methylxanthines and cocrystals

To have a benchmark for our results, the energies of the states
of the isolated methylxanthines were calculated, using as
references the previously reported experimental data. The UV-
vis absorption spectra were calculated using the input data, the
optimized structures of free methylxanthines, ie., CAF, TPH
and TBR. From these results, we found that the main calculated
absorption bands are centered at 259, 255 and 251 nm for CAF,
TPH and TBR, respectively. The oscillator strength (f) for these
transitions agrees between the simulated UV-vis absorption
spectra of CAF, TPH and TBR and the previously reported
experimental results (Anax = 299, 256 and 291 nm, for CAF, TPH
and TBR, respectively).®** The observed theoretical value
variations from the experimental results of around 40 nm are
within the TD-DFT error range that is commonly reported.®*~%°
In addition, the mentioned electronic transitions are
characterized by n-type transitions, as indicated by the active
molecular orbitals (see Table S5f). Thus, these three
methylxanthines are characterized by n-n* transitions, which
involve charge transfer (CT) between 7-type molecular orbitals
(MOs) with an important contribution from the nitrogen lone
pairs.

Based on previous studies, we have shown how crucial it
is to consider the first excited electronic states (S; or Ty) to
accurately estimate the luminescence properties in molecular
systems®®®® and materials like MOFs.**’® Fig. S71 illustrates
the most probable emission pathway for the free
methylxanthines considering the energy of their ground and
first excited electronic states. The frontier molecular orbital
(FMO) analysis revealed that the MOs involved in the
emissive states of the free CAF, TBR and TPH are located on
the core of methylxanthine, i.e., MOs located along the rings,
both pyrimidine and imidazole, of the same monomer. Fig.
S8-5107 display the FMOs of CAF, TBR and TPH, respectively.
It should be noted that the characteristic emissive state is
observed for both S, and T, electronic states.

3682 | CrystEngComm, 2024, 26, 3672-3686
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The theoretical analysis of the optical properties of the
herein studied cocrystals was performed using a finite
fragment. The UV-vis absorption spectrum for CAF-DITFB
showed two intense absorption bands, very close in energy,
which appeared localized at 256 and 257 nm. The
calculations showed that these bands are =n-type electronic
transitions. Also, it was found that the active MOs in these
electronic transitions are localized on the CAF unit (Table
S51). However, when the FMOs of this system were analyzed,
it appeared that the electron density of the lowest
unoccupied molecular orbital (LUMO) is distributed on the
DITFB unit (see Fig. S11at). The simulated UV-vis absorption
spectra of TPH-DITFB and TBR-DITFB showed their main
absorption bands between 200 and 300 nm, which agree with
the experimental data (see Table 5). In this sense, for both
cocrystals the calculations showed that the MOs involved in
this transition are localized on the xanthine moieties ie.,
THP and TBR, respectively, see Table S5.f The FMOs of these
two cocrystals, similar to that of the CAF-DIFTB system, also
revealed that the HOMO is located on the methylxanthine
unit, ie., TPH and TBR, whereas the LUMO is a MO
distributed on the DITFB unit (Fig. S11b and cf).

As shown for the free methylxanthines, we have also
considered the most probable emission pathway for each
cocrystal taking into account the electronic configuration of
their Sy, S; and Ty, (Fig. S127). According to the experimental
emission spectra, it seemed that the incorporation of DITFB in
the cocrystal network significantly contributed to a change in
the photoluminescence of the cocrystals with respect to the free
methylxanthines. Thus, for example, the quantum yield for the
CAF-DITFB cocrystal exhibited a noticeable reduction in
comparison to the free CAF. Therefore, we expected to see a
significant contribution of DITFB to the CAF-DITFB cocrystal's
luminescence properties. With this aim, the electronic
configuration of the S; and T, electronic states of CAF-DITFB
were investigated to fully understand the deactivation
mechanism. The FMOs analysis of the S; and T, electronic
states of the cocrystal is summarized in Fig. S12.f The single
occupied molecular orbital (SOMO) is an orbital where the
electron density is located on the DITFB unit. However, the
FMO analysis showed that this excited electron relaxes to a MO
distributed mostly along the DITFB unit and partially on the
CAF units in both configurations (S; and Ty). It should be noted
that the T1 electronic configuration for CAF-DITFB is not
populated under the experimental conditions. According to
Kasha's rule, the lowest excited electronic state of a given
multiplicity leads to the radiative deactivation of the excited
state. Therefore, in the CAF-DITFB system the emission drops
due to a CT process, which is faster than the radiative
deactivation of the excited state (implying a CT channel from
the CAF to DITFB orbital). The electron relaxes after the
photoexcitation process and enters the first excited electronic
state, with a significant contribution from DITFB, which shows
a weak fluorescence.>

Following the same procedure, the first excited states S;
and T, were also investigated for the TPH-DITFB and TBR-

This journal is © The Royal Society of Chemistry 2024
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Table 5 Maximum absorption wavelengths (1) and nature of singlet — singlet absorption vertical transitions simulated at the PBEO/ def2-TZVPP

theoretical level

System Eyy(eV) E(eV) A(nm) f Assignment Transition Weight
CAF-DITFB 3.79 4.83 257 0.32 n— H1—-L+6 (44%)
H—-L+7 (43%)
4.86 255 0.43 n — ¥ H-3 - L+4 (44%)
H2—~L+5 (44%)
CAF 5.29 4.79 259 0.52 n— ¥ H-1 - L (90%)
TPH-DITFB 5.08 4.75 249 0.29 n— ¥ H—-L+1 (84%)
TPH 5.40 4.86 255 0.23 n— ¥ H—-L+1 (83%)
4.94 251 0.18 n — ¥ H-1-1L (82%)
TBR-DITFB 5.39 4.85 255 0.67 n — ¥ H-1-1L (30%)
T — m* H—-L+1 (32%)
5.18 239 0.23 T — ¥ H1-L+1 (70%)
TBR 4.87 4.93 251 0.14 n— ¥ H-2 - L (90%)
247 0.28 - ¥ H—1L+2 (83%)

Excitation wavelength (A/nm), energy (E/eV), oscillator strength (f) and the corresponding molecular orbitals (MOs) involved in the electronic
transitions, as also the band assignment. The HOMO-LUMO energy differences (Ey;/eV) are also included.

DITFB systems. The S; and T; electronic states of these
cocrystals exhibited a MO with mix distribution on DITFB as
well as the TPH and TBR molecules, as observed before for
CAF-DITFB, see Fig. S14 and S15.f

Based on these results, as well as the Franck-Condon
principle, Kasha's rule, and selection rules, we propose that
the MO composition of the first excited electronic state
involves MOs distributed mostly on the DITFB unit and with
a minor component on the methylxanthines in the emissive
state. This phenomenon contributes to a luminescence
quenching effect, highlighting the significant impact of
DITFB on the modulation of the emission in the studied
cocrystals. These findings shed light on the interaction of
molecular components and provide valuable insights for
further understanding of the factors influencing
luminescence in this system. These results lead us to the
conclusion that incorporation of DITFB does not favor the
emission process in these cocrystals, producing luminescence
quenching.

Conclusions

Over the past few years, we have paid attention to the
preparation of cocrystals and salts of active pharmaceutical
ingredients or structural synthons mostly based on hydrogen-
bonds, with interest in the pharmaceutical industry. Herein,
we have reported the synthesis and characterization of new
halogen bonded cocrystals based on three natural
methylxanthines, caffeine, theophylline and theobromine,
and the well-known 1,4-diiodotetrafluorobenzene. The several
stoichiometric ratios obtained for these cocrystals (1:1 for
TPH-DITFB, 1:1 and 2:1 for TBR-DITFB and 4:1 for CAF-
DITFB) remark the importance of continuing exploration of
these types of multicomponent solid forms and their
physicochemical properties. Although the fluorescence of the
prepared new cocrystals is greatly diminished probably as a
consequence of the molecular packing and interactions with
the coformer, the isolated methylxanthines have interestingly

This journal is © The Royal Society of Chemistry 2024

revealed excellent luminescence properties with high PL
quantum yields in the solid state. This suggests that
methylxanthines can be considered suitable candidates for
future luminescent materials as they are industrially
produced and readily available. Moreover, our cocrystals
displayed cocrystal-to-crystal transformations by heating and
represent a new thermally-induced off-on luminescent
system, allowing for solid thermofluorescent switches and
the identification of these precursors. Furthermore, by means
of TD-DFT calculations, the decrease of the photoemission
observed with respect to the free methylxanthines and the
herein proposed cocrystals seems to indicate that this effect
was due to the generation of a molecular orbital in the
excited electronic state configuration with a mixed
composition of DITFB, as the major component, and the
corresponding methylxanthine. Therefore, the introduction
of DITFB does not enhance the emission process within these
cocrystals, due to the possible CT process between the
methylxanthine and the coformer.
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