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ABSTRACT: In this work, benzene-1,3,5-tricarboxylic (trimesic
acid, TMSA) and benzene-1,2,3-tricarboxylic acid (hemimellitic
acid, HMLA) were used as coformers for cocrystal synthesis with
chosen purine alkaloids. Theobromine (TBR) forms cocrystals TBR·
TMSA and TBR·HMLA with these acids. Theophylline (TPH)
forms cocrystals TPH·TMSA and TPH·HMLA, the cocrystal hydrate
TPH·TMSA·2H2O and the salt hydrate (TPH)+·(HMLA)−·2H2O.
Caffeine (CAF) forms the cocrystal CAF·TMSA and the cocrystal
hydrate CAF·HMLA·H2O. The purine alkaloid derivatives were
obtained by solution crystallization and by neat or liquid-assisted
grinding. The powder X-ray diffraction method was used to confirm
the synthesis of the novel substances. All of these solids were
structurally characterized, and all synthons formed by purine
alkaloids and carboxylic acids were recognized using a single-crystal
X-ray diffraction method. The Cambridge Structural Database was
used to determine the frequency of occurrence of analyzed
supramolecular synthons, which is essential at the crystal structure
design stage. Determining the influence of structural causes on the various synthon formations and molecular arrangements in the
crystal lattice was possible using structurally similar purine alkaloids and two isomers of benzenetricarboxylic acid. Additionally, UV−
vis measurements were made to determine the effect of cocrystallization on purine alkaloid solubility.

1. INTRODUCTION

Cocrystals, two- or multiple-component solids containing
substances that are also solids under neutral conditions, are
gaining increasing interest, especially in the pharmaceutical
industry, where one of the components is the pharmaceutically
active ingredient (API).1−3 These complex systems arise
spontaneously as a result of component interactions using
noncovalent, intermolecular, reversible interactions, i.e., hydro-
gen bonds, π···π, or van der Waals forces.2,4,5 In this way there
are modifications of the molecular arrangement in the crystal
lattice. The aggregates formed usually have properties different
from those of the substances that are part of the molecular
complex.6−10 From a pharmaceutical point of view, the water
solubility and permeability are some of the most important
properties of a given substance that determine its clinical
effectiveness.11−14 These two properties assign a drug to a
specific group in the biopharmaceutical classification system
(BCS), which in turn allows a choice of a suitable method to
improve the properties of a given drug.15−18 There are many
physical (particle size reduction, mechanical micronization,
solid dispersion, and nanoparticles) and chemical methods
(formation of cocrystals, salts, and solvates and search for

polymorphs) to modify the properties of the API.11,19−22

Around 60−70% of the discovered drugs belong to the BCS
classes II (low solubility and high permeability) and IV (low
solubility and low permeability), which means that it is
essential to search for appropriate methods of drug
modification that will eliminate the difficulties associated
with unfavorable drug properties: i.e., solubility, stability, or
therapeutic effectiveness. One of the most effective ways to
improve the physicochemical properties of a drug is
pharmaceutical cocrystallization, which consists of introducing
guest molecules (coformers) into the API’s crystal lattice.23,24

Among other important physicochemical properties, in
addition to solubility, that can be improved by the
cocrystallization process there are also bioavailability,25−27

dissolution rate,25,28−34 tabletability,24,35 stability,24,30−34,36−39
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hygroscopicity,38,40,41 flowability,32,34,37,39 and mechanical
properties.33 One of the most important advantages of
cocrystal formation is the possibility of modifying the
physicochemical properties without changing or improving
the pharmacological activity of the API and reducing side
effects.42,43

We have used the following purine alkaloids as APIs for
cocrystal formation. Caffeine, a popular substance with a
psychoactive effect, affects the central nervous system, reduces
fatigue, and increases concentration.44−46 Theophylline is used
primarily to treat acute asthma and chronic obstructive
pulmonary disease.47,48 Theobromine, in addition to acting
on the human nervous system, according to Lee et al. also has
anticarcinogenic activity (US Patent 2003/0099686A1).49,50

The first two substances, namely caffeine and theophylline, are
often used for cocrystallization with carboxylic acid deriva-
tives.51 They are readily soluble in water (theophylline 8.3 g
L−1, caffeine 16 g L−1), but both of these alkaloids are easily
converted from an anhydrous form to a hydrate.48,52,53 In this
case complex formation can affect both the solubility and the
stability of these compounds in solution. Theobromine is less
soluble in water (0.33 g L−1) than theophylline and caffeine,
and its cocrystallization can improve its solubility in water.49

1,3,5-Benzenetricarboxylic acid (trimesic acid) is a very
popular coformer used for cocrystallization, inter alia with
nitrogen aromatic bases, amines, carboxylic acids, alcohols, or
neutral molecules such as alkenes and polycyclic aromatic
hydrocarbons.51 The choice of 1,2,3-benzenetricarboxylic acid
(hemimellitic acid) was justified by its low popularity (five
cocrystals and two salts in the CSD base).51 The presented
study of selected purine alkaloid cocrystals with the above
carboxylic acids shows how difficult it is to predict the
formation of specific supramolecular synthons in the designed
structure. A better understanding of the self-assembly
processes in systems containing many complex functional
groups capable of forming noncovalent interactions is essential
to enable complete control of the cocrystals design. This
strategy is especially important when we think about
pharmaceutical substances, because greater knowledge of the
preferred supramolecular motifs in crystalline solids will allow
better control of the properties of newly obtained multi-
component substances.54

2. EXPERIMENTAL SECTION
2.1. Materials. Theobromine, theophylline, and caffeine were

purchased from Swiss Herbal Institute, Pol-Aura, and Coffeine Shop,
respectively. Trimesic acid and hemimellitic acid were obtained from
Sigma-Aldrich. All of the above substances were used without
purification. Solvents were obtained from ChemPur. Millipore
distilled water (18 MΩ) was used in all absorption experiments
(Figure 1).
2.2. Solution-Based Cocrystallization. The selected purine

alkaloid (theobromine, theophylline, or caffeine) and a given cocrystal
former (trimesic or hemimellitic acid) were introduced to the selected
solvent system in different stoichiometric ratios (Table S1). The
mixtures were heated and stirred until the substances were completely
dissolved. The cocrystals were obtained by slow evaporation from the
filtrates under ambient conditions.
2.3. Mechanochemical Cocrystallization. The milling experi-

ments were performed on a Retsch MM300 oscillatory ball mill. The
stoichiometric ratios of the chosen purine alkaloid and coformer,
together with two 4.0 mm stainless steel balls, were transferred into
stainless steel jars. Grindings were carried out without (neat grinding)
or in the presence of solvent (liquid-assisted grinding). Details of the

milling conditions are presented in Table S2. Each experiment lasted
30 min at a frequency of 25 Hz.

2.4. Single-Crystal X-ray Diffraction (SXRD). Intensity data for
all structures except (TPH)+·(HMLA)−·2H2O were collected using
an Oxford Diffraction SuperNova diffractometer with monochromatic
Cu Kα radiation. Low temperatures (100−130 K) were achieved
using the Cryojet cooling system. For (TPH)+·(HMLA)−·2H2O data
collection was performed at 100 K using a Rigaku XtaLAB Synergy-R
diffractometer equipped with a rotating anode X-ray source (Cu Kα
radiation) and a Cryostream cooling system. CrysAlis PRO was used
for data collection and data reduction.55 Crystal structures were
solved using SHELXT-2015 (intrinsic phasing method) and refined
using SHELXL-2015 (least-squares method).56,57 The Olex2 program
was used as an interface to structure solution and refinement.58 The
WinGX program was used for reflection data conversion into the
HKLF5 format to refine two twinned structures.59 The structural
analysis was performed using Mercury.60 In the investigated
structures, except for CAF·TMSA, the difference Fourier map
indicated the location of all hydrogen atoms. Details of the final
treatment of hydrogen atoms, twin structures, disorders in crystal
structures, and other restraints are presented in Table S3.

2.5. Powder X-ray Diffraction (PXRD). The X-ray diffraction
patterns for cocrystals obtained by slow evaporation and grinding
were collected on an Oxford Diffraction SuperNova diffractometer
using Cu Kα radiation obtained at 50 kV and 0.8 mA. CrysAlis PRO
was used for intensity data collection.55 Samples were scanned
between 5 and 40° (2θ) at a scanning step size of 0.01. All powder
experiments were performed at room temperature. Theoretical
diffractograms were generated using Mercury.60 Powder patterns
were processed using Kdif software.61

2.6. Solubility Measurements. The powdered samples of the
obtained cocrystals were dissolved in Millipore distilled water (18
MΩ cm) and examined by using a Cary 100 (Agilent) dual-beam
UV−vis spectrometer. UV−vis absorption spectra were recorded in
the range of 200−800 nm with 1 nm increments. Quartz cells with 2
mm optical length were used. Standard curves of theobromine (Figure
S19), theophylline (Figure S20), and caffeine (Figure S21) cocrystals
were prepared. Substance concentrations versus absorbances of the
substance at the detection wavelength (Table S4) were plotted. A
linear relationship was obtained, and the slope was calculated from the
graph. To determine the solubility of the cocrystals, saturated aqueous
solutions of each were prepared. The absorbance at the detection
wavelength (λdet) was measured, and the concentration of the
substance was determined using the Beer−Lambert equation. All
experiments were repeated three times at room temperature, and the
average of the results has been presented.

2.7. Hirshfeld Surface Analysis. The CrystalExplorer program
was used to calculate molecular Hirshfeld surfaces for each
component in all described complexes, except for water mole-
cules.62,63 The CIF files were imported into a program, and all bonds
with hydrogen atom participation were modified into the values C−H
= 1.083 Å, N−H = 1.009 Å, and O−H = 0.983 Å, which are standard
neutron values. All surfaces were generated in standard (high)

Figure 1. Structures of purine alkaloids and carboxylic acids used for
cocrystallization.
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resolution. The 2D fingerprint plots showing the interaction between
different atoms and the intermolecular contacts are included in Table
S9.1−8 and Figures S1−16 in the Supporting Information.

3. RESULTS AND DISCUSSION
Trimesic acid (TMSA) and hemimellitic acid (HMLA) were
used for purine alkaloid cocrystallization: i.e., theobromine
(TBR), theophylline (TPH), and caffeine (CAF). The
crystallographic and refinement data are shown in Tables S5
and S6. All eight solids synthesized by solution-based and
mechanochemical cocrystallizations were identified using the
PXRD method. The SXRD measurements determined the
structural characteristics and indication of individual supra-
molecular motifs. The difference Fourier map analysis, the C−
O bond lengths in the carboxyl group involved in COOH···
Nimidazole formation, and the values of selected valence angles in
the imidazole ring present in purine alkaloid molecules allowed
the determination of the nature of the obtained compounds
(cocrystal or salt) (Figure 2).

Only the complex (TPH)+·(HMLA)−·2H2O was identified
as a salt. The peak on the difference Fourier map was
positioned near the imidazole nitrogen atom. Additionally, the
small difference between CO and C−O bond distances
(0.0429 Å) indicates a proton transfer and carboxylate anion
formation (Table 1). The structures containing purine
alkaloids in neutral and cationic form, where the proton was
transferred to the imidazole nitrogen atom, were also analyzed
for the imidazole ring geometry in the Cambridge Structural

Database (ConQuest ver. 2.0.4, Table 2).51,64 Values of
specific valence angles in the imidazole ring of theophylline

molecule in (TPH)+·(HMLA)−·2H2O are in the range of
angles corresponding to the protonated form of this purine
alkaloid (Table 3). The calculated ΔpKa value for this system
(0.7, Table 4) is the highest of the calculated ΔpKa values for
all alkaloid−acid pairs described in this paper. This value is in
the range from −1 to 4, where the probability of a obtaining
salt increases with increasing ΔpKa value, which is consistent
with the obtained results.65 An interesting fact is that for the
same acid−base pair both the neutral complex TPH·HMLA
and the ionic complex in the dihydrate form (TPH)+·
(HMLA)−·2H2O were obtained.

3.1. Synthesis Route. Theobromine cocrystals with both
trimesic acid (TBR·TMSA) and hemimellitic acid (TBR·
HMLA) were obtained by neat grinding. It was difficult to
obtain the TPH·TMSA complex by milling without the
addition of a solvent. The solution to this problem was adding
a drop of methanol to the mixture of theophylline and acid to
be ground. In turn, adding a drop of water to the same system
produces TPH·TMSA·2H2O (Figure 3). Neat or liquid-
assisted grinding with a drop of water of theophylline and
hemimellitic acid always gives TPH·HMLA. The salt dihydrate
(TPH)+·(HMLA)−·2H2O could not be obtained by milling
(Figure 4). The cocrystal CAF·TMSA and the cocrystal
hydrate CAF·HMLA·H2O were both obtained by neat
grinding.
The above systems in Table 4 were obtained by slow

evaporation from the solution. Information on the solvents
used for crystallization can be found in Table S1 and in graphs
with PXRD patterns (Figures 3 and 4). The challenge was to
obtain the pure compound (TPH)+·(HMLA)−·2H2O. The
anhydrous form TPH·HMLA was selectively obtained from a
acetonitrile−water solution. Replacing acetonitrile with a
different solvent (methanol, ethanol, isopropyl alcohol, tert-
butyl alcohol) resulted mainly in the formation of an
anhydrous form, which was confirmed by PXRD measure-
ments; however, analysis of the crystals obtained from the
above cocrystallizations under the microscope showed the
presence of two forms. The use of a methanol−water mixture
in several cases resulted in the pure dihydrate (TPH)+·
(HMLA)−·2H2O. Two out of the nine powder patterns in
Figure 4.3 show that cocrystallization from methanol−water
can lead to both the anhydrous and hydrated forms.

3.2. Crystal Structure Analysis. 3.2.1. Theobromine
Benzene-1,3,5-tricarboxylic Acid Cocrystal (TBR·TMSA).
Theobromine and trimesic acid cocrystallize in the monoclinic
space group P21/c with Z′ = 2 (Figure 5a). The asymmetric
unit contains two TBR and two TMSA molecules.

Figure 2. Selected bond angles for the analysis of the geometry of the
imidazole ring in the neutral and cationic forms of purine alkaloid
molecules.

Table 1. Geometry of the Carboxyl Group Involved in
COOH···Nimidazole Formation

alkaloid−acid complex dCO (Å) dC−O (Å) Δd (Å)

TBR·TMSA
Aa 1.215(3) 1.319(3) 0.104
Ba 1.217(3) 1.315(3) 0.098

TPH·TMSA 1.216(2) 1.309(2) 0.093
TPH·TMSA·2H2O

b 1.2163(16) 1.3166(16) 0.1003
CAF·TMSAc 1.217(3) 1.319(3) 0.102
TBR·HMLA 1.202(3) 1.325(3) 0.123
TPH·HMLA 1.231(9)d 1.299(2) 0.068
(TPH)+·(HMLA)−·2H2O 1.2357(19) 1.2786(19) 0.0429
CAF·HMLA·H2O 1.216(3) 1.303(3) 0.097

aTwo theobromine molecules in the asymmetric unit of TBR·TMSA
with A and B indices. bData for the carboxyl group interacting with
the imidazole nitrogen atom via the water molecule. cData for the part
of the structure with greater occupancy. ddC=O for the carbonyl
oxygen atom with greater occupancy.

Table 2. Ranges of Bond Angles (deg) in the Imidazole Ring
for Neutral and Protonated Forms of Alkaloid Moleculesa

neutral form of purine alkaloid
moleculesb

cationic form of purine alkaloid
moleculesc

Ang1 100.2−105.25 106.39−108.5
Ang2 111.41−117.0 108.89−111.44
Ang3 102.18−107.26 107.02−108.63

aAnalysis based on data from Cambridge Structural Database using
ConQuest64 (search conditions: 3D coordinates determined,
structure with R ≤ 0.075, only single-crystal structures, only organic
structures). b290 hits were found. c32 hits were found.
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Components of this cocrystal form layers parallel to the (101)
crystallographic plane (Figure 5b). Within these layers, chains
of carboxylic acids connected by O6A−H6A···O3B and O6B−
H6B···O3A hydrogen bonds can be observed. Between these
chains, theobromine molecules create amide−amide dimers
R2
2(8) via N1A−H1A···O8B and N1B−H1B···O8A interac-

tions with endo-carbonyl oxygen atom participation. Each
alkaloid molecule is connected to two trimesic acid molecules.
Typical COOH···Nimidazole heterosynthons were formed
(O2A−H2A···N4A and O2B−H2B···N4B hydrogen bonds,
Table S8). The exo-carbonyl oxygen atoms in purine alkaloid

Table 3. Imidazole Ring Geometry: Bond Angles (deg) for the Structures Described in This Paper

cocrystal Ang1 Ang2 Ang3

TBR·TMSA (A molecule) 104.5(2) 113.1(2) 106.1(2)
TBR·TMSA (B molecule) 104.1(2) 113.0(2) 106.2(2)
TPH·TMSA 104.6(1) 112.3(1) 106.9(1)
TPH·TMSA·2H2O 103.5(1) 113.6(1) 106.1(1)
CAF·TMSA (89% occupancy) 104.0(2) 112.9(2) 106.1(2)
CAF·TMSA (11% occupancy) 104(2) 114(2) 107.8(2)
TBR·HMLA 103.6(2) 113.7(2) 105.8(2)
TPH·HMLA 104.1(1) 112.6(1) 106.8(1)
(TPH)+·(HMLA)−·2H2O 106.26(12) 111.30(13) 107.32(12)
CAF·HMLA·H2O 104.1(2) 113.0(2) 106.0(2)

Table 4. Calculated ΔpKa Values for All Alkaloid−Acid
Pairs

alkaloid−acid
pair

pKa of
protonated
alkaloid66,67

pKa of acid
(pKa1
value)68

ΔpKa =
pKa(protonated base) −

pKa(acid)
65

TBR−TMSA 0.12 3.12 −3.0
TBR−HMLA 0.12 2.80 −2.68
CAF−TMSA 0.6 3.12 −2.52
CAF−HMLA 0.6 2.80 −2.20
TPH−TMSA 3.5 3.12 0.38
TPH−HMLA 3.5 2.80 0.7

Figure 3. PXRD patterns of the cocrystals with trimesic acid as the coformer: (1) theobromine trimesic acid cocrystal; (2) theophylline trimesic
acid cocrystal; (3) theophylline trimesic acid dihydrate; (4) caffeine trimesic acid cocrystal Color code: black, theoretical pattern; red, powder
pattern for sample obtained by slow evaporation from solution; green, powder pattern for sample from grinding.
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molecules (O7A and O7B) are proton acceptors from
carboxylic groups (O4A−H4A···O7A and O4B−H4B···O7B
hydrogen bonds). These layers form a 3D network through the
π(TBR)···π(TMSA) forces (Figure 5c and Table S7).
3.2.2. Theophylline Benzene-1,3,5-tricarboxylic Acid Coc-

rystal (TPH·TMSA). Theophylline and trimesic acid form a
cocrystal in the monoclinic space group P21/c with one
alkaloid and one acid molecule in the asymmetric unit (Figure
6a). TMSA molecules are hydrogen-bonded with two
neighboring acids via O4−H4···O1 interactions (Table S8).

In this way, an infinite helical system C2
2(16) around the 21

screw axis parallel to the [010] direction is formed. The pitch
of the helix is 13.4344(2) Å with two acid molecules per turn
(Figure 6b). Alkaloid molecules are connected with two
benzene-1,3,5-tricarboxylic acid molecules. Theophylline with
one acid molecule forms a COOH···Nimidazole synthon (O2−
H2···N4 hydrogen bond). The heterosynthon TPH-ACID
R2
2(9) is formed through O6−H6···O7 and N3−H3···O5

hydrogen bonds. Neighboring helical systems are interdigitated

Figure 4. PXRD patterns of the alkaloid systems with hemimellitic acid as coformer: (1) theobromine hemimellitic acid cocrystal; (2) caffeine
hemimellitic acid monohydrate; (3) theophylline with hemimellitic acid, cocrystal and salt dihydrate.

Figure 5. (a) ORTEP representation of the TBR·TMSA asymmetric unit (thermal ellipsoids were plotted at the 50% probability level). (b) 2D
structure showing a molecular layer, with a projection on the (101) crystallographic plane. (c) 3D structure of the TBR·TMSA stabilized by π···π
forces, in a view along the [101̅] direction.
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by C−H···O forces between theophylline molecules and by
π(TPH)···π(TMSA) interactions (Figure 6c and Table S7).
3.2.3. Theophylline Benzene-1,3,5-tricarboxylic Acid Dihy-

drate (TPH·TMSA·2H2O). Theophylline and trimesic acid can
form a cocrystal hydrate in the triclinic space group P1̅. The
asymmetric unit consists of one alkaloid, one acid, and two
water molecules (Figure 7a). Components of this solid are
arranged in layers parallel to the (213) crystallographic plane
(Figure 7b). In the crystal lattice, TMSA molecules form R2

2(8)
homosynthons through O−H···O (O3−H3A···O4 and O4−
H4···O3, Table S8) hydrogen bonds. The hydrogen atoms
H3A and H4 in TMSA carboxyl groups, involved in acid−acid
synthon formation, are disordered with occupancies 0.45:0.55.
The R2

2(9) theophylline−acid heterosynthons are sustained by
N3−H3···O5 and O6−H6···O7 interactions. In both solvent
molecules, one of the hydrogen atoms is disordered over two
positions with 0.50 occupancies (H9B, H9C and H10A, H10C
atoms). The hydrogen bonds with the participation of these
hydrogen atoms (O9−H9B···O9, O9−H9C···O10, O10−
H10A···O9, O10−H10C···O10, Table S8) are responsible for
the connection of the water molecules, resulting in an infinite
channel formation parallel to the [100] direction (Figure 7c).
The ordered hydrogen atoms are noncovalently bonded to the
carbonyl group (O10−H10B···O1 hydrogen bond) and the
imidazole nitrogen atom of theophylline (O9−H9A···N4
hydrogen bond), respectively. The last interaction and the
O2−H2···O9 hydrogen bond are an interesting case, where
one water molecule bridges the carboxylic acid and imidazole
functionalities of the expected COOH···Nimidazole heterosyn-
thon (a so-called “masked synthon”).69 The 3D stacks are also
stabilized by π(TPH)···π(TMSA) and C−H···O forces (Figure
7d and Table S7).
The presented complex was also obtained by Abosede et al.,

but some structural differences are observed.70 Oxygen atoms
of water molecules in the described TPH·TMSA·2H2O crystal
structure are ordered. In both solvent molecules, one hydrogen
atom is ordered, whereas the second hydrogen atom is
disordered equally over the two sites. Channels of hydrogen-
bonded water molecules along the [100] direction are

observed. In the deposited structure (refcode HUHQIN),
one of the hydrogen atoms in one of the water molecules is
disordered over two positions, but in the second water
molecule an oxygen atom is disordered over two positions with
occupancies 0.94:0.06, where hydrogen atoms in the solvent
molecule with smaller occupancy were not identified. More-
over, in contrast to the already published structure, in the
carboxyl groups involved in acid−acid dimer formation, a
disorder of a hydrogen atom over two sites with occupancies
0.45:0.55 can be observed. The measurement of TPH·TMSA·
2H2O at 130 K made it possible to precisely determine the
position of all hydrogen atoms from the difference Fourier map
and to identify disordered atoms.

3.2.4. Caffeine Benzene-1,3,5-tricarboxylic Acid Cocrystal
(CAF·TMSA). The caffeine−benzene-1,3,5-tricarboxylic acid
cocrystal crystallizes in the Pbca space group with one CAF
and one TMSA molecule in the asymmetric unit (Figure 8a).
The purine alkaloid and half of the acid molecule are
disordered over two sites with occupancies 0.89:0.11 (Figure
8b). Figure 8d shows the disorder in a larger structural
fragment. The superimposition of more and less occupied
fragments indicates the structural disorder by the mirror plane
(the RMS deviation index is equal to about 0.15). However,
the CAF·TMSA structure obtained and described by Abosede
et al. is completely ordered (refcode HUHQUZ).70 Each CAF
molecule is hydrogen-bonded to one acid molecule via a O2−
H2···N4 interaction (or O2A−H2A···N4A, Table S8). The
remaining two carboxyl groups form R2

2(8) homodimers
sustained by O4−H4···O5 and O6−H6···O3 hydrogen bonds
with neighboring acid molecules. In this way, zigzag-shaped
polymer chains along the 21 axis parallel to the [010] direction
are formed (Figure 8c). The C−H···O and π···π forces
between caffeine molecules are responsible for the 3D network
formation and stabilization (Figure 8e and Table S7).

3.2.5. Theobromine Benzene-1,2,3-tricarboxylic Acid
Cocrystal (TBR·HMLA). Theobromine and hemimellitic acid
cocrystallize in a 1:1 stoichiometric ratio in the monoclinic
space group C2/c (Figure 9a). Components of this cocrystal
form wavelike chains through O4−H4···N4 interactions

Figure 6. (a) ORTEP view of the TPH·TMSA asymmetric unit (displacement ellipsoids plotted at the 50% probability level; disordered fragments
in TPH molecule are omitted for clarity). (b) Helix arrangement around the screw axis 21 parallel to the [010] direction, in a view along the [405]
direction. (c) 3D structure composed of interconnected helical systems via C−H···O and π···π interactions, in a view along the [010] direction.
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(COOH···Nimidazole synthon) and R2
2(8) cyclic motifs com-

posed of O2−H2···O7 and N1−H1···O1 hydrogen bonds
(Figure 9c and Table S8). Two of these zigzag ribbons are
interconnected through carboxylic acid homodimer formation

(O6−H6···O6 or O6A−H6A···O6A hydrogen bond) between
two HMLA molecules (Figure 9b). This dual system along the
[101̅] crystallographic direction (Figure 9c) is also stabilized
by C−H···O and π(TBR)···π(TBR) interactions. Acid−acid

Figure 7. (a) ORTEP representation showing the asymmetric unit of TPH·TMSA·2H2O with numbering of atoms (thermal ellipsoids were drawn
at the 50% probability level, both water molecules are disordered, the hydrogen atom near the carboxyl group with the C9 atom is disordered over
two sites with occupancies 0.55:0.45, and rotational disorder of the C16 methyl group is not presented for clarity);. (b) 2D molecular layer parallel
to the (213) plane, in a projection on the (213) crystallographic plane (disorder in the C16 methyl group and in the carboxyl group is omitted for
clarity). (c) Channel of hydrogen-bonded water molecules running along the [100] direction, in a view along the [24̅1] direction. (d) 3D layered
structure, in a view along the [12̅0] direction.
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homodimers are formed around the C2 axis. A small difference
in C−O bond lengths (1.242(3) Å for C9−O5 and 1.238(4) Å
for C9−O6) in the carboxyl group involved in the formation of
these dimers shows that this group is affected by the disorder.
The introduction of a hydrogen atom disorder model in this
carboxyl group does not solve the C−O bond length problem.
Only the disorder of the carboxyl group by rotation around the
C3−C9 bond solved the above problem. After this procedure,
the C−O bond lengths indicated the single and double bond
sites as well as proton locations. In the final model, this group
is disordered over two positions with fixed occupancies equal
to 50%. The 3D network is sustained by π(TBR)···π(TBR)
and π(HMLA)···π(HMLA) interactions between the neigh-
boring chains (Figure 9d and Table S8).
3.2.6. Theophylline Benzene-1,2,3-tricarboxylic Acid Coc-

rystal (TPH·HMLA). Theophylline and benzene-1,2,3-tricarbox-
ylic acid cocrystallize in the triclinic space group P1̅ with Z′ = 1
(Figure 10a). Each TPH molecule is noncovalently connected
with three HMLA molecules and one HMLA molecule with
three TPH molecules (Figure 10b). In the crystal lattice,
centrosymmetric four-component aggregates are recognized,
which are sustained via O2−H2···N4 (COOH···Nimidazole) and
O4−H4···O8 hydrogen bonds (Table S8). These systems
within the 1D molecular ribbon are held together by R2

2(9)

cyclic arrays of N3−H3···O5 and O6−H6···O7 interactions.
The ribbons connected through π(TPH)···π(HMLA) and C−
H···O forces form a three-dimensional structure (Figure 10c
and Table S7).

3.2.7. Theophyllinium 2,6-Dicarboxybenzoate Dihydrate
(TPH)+·(HMLA)−·2H2O. Theophylline and benzene-1,2,3-tricar-
boxylic acid form a salt hydrate with two cocrystallized water
molecules in the monoclinic I2/a space group (Figure 11a).
The crystals of this compound exhibit nonmerohedral
twinning. The components in the crystal lattice of (TPH)+·
(HMLA)−·2H2O form a complex system of strong hydrogen
bonds. The carboxyl group in the 2,6-dicarboxybenzoate anion
near the C1 atom, theophyllinium cation, and water molecule
(with disordered O9 atom) are involved in the 10-membered
hydrogen-bonded ring formation through O2−H2···O7, N3−
H3···O9 (or N3−H3···O9A), and O9−H9B···O1 (or O9A−
H9B···O1) interactions (Figure 11c and Table S8). This water
molecule donates a proton to the carbonyl oxygen atom (O9−
H9A···O3 or O9A−H9A···O3 hydrogen bond) in the
carboxylate ion of HMLA. A proton transfer from this group
to the imidazole nitrogen atom of theophylline was observed
(N4−H4···O4 interaction, Figure 11a). The third carboxyl
group is a proton donor to the O10 oxygen atom in an ordered
water molecule (O6−H6···O10 hydrogen bond). The

Figure 8. (a) ORTEP representation of the CAF·TMSA asymmetric unit (the highest occupancy is presented). (b) ORTEP representation of the
more (top part) and less occupied fragments (bottom part) of the CAF·TMSA asymmetric unit (thermal ellipsoids plotted at the 50% probability
level). (c) 1D polymer zigzag chain parallel to screw axis 21 along the [010] direction consisting of CAF and TMSA molecules with the highest
occupancy, in a view along the [100] direction. (d) Zigzag polymer disorder in the CAF·TMSA crystal lattice (blue, greater occupancy 0.89; red,
smaller occupancy 0.11). (e) crystal packing of CAF·TMSA showing interdigitated zigzag polymers, in a view along the [010] direction.
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molecular chains along the [100] direction are formed by
noncovalent O10−H10A···O4 and O10−H10B···O3 interac-
tions between ordered solvent molecules and the oxygen atoms
of the internal −COO− groups of the acid anion (Figure 11b
and Table S8). The three-dimensional crystal structure is also
stabilized by C−H···O and π(TPH)···π(TPH) forces (Table
S7).
3.2.8. Caffeine Benzene-1,2,3-tricarboxylic Acid Mono-

hydrate (CAF·HMLA·H2O). Caffeine hemimellitic acid mono-
hydrate crystallizes in the monoclinic P21/c space group
(Figure 12a). The alkaloid molecules are hydrogen-bonded via
O4−H4···N4 interactions with the internal acidic groups of
HMLA (COOH···Nimidazole synthon, Table S8). Two outer
carboxyl groups of two HMLA molecules together with a water
molecule are involved in R3

3(10) ring formation (Figure 12b).
The O2−H2···O5 hydrogen bond is a direct contact between

carboxyl groups. The modification in the acid−acid dimer
formation by incorporation of water molecules is observed;
thus, “moderate synthons” are formed.69 The solvent
molecules, noncovalently bonded with three acid molecules
by O9−H9A···O1, O9−H9B···O3, and O6−H6···O9 inter-
actions, are responsible for a double-molecular-ribbon
formation. These motifs run along the 21 axes at the 1/2, y,
1/4 and 1/2, y, 3/4 positions, and they are interconnected by
C−H···O and C−H···π interactions to form the 3D crystal
structure (Figure 12c).

3.3. Supramolecular Analysis of Novel Alkaloid−Acid
Compounds. Theobromine, theophylline, and caffeine were
chosen for cocrystallization with both trimesic and hemi-
mellitic acids. Purine alkaloids differ in the number and
location of methyl groups. The benzene-1,3,5-tricarboxylic acid
molecule is flat, while in the benzene-1,2,3-tricarboxylic acid

Figure 9. (a) ORTEP representation showing the asymmetric unit of the TBR·HMLA (the rotational disorder of the carboxyl group in HMLA near
the C9 atom is shown, and the disorder of both methyl groups in TBR are omitted for clarity; displacement ellipsoids are drawn at the 50%
probability level). (b) Representation of the acid−acid dimer formed around the C2 axis with disordered carboxyl groups. (c) One-dimensional
structural motif composed of two wavelike chains through [101̅] direction, in a view along the [104] direction; (d) 3D crystal structure of TBR·
HMLA stabilized by π···π interactions, in a view along the [101̅] direction.

Crystal Growth & Design pubs.acs.org/crystal Article

https://dx.doi.org/10.1021/acs.cgd.0c01242
Cryst. Growth Des. 2021, 21, 396−413

404

http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.0c01242/suppl_file/cg0c01242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.0c01242/suppl_file/cg0c01242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.0c01242/suppl_file/cg0c01242_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.0c01242/suppl_file/cg0c01242_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01242?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01242?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01242?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01242?fig=fig9&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c01242?ref=pdf


molecule, the proximity of carboxyl groups makes the internal
carboxyl group twisted with respect to the aromatic ring
(Table 5).

Therefore, the carboxyl group positions in the studied
coformer molecules certainly affect the number of possible
noncovalent connections between molecules. Selected co-

Figure 10. (a) ORTEP representation of the TPH·HMLA asymmetric unit with the atomic numbering scheme (the disorder of the O1 carbonyl
atom is omitted for clarity; thermal ellipsoids are plotted at the 50% probability level). (b) 1D molecular ribbon composed of four-component
aggregates along the [001] direction, in a view along the [41̅0] direction. (c) 3D structure showing adjacent ribbons of TPH·HMLA, in a view
along the [001] direction.

Figure 11. (a) ORTEP representation of the (TPH)+·(HMLA)−·2H2O asymmetric unit (disordered fragments are not presented for clarity;
thermal ellipsoids are drawn at the 50% probability level). (b) Molecular chains along the [100] direction formed as a result of noncovalent
bonding of water molecules (the O10 atom, presented in ball and stick form) and carboxylate groups, in a view along the [2̅30] direction. (c) 2D
structure of (TPH)+·(HMLA)−·2H2O, in a view along the [100] direction.
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formers can form strong hydrogen bonds only with carboxyl
groups; thus, we can distinguish three types of supramolecular
synthons at the cocrystal design stage: alkaloid−alkaloid
(amide−amide, Figure 13.1), alkaloid−acid (amide−acid,
Figure 13.2), and acid−acid (Figure 13.3) synthons. The
structural studies for the described compounds confirmed the
dominant role of alkaloid−acid and acid−acid synthons in
comparison with alkaloid−alkaloid homosynthons, due to the
dominant amount of carboxyl acid groups in the coformer
molecules.
3.3.1. Theobromine Derivatives. Theobromine forms

cocrystals with both trimesic and hemimellitic acids. Among
the eight compounds described in this paper, only in TBR·
TMSA cocrystal was an alkaloid−alkaloid synthon type
observed. TBR-TBR dimers (homosynthon II) connected by
weak interactions are present in the crystal lattice of pure
theobromine (Figure 13.1b).72 This type of homosynthon is
also found in only one TBR−acid system, where 4-
hydroxybenzoic acid was used as a coformer.73 The formation
of a TBR−TBR homosynthon I in the presence of a carboxyl
group is more favored than homosynthon II.51,74 Surprisingly,
in the presence of TMSA the TBR−TBR homosynthon II is

still observed (Figure 13.1b). The acid molecules joined
noncovalently with alkaloid molecules through COOH···
Nimidazole hydrogen bonds (Figure 13.2g) and with the carbonyl
oxygen atom near the pyrimidine ring, which do not participate
in the TBR−TBR homosynthon formation (Figure 14a, TBR−
acid homosynthon III). The acid molecules are interconnected
via O−H···O interactions by heterodimer formation (Figure
13.3b). Carboxylic acids can also form infinite chains, so-called
catemers, in which one carboxyl group is bonded non-
covalently to two different adjacent groups. This motif is
rarely observed: i.e., in acemetacin, tetrolic acid, and 2,6-
bis(trifluoromethyl)benzoic acid. It is also not observed in our
structures.75−77

On the other hand, the use of hemimellitic acid resulted in
breaking the N−H···O hydrogen bonds between theobromine
molecules and forming the TBR−acid heterosynton I (external
carboxyl group of acid), and the second carbonyl oxygen atom
did not participate in strong interactions (Figure 13.2a). In the
COOH···Nimidazole hydrogen bond formation, the internal
carboxyl group is involved. It was unexpected to identify an
acid−acid dimer (hydroxyl dimer, Figure 14b), in which only
hydroxyl groups are responsible for the strong interactions
between these groups (they act as both hydrogen bond donors
and acceptors). In the 140 crystal structures found in the CSD
base, this type of dimer was identified.51 The same synthon
with carbonyl oxygen atoms on the same side is present in 56
structures. In 32 structures, this dimer was formed around the
C2 axis, and 10 of them crystallize in the C2/c space group,
similarly to the theobromine hemimellitic acid cocrystal.

3.3.2. Theophylline Derivatives. Theophylline with trimesic
acid forms both a cocrystal and a cocrystal hydrate. Only three
organic acids were found in the CSD base that in combination

Figure 12. (a) ORTEP representation of the CAF·HMLA·H2O asymmetric unit with a disordered methyl group of caffeine (displacement
ellipsoids are drawn at the 50% probability level). (b) Double ribbon along the 21 screw axis parallel to the [010] direction, in a view along the
[100] direction. (c) 3D structure of CAF·HMLA·H2O stabilized by C−H···O and C−H···π interactions, in a view along the [010] direction.

Table 5. Geometry of the Internal Carboxyl Group of
Hemimellitic Acid in Its Complexes, Defined as the Torsion
Angle at Which the Internal Group in This Acid Is Twisted
Relative to the Benzene Ring

alkaloid−HMLA complex internal group orientation (deg)

TBR·HMLA 97.3(3)
TPH·HMLA 99.84(16)
(TPH)+·(HMLA)−·2H2O 83.14(17)
CAF·HMLA·H2O 84.1(3)
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with TPH have both forms (Table 6).51 In both structures,
TPH−TPH homosynthons (Figure 13.1c) are not observed, as
expected, due to the presence of several carboxyl groups in the
coformer molecules. TPH−acid heterosynthon I was formed in
both anhydrous and dihydrate crystals (Figure 13.2c). In the
TPH·TMSA cocrystal, the most expected COOH···Nimidazole

synthon is observed (Figure 13.2 g). In TPH·TMSA·2H2O, a
water molecule bridges the imidazole to carboxyl interaction
(Figure 15a). This type of synthon was found only in two

structures (REFCOD: KIGKAN, KIKHUI).51 In the anhy-
drous complex, the dimers between carboxyl groups through
O−H(carboxyl)···OC(carboxyl) interactions are formed
(Figure 13.3b). The inclusion of water molecules in the crystal
lattice results in the cyclic acid−acid dimer formation (Figure
13.3a).
Theophylline and hemimellitic acid formed unexpectedly

two types of complexesthe neutral TPH·HMLA and proton-
transfer complex (TPH)+·(HMLA)−·2H2O. Homosynthons

Figure 13. (1) Typical alkaloid−alkaloid synthons observed in the crystal structures of alkaloid−carboxylic acid complexes. (2) The most
frequently observed alkaloid−acid heterosynthons observed in alkaloid−acid systems. (3) The two most common types of carboxylic acid dimers in
crystal structures.71 The number of structures found in the CSD base with a given synthon is given in blue (Search conditions: 3D coordinates
determined, structure with R ≤ 0.1, no errors, only organic structures. An additional condition for carboxylic acid synthons was “normalize terminal
H positions”).
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are not present in the crystal lattice of the above substances
(Figures 13.1c and 13.3a). In the TPH·HMLA cocrystal, by a
COOH···Nimidazole interaction with the external carboxylic
group from acid molecule participation, TPH−acid hetero-
synthons I and II are formed (Figure 13.2.g, 13.2.c, and 13.2.d,
respectively). In turn, the hydrogen bond network in (TPH)+·
(HMLA)−·2H2O is quite complex and it would be very
difficult to predict the supramolecular synthons present in this
structure, unlike the case for the anhydrous equivalent. In the
dihydrate phase the COO−···H−Nimidazole hydrogen bond is
formed (COOH···Nimidazole synthon with proton transfer), this
time with the internal carboxyl group of HMLA participation.
The TPH−acid heterosynthon I (Figure 13.2c), observed in
three structures containing theophylline, in (TPH)+·
(HMLA)−·2H2O is slightly modified by interjecting one
solvent molecule (Figure 15b, the R3

3(11) motif). Additionally,
the carboxyl−carboxylate dimer with the water molecule as a
bridge between both groups was identified (Figure 16b).
Theophylline and hemimellitic acid can form both neutral

(cocrystal 1:1) and ionized complexes (salt dihydrate 1:1:2);
thus, we observe two different ionization states for the same
acid−base pair. This situation is possible when the ΔpKa value
for two substances (in this case ΔpKa = 0.7, Table 4) is in the

range −1 to 4, where it is often difficult to predict whether a
cocrystal or salt will be formed.82 Several examples of acid−
base that can form both neutral and ionized complexes were
found and are shown in Table 7. Interestingly, no coformer
was found in the literature or in the CSD database that in
combination with a purine derivative would create both forms.

3.3.3. Caffeine Derivatives. Caffeine forms a cocrystal with
trimesic acid and a cocrystal hydrate with hemimellitic acid. In
both complexes, as expected, one of the carboxyl groups is
hydrogen-bonded via an COOH···Nimidazole interaction with the
imidazole nitrogen atom of the alkaloid molecule (Figure
13.2g), while in the caffeine complex with hemimellitic acid the
internal carboxyl group of the acid takes part in this hydrogen
bond formation. The carbonyl oxygen atoms near the
pyrimidine ring in the caffeine molecule do not take part in
the alkaloid−acid synthon formation by strong hydrogen
bonds (Figure 13.2e and 13.2f), because two remaining
carboxyl groups that could be hydrogen-bond donors to these
atoms are engaged in acid−acid synthon formation. In the
caffeine trimesic acid cocrystal, classical cyclic carboxylic acid
dimers R2

2(8) are formed (Figure 13.3a). In caffeine hemi-
mellitic acid monohydrate, one of the O−H(carboxyl)···O
C(carboxyl) interactions incorporates up to one water
molecule and an R3

3(10) motif was observed (Figure 17).

These synthons are not the same, but equivalent and R2
2(8) and

R3
3(10) ring formation can be regarded as synthon success in

CAF·TMSA and moderate synthon success in CAF·HMLA·
H2O, respectively.

69,89

3.4. Relationship between Donor−Acceptor Ratio
and Hydrate Formation. At the cocrystal design stage, on
the basis of the structure of the substrates used, the ratio of
available donors to hydrogen bond acceptors can be

Figure 14. Additional synthons identified in the described
theobromine cocrystals. The dashed red bonds show the hydrogen
bonds between hydroxyl groups.

Table 6. Coformers That Form Anhydrous and Hydrate
Forms of Cocrystals with Theophylline

coformer
pKa value of
coformer

anhydrous
forma

hydrate
formb

anthranilic acid 2.108 2:378 3:2:4 and
2:1:478

2,4-dihydroxybenzoic acid 3.32 1:179 1:1:180

citric acid 3.15 1:1c,81 1:1:181

aTheophylline−acid stoichiometry in anhydrous form. bTheophyl-
line−acid−water stoichiometry in hydrate form. cThe theophylline−
citric acid cocrystal formation was confirmed by a PXRD experiment,
but it was not possible to grow a crystal for an SXRD measurement
and so the 1:1 stoichiometry is hypothetical.

Figure 15. Specific alkaloid−acid synthons identified in TPH systems,
in which the water molecule is involved.

Figure 16. Carboxyl−carboxylate dimer (a) and its equivalent with a
built-in water molecule (b).

Table 7. Examples of Acid−Base Pairs That under Various
Conditions Can Form a Neutral or Ionized Complex

base−acid pair

stoichiometry of
neutral base−acid

complex
stoichiometry of ionic
base−acid complex

pyridine−formic acid83 1:1 1:4
pyridine−
3,5-dinitrobenzoic acid84

1:2 1:1:1 with water

2,3-lutidine−fumaric
acid85

2:1 1:2

sulfamethazine−
saccharin86

1:187 1:187,88

Figure 17. Cyclic dimer composed of two carboxylic acid groups and
a water molecule, a so-called moderately successful synthon.89 This
motif was found in 38 structures in the CSD database.
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determined (d/a ratio). One of the Etter rules says that all
good donors and all good hydrogen bond acceptors should
participate in hydrogen bonding.90 For TBR or TPH systems
with a selected tricarboxylic acid, the d/a ratio is 4:9, while that
for CAF is 3:9.
One of the first studies on the dependence of hydrate

formation on the number of groups capable of forming
hydrogen bonds was undertaken by Desiraju, who showed that
more than half of the hydrated substances have a d/a ratio of
less than 0.5.91 However, van de Streek and Motherwell later
showed that the average d/a ratios in hydrated and anhydrous
structures (so far deposited in the CSD database) were 0.63
and 0.28, respectively, which would contradict Desiraju’s
hypothesis that low d/a ratio is the cause of water
incorporation into the crystal lattice.92 On the other hand,
they showed that in hydrated structures the average number of
unsatisfied acceptors is significantly reduced in comparison to
the anhydrous systems, suggesting that water compensates for
the lack or small amount of hydrogen bond donors by reducing
the number of unsatisfied acceptors. Bi- or trifurcated and/or
weak C−H···A hydrogen bonds (A = O, N) should form when
the number of acceptors significantly exceeds the number of
donors, and no solvent molecules are present in the crystal
lattice.91

3.4.1. Theobromine Systems. In the case of TBR, both
anhydrous systems were obtained. This was surprising for the
TBR·HMLA cocrystal, because the donor groups in hemi-
mellitic acid are closely located and the solvent could prevent
steric hindrance. However, the formation of 1D ribbons by
these molecules in TBR·HMLA, connected to the neighboring
by many weak interactions (Table S7), prevented the
incorporation of water molecules into the crystal network.
Despite the fact that in both complexes the two carbonyl
oxygen atoms in the acid molecule and, additionally, the endo-
oxygen atoms of the alkaloid in TBR·HMLA are good
acceptors and do not participate in the strong contact
formation, they form weak C−H···O interactions, and it was
not necessary to incorporate water molecules into the crystal
lattice of both complexes (Figures 5b and 9c).
3.4.2. Theophylline Systems. Theophylline has both

cocrystal and dihydrate forms with both acids, where the d/a
ratios are 4:9 and 8:11, respectively. It can be concluded that
the formation of hydrated forms of TPH with the above acids
will result in better use of all acceptors for the formation of
strong hydrogen bonds than in the anhydrous forms. This
statement is true when TMSA was used. Two acceptors remain
unsatisfied in TPH·TMSA, i.e., the endo-oxygen atom in TPH
and one carbonyl atom in the TMSA molecule (Figure 6b),
while in the dihydrate only one carbonyl oxygen atom in TPH
does not form a strong contact (Figure 7b). It should also be
noted that the embedded water molecules create channels,
which definitely increased the role of strong interactions in
stabilizing the three-dimensional structure of TPH·TMSA·
2H2O (Figure 7c,d).
In the TPH·HMLA cocrystal, two carbonyl oxygen atoms in

HMLA molecules do not form strong hydrogen bonds (Figure
10b). The formation of an ionic form with embedded water
molecules, (TPH)+·(HMLA)−·2H2O, leads to a complex
network of hydrogen bond formation, where also two oxygen
atoms are unsatisfied acceptors, but this time the endo-oxygen
atom in the TPH molecule and one carbonyl oxygen atom in
the HMLA molecule do not form strong contacts (Figure
11b,c). Thus, after the hydrate formation, the same number of

unsatisfied acceptors remained as in the anhydrous form,
despite the number of donors being balanced against the
number of acceptors. Additionally, the cocrystallizations
carried out from the solution show that it is easier to obtain
an anhydrous form than a hydrated form, while TPH·HMLA
could only be obtained by grinding (Figure 4.3). (TPH)+·
(HMLA)−·2H2O was formed in several cocrystallizations from
methanol−water solution, but the strict conditions for its
preparation could not be determined. In addition, after some
time, the crystals of this compound became pulverized. In this
case, the incorporation of water molecules improved the
donor−acceptor balance and caused strong hydrogen bonds to
form a two-dimensional network in the dihydrate form (as
opposed to that in TPH·HMLAin one direction) but also
worsened the stability of the hydrated form in comparison to
the anhydrous form.

3.4.3. Caffeine Systems. Caffeine forms a cocrystal with
TMSA and a monohydrate with HMLA, which was not
surprising. Here, the isomerism of acids plays an important
role. In both examples, the COOH···Nimidazole heterosynthon
was formed. An infinite one-dimensional structural motif of
hydrogen bonds between carboxyl groups is also observed in
both systems (Figures 8c and 12b). The difference is that in
the CAF·TMSA cocrystal typical homosynthons were formed
(Figure 13.3a) and, apart from the COOH···Nimidazole hydrogen
bond, the remaining synthons are weak interactions. The
incorporation of solvent molecules into the carboxylic synthon
of CAF·HMLA·H2O (Figure 17) not only balances the
donor−acceptor ratio to 0.5 but also prevents the formation
of unfavorable interactions between adjacent CAF molecules
noncovalently connected to subsequent HMLA molecules and
is a link between three acid molecules, where one acid
molecule is located in the neighboring ribbon (Figure 12b). In
both cases, the carbonyl oxygen atoms near the pyrimidine ring
of CAF, being good acceptors, form weak interactions. It
should be mentioned that even neat grinding of CAF with
HMLA leads to cocrystal hydrate formation (Figure 4.2).

3.5. Solubility Studies. The solubilities of all materials has
been evaluated by using UV−vis spectroscopy. The results
summarized in Table 8 clearly show that the obtained
complexes with hemimellitic acid as a coformer (30.6 g L−1)
have higher solubility in comparison to those with trimesic acid
(26.3 g L−1). Both of the theobromine cocrystals, TBR·HMLA
and TBR·TMSA, show an improved solubility in comparison

Table 8. Solubility of Theobromine, Theophylline, and
Caffeine Cocrystals in Watera

alkaloid−acid system absorption solubility (g L−1)

Theobromine Cocrystals
TBR·TMSA 0.35 (×1.06)
TBR·HMLA 2.36 (×7.15)

Theophylline Cocrystals
TPH·TMSA 2.07 (×0.25)
TPH·TMSA·2H2O 2.01 (×0.24)
TPH·HMLA 9.6 (×1.16)
(TPH)+·(HMLA)−·2H2O 147.9 (×17.82)

Caffeine Cocrystals
CAF·TMSA 1.37 (×0.09)
CAF·HMLA·H2O 4.86 (×0.30)

aThe increase relative to TBR, TPH, and CAF is shown in
parentheses, respectively.
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to the pure TBR. TBR·HMLA shows about a 7-fold increase in
the solubility of TBR, whereas for TBR·TMSA this improve-
ment is very slight and similar to the solubility of TBR.
Solubilities of TPH cocrystals with trimesic acid as a coformer,
TPH·TMSA and TPH·TMSA·2H2O, are comparable and
show about a 4-fold decrease in comparison to the pure
TPH. Unlike TPH cocrystals with TMSA, samples with
HMLA as a coformer show an increase in solubility. The
solubility of TPH·HMLA is slightly higher, 1.16 times. As
expected, (TPH)+·(HMLA)−·2H2O is the most highly soluble
compound among theophylline systems and shows 17.8 times
the solubility of TPH. The results obtained for CAF cocrystals
show a decreased solubility in both samples in comparison to
pure CAF. CAF·TMSA and CAF·HMLA·H2O show about 12-
and 3.3-fold decreases in the solubility of CAF, respectively.

4. CONCLUSIONS
Trimesic acid (TMSA) and hemimellitic acid (HMLA), which
are structural isomers, were used as coformers in purine
alkaloid cocrystallization. Eight solids were obtained and
structurally characterized. Theobromine forms cocrystals in a
1:1 stoichiometric ratio with both acids (TBR·TMSA and
TBR·HMLA). Caffeine forms the cocrystal CAF·TMSA and
cocrystal hydrate CAF·HMLA·H2O with trimesic and hemi-
mellitic acid, respectively. Theophylline with each acid forms
both anhydrous (TPH·TMSA and TPH·HMLA) and dihy-
drate forms (TPH·TMSA·2H2O and (TPH)+·(HMLA)−·
2H2O), in which we do not observe proton transfer, except
for (TPH)+·(HMLA)−·2H2O. Theophylline with hemimellitic
acid is an interesting acid−base pair that forms a molecular or
proton transfer complex depending on the crystallization
conditions. No similar case was found in the literature or in the
CSD database with a purine alkaloid as base. All of the above
substances were synthesized by cocrystallization from solution.
Mechanochemical methods were also applied to prepare the
described complexes and seven of the eight substances, except
for (TPH)+·(HMLA)−·2H2O, were successfully obtained by
grinding. Solubility studies were performed using UV−vis
spectroscopy. The complex formation with hemimellitic acid
improves the purine alkaloid solubility in water in comparison
to trimesic acid. Both cocrystals with theobromine are more
soluble in water than the pure alkaloid. Theophylline
complexes with trimesic acid are less soluble in water, but
complexes with hemimellitic acid are more soluble in water
than pure alkaloid. The most water soluble compound of all
presented in this work is the salt dihydrate (TPH)+·(HMLA)−·
2H2O. Both caffeine complexes are characterized by less
solubility in water than pure xanthine. The incorporation of
water molecules into the crystal lattice is not only to balance
the donor−acceptor ratio in the obtained complexes but also
to better use good acceptors for the formation of strong
hydrogen bonds (TPH·TMSA·2H2O) or to prevent the
formation of steric hindrance (CAF·HMLA·H2O). In the
case of the the complex (TPH)+·(HMLA)−·2H2O, despite the
improvement in the donor−acceptor balance after hydrate
formation, first, this complex was very difficult to obtain, and
second, it was less stable in comparison to the nonhydrated
form TPH·HMLA.
The crystal structures of the eight substances with purine

alkaloids were determined using single-crystal X-ray diffraction
methods, and all the supramolecular motifs with alkaloid and
acid molecule participation were identified and analyzed. The
alkaloid−acid and acid−acid synthons were the most expected

synthons to be found in the described structures. The
alkaloid−alkaloid homosynthons are present only in the
TBR·TMSA cocrystal, which is consistent with the above
assumption. Hydrogen bonds of COOH···Nimidazole type were
found in each complex, which was obvious, but in TPH·
TMSA·2H2O, the water molecule links between the carboxyl
group and imidazole moiety in this interaction. It should be
noted that, rather, this intermolecular contact is formed by the
internal carboxyl group of hemimellitic acid, which can be
observed in three out of the four systems with this acid
described in this work. The remaining synthons have been
characterized and analyzed in terms of their frequency in the
structures of purine alkaloids deposited in the CSD base so far.
The structural analysis shows that in some cases noncovalent
interactions and the arrangement of the molecules in the
crystal lattice can be easily predicted, while the diversity of
supramolecular synthons indicates that structure design is
often difficult. This shows how important it is to study self-
organization processes in systems with many functional groups.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01242.

Solution-based and grinding cocrystallization conditions,
additional details of crystal structure solution and
refinement, UV−vis measurements with steady-state
absorption curves, crystallographic data, hydrogen
bonds and stacking geometry in the described cocrystals,
and Hirshfeld surface analysis and fingerprint plots
(PDF)

Accession Codes
CCDC 2019776−2019783 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author

M. R. Gołdyn − Faculty of Chemistry, Adam Mickiewicz
University, 61-614 Poznań, Poland; orcid.org/0000-
0003-2282-9816; Email: mateusz.goldyn@amu.edu.pl

Authors
D. Larowska − Faculty of Chemistry, Adam Mickiewicz
University, 61-614 Poznań, Poland

E. Bartoszak-Adamska − Faculty of Chemistry, Adam
Mickiewicz University, 61-614 Poznań, Poland

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.cgd.0c01242

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors want to acknowledge financial support from the
European Union through grant no. POWR.03.02.00-00-I026/
16 cofinanced by the European Union through the European
Social Fund under the Operational Program Knowledge
Education Development. We thank Professor Maria Gdaniec

Crystal Growth & Design pubs.acs.org/crystal Article

https://dx.doi.org/10.1021/acs.cgd.0c01242
Cryst. Growth Des. 2021, 21, 396−413

410

https://pubs.acs.org/doi/10.1021/acs.cgd.0c01242?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.0c01242/suppl_file/cg0c01242_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2019776&id=doi:10.1021/acs.cgd.0c01242
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2019783&id=doi:10.1021/acs.cgd.0c01242
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+R.+Go%C5%82dyn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2282-9816
http://orcid.org/0000-0003-2282-9816
mailto:mateusz.goldyn@amu.edu.pl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="D.+Larowska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="E.+Bartoszak-Adamska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01242?ref=pdf
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c01242?ref=pdf


for fruitful discussions on twinned crystals. Our thanks go also
to Dr. Agnieszka Kiliszek and Martyna Pluta from the Institute
of Bioorganic Chemistry of the Polish Academy of Sciences in
Poznan ́ for providing the XtaLAB Synergy-R diffractometer for
(TPH)+·(HMLA)−·2H2O crystal data collection.

■ REFERENCES
(1) Aitipamula, S.; Banerjee, R.; Bansal, A. K.; Biradha, K.; Cheney,
M. L.; Choudhury, A. R.; Desiraju, G. R.; Dikundwar, A. G.; Dubey,
R.; Duggirala, N.; Ghogale, P. P.; Ghosh, S.; Goswami, P. K.; Goud,
N. R.; Jetti, R. R. K. R.; Karpinski, P.; Kaushik, P.; Kumar, D.; Kumar,
V.; Moulton, B.; Mukherjee, A.; Mukherjee, G.; Myerson, A. S.; Puri,
V.; Ramanan, A.; Rajamannar, T.; Reddy, C. M.; Rodriguez-Hornedo,
N.; Rogers, R. D.; Row, T. N. G.; Sanphui, P.; Shan, N.; Shete, G.;
Singh, A.; Sun, C. C.; Swift, J. A.; Thaimattam, R.; Thakur, T. S.;
Kumar Thaper, R.; Thomas, S. P.; Tothadi, S.; Vangala, V. R.;
Variankaval, N.; Vishweshwar, P.; Weyna, D. R.; Zaworotko, M. J.
Polymorphs, Salts, and Cocrystals: What’s in a Name? Cryst. Growth
Des. 2012, 12, 2147−2152.
(2) Kumar, S.; Nanda, A. Pharmaceutical Cocrystals: An Overview.
Indian J. Pharm. Sci. 2017, 79, 858−871.
(3) FDA/CDER/Stewart, F. Regulatory Classification of Pharma-
ceutical Co-Crystals Guidance for Industry. 7.
(4) Mandal, S.; Mukhopadhyay, T. K.; Mandal, N.; Datta, A.
Hierarchical Noncovalent Interactions between Molecules Stabilize
Multicomponent Cocrystals. Cryst. Growth Des. 2019, 19, 4802−
4809.
(5) Bauza,́ A.; Mooibroek, T. J.; Frontera, A. Towards Design
Strategies for Anion−π Interactions in Crystal Engineering.
CrystEngComm 2016, 18, 10−23.
(6) Vishweshwar, P.; McMahon, J. A.; Bis, J. A.; Zaworotko, M. J.
Pharmaceutical Co-Crystals. J. Pharm. Sci. 2006, 95, 499−516.
(7) Shaikh, R.; Singh, R.; Walker, G. M.; Croker, D. M.
Pharmaceutical Cocrystal Drug Products: An Outlook on Product
Development. Trends Pharmacol. Sci. 2018, 39, 1033−1048.
(8) Duggirala, N. K.; Perry, M. L.; Almarsson, Ö.; Zaworotko, M. J.
Pharmaceutical Cocrystals: Along the Path to Improved Medicines.
Chem. Commun. 2016, 52, 640−655.
(9) Desiraju, G. R. Crystal Engineering: A Holistic View. Angew.
Chem., Int. Ed. 2007, 46, 8342−8356.
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