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architecture of theophylline
polymorphs, monohydrate and co-crystals with
iodine: study from the energetic viewpoint†

Irina S. Konovalova, *ab Svitlana V. Shishkina,bc Maik Wyshusek,a Michael Patzerd

and Guido J. Reissa

The regularities of crystal structure organization were thoroughly studied in all to date known polymorphic

modifications of theophylline (THP) using an energetic approach. The monohydrate and a co-crystal of

theophylline with one half equivalent of an iodine molecule were similarly investigated. The calculations

of pairwise interaction energies have showed that the crystals studied can be divided into two groups

according to their basic structural motifs: columnar-layered or columnar. The energetic approach also

allows the role of different interactions in the crystal structure formation to be estimated. It was found

that strong N–H/N, N–H/O hydrogen bonds and stacking interactions play the most important roles

in polymorphic modifications of THP and the THP monohydrate. In the case of the co-crystal with

iodine, N–H/O hydrogen bond participates in the dimeric building unit formation. However, instead of

a stacking interaction the p/p interaction between carbonyl groups of neighboring molecules plays the

highest role in the supramolecular architecture of this crystal. The lattice energies calculations in

periodic conditions for polymorphic structures have shown that polymorph with the most anisotropic

energetic structure may be considered as stable and all others forms metastable. In the polymorphic

modification 1 of THP a zwitter-ionic resonance form is predominant, which affects significantly the

solubility and the intermolecular interactions of this modification.
Introduction

The creation of new and tailored functional materials is an
important aim of modern chemical science. Each functional
material has unique properties, which makes it an attractive
basis for the design of new materials in which the properties of
the nal product are determined by the chemical assembly of
the molecules that form it.1 A detailed study of solids by phys-
icochemical methods oen leads to the discovery of various
crystalline forms especially for many well-known organic
compounds. This can be attributed to the fact that functional
groups are capable of forming strong and weak intermolecular
interactions. Variety is oen favoured by the presence in the
molecule a number of proton donors and proton acceptors. In
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most cases, polymorphic modications of an organic
compound can exhibit signicantly different physicochemical
and pharmacological properties.2,3 For this reason, an under-
standing of the phenomenon of polymorphism for a compound
is of utmost interest for the chemical and pharmaceutical
industry.4

The natural product theophylline (systematic name: 1,3-
dimethyl-3,7-dihydro-1H-purine-2,6-dione) has been known for
more than 100 years.5,6 Albrecht Kossel rst isolated theophyl-
line in 1888 from an extract of the leaves of the tea plant, from
which its trivial name derives. Even to the present day there
remains interest in this compound and its solid state phases7 as
well as its medical applications.8 Theophylline is used as
pharmaceutical agent due to its effects on the respiratory
system.9–12 Its crystal modications are of interest because of
their number in spite of the fact that the theophylline molecule
is conformationally rigid. According to a search in the Cam-
bridge Structural Database (CSD)13 ve modications are listed
so far (Table 2). The conformational rigidity of the theophylline
molecule suggests that the polymorphic modications are
solely a consequence of various arrangements of intermolecular
interactions. In addition, several structure determinations of
the monohydrate of theophylline have been deposited with the
CSD, and all face minor structural problems.7,14–16 An attempt to
solve the structural problems of the monohydrate of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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theophylline seems not to be plausible.17 A number of co-
crystals of neutral theophylline18–21 and theophyllinium salts22

have been synthesized in order to modify the pharmacological
and technological properties of the substance. Theophylline
monohydrate and co-crystal with I2 were synthesized for this
study.

In general, the biological and pharmacological activity of any
organic substance is the result of a number of factors. The ability
of the solid to be assimilated in the digestive tract is one of the
determining factors. It can be expected that destruction of the
crystal structure, which is the rst stage of such assimilation,
should depend on the nature of the intermolecular interactions,
and hence the interaction energy of molecules in the crystal. All
modern approaches to the analysis of a crystal structure are based
on a comparison of the geometric characteristics of intermolec-
ular interactions and oen take into account only strong classic
interactions.23–28 However, these approaches can be misleading,
because they are roughly descriptive and do not provide any
information about the energy of molecular interactions. We have
shown that oen weak interactions are key features that lead to
the formation of polymorphic modications. These interactions
are difficult to identify and evaluate by spectral methods.29–31 In
our view, the true reasons for the formation of polymorphic
modications are oen missed.

It has been shown that analysing the energy of intermolec-
ular interactions in crystals by quantum chemical methods
provides detailed information about the interactions between
molecules.32–34 Quantum chemical methods can therefore aid in
understanding the factors affecting the possibility of the
formation of polymorphic modications. The energy approach
is justied since the crystal structures of theophylline, its
monohydrate and co-crystal with the iodine molecule contain
strong classical hydrogen bonds, stacking interactions and
weak interactions such as C–H/O, C–H/p and halogen
interactions. It should be noted that despite their low strengths,
weak intermolecular interactions can play key role in the crystal
formation, especially if they are dominant.35–37

To the best of our knowledge there is no systematic struc-
tural comparison of all ve known modications of theophyl-
line, its monohydrate and its co-crystal with an iodinemolecule.
This contribution is the rst attempt to provide a complete
structural analysis on these compounds from an energy point of
view. In the present study we report a systematic analysis of
intermolecular interactions in the aforementioned crystals and
investigate what role they play in the supramolecular architec-
ture and which forces are involved.

Experimental section
Quantum chemical calculations

All polymorphic modications of theophylline (THP) were
retrieved from the Cambridge Structural Database (release
2023).13 Since several atom types were incorrectly assigned in the
structure with the CSD refcode BAPLOT09 (Table 2), we re-rened
the structure using the deposited intensity diffraction data and
used our renement results here. The analysis of the supramo-
lecular architecture of the crystals was performed using the
© 2024 The Author(s). Published by the Royal Society of Chemistry
energetic approach that was suggested earlier.32–34 The rst coor-
dination sphere for each molecule in the asymmetric unit (M0)
was determined using the standard procedure within theMercury
program (version 4.2)38 as had been suggested previously.22 The
cluster so obtained was divided into dimers where the central
molecule is assigned to be M0 and other molecule Mi belongs to
its rst coordination sphere. The positions of the hydrogen atoms
were normalized to 1.089 Å for C–H and 1.015 Å for N–H bonds
according to the results of the geometry optimization of the iso-
lated molecule. Normalization of the hydrogen atoms positions is
necessary because the X–H bonds determined by X-ray diffraction
study are articially shortened.39

The interaction energies between molecules within each of
M0–Mi dimers were calculated using the density functional
theory with a B97-D3 functional and a Def2-TZVP basis set40–44

and corrected for basis set superposition error by the counter-
poise method.45 The B97-D3 functional has been benchmarked
to be the most reliable dispersion-corrected density functional
for calculations of intermolecular interactions.46 All the calcu-
lations were performed with ORCA 3.0 soware.47

The analysis of the pairwise interaction energies is based on
an assumption that the calculated values take on vector prop-
erties32 because each calculated interaction energy originates
from the geometric center of the basic molecule M0 and is
directed to one of the neighbouring molecules Mi. All the energy
vector lengths within the rst coordination sphere of the basic
molecule are normalized to the strongest pairwise interaction
energy using the equation:

Li = (RiEi)/2Estr

where Ri is the distance between the geometrical centers of
interacting molecules M0–Mi, Ei is the interaction energy
between two molecules in these pairs and Estr is the energy of
the strongest pairwise interaction in the crystal.

Such a normalization ensures independence of the vector
lengths from the calculation method. Application of this
approach makes it possible to replace the basic molecule by its
vector image and to construct the energy-vector diagram of
a crystal using symmetry operations.

The topological analysis of theoretical electron density
distribution was performed using the AIMAll program48 with all
default options. Electron density was calculated with M062X/
def2TZVP derived wavefunction.

The calculations of the lattice energies were performed in
periodic boundary conditions using the CRYSTAL17
program.49,50 The calculations were based on Kohn–Sham
density functional theory.51 B3LYP, the popular combination of
Be88 and LYP, was used as the functional.52,53 For the treatment
of dispersion interactions, the dispersion correction D3(BJ) was
used.54–56 To correct the basis set superposition error (BSSE), the
automatic general counterpoise correction implemented in
CRYSTAL17 was used.57,58 The POB-TZVP basis set stored in the
program was used.59 The SHRINK factor was set to eight. For the
calculation of the energies, the fractional coordinates of the
atoms were pre-optimized. The cell parameters were xed to the
values obtained in the experiment.
RSC Adv., 2024, 14, 29774–29788 | 29775
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Fig. 1 Comparison of the structure described in the literature to be
centrosymmetric (upper part of the figure; the green and the violet
sphere show the two different inversion centers) and the non-
centrosymmetric structural model described within this contribution
(lower part of the figure).
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Space group revision and redetermination of the crystal
structure of theophylline monohydrate (structure 6)

As far back as 1958 Sutor15 reported the crystal structure of
theophylline monohydrate. The asymmetric unit found in this
study contains two theophylline molecules and two water
molecules in general positions in the space group P21. This early
structure determination faced a slight problem with the loca-
tion of methyl hydrogen atoms. The basic structural feature of
this structure are dimers of two crystallographically indepen-
dent theophylline molecules that are attached on both sides by
chains of hydrogen bonded water molecules to form a layered
structure (see Fig. 1).

In the years between 2002 and 2020 several groups re-
determined the structure of theophylline monohydrate at
various temperatures7 and even a neutron diffraction study7 was
undertaken. In all these studies almost the same unit cell
parameters were obtained and the structure of the theophylline
monohydrate was assigned to the space group P21/n with one
theophylline molecule and one water molecule in the asym-
metric unit. The structure is roughly the same as the historically
Table 1 Competitive refinement of theophylline hydrate in three possib

Space group P21
Cell a = 4.46150(10) Å; b = 15.
Re. (unique) 6403
No. of parameters 275
wR2 (all reections) 0.0926
R1 (I > 2s(I)) 0.0407
Diff. density 0.49/−0.23 e Å−3

GooF for all reections 1.009

29776 | RSC Adv., 2024, 14, 29774–29788
structural model in the space group P21. But the single
theophylline molecule forms a N–H/O hydrogen bonded
dimer about an inversion centre (green dot in the upper part of
Fig. 1) that is connected to water molecules arranged in a chain.
All these structural models exhibit a disorder within the
hydrogen bonded water chains as a consequence of the inver-
sion centres within the chain (violet dots in the upper part of
Fig. 1) belonging to the symmetry elements of the space group
P21/n.

In the case of a possible pseudosymmetry problem which
may affect the selection of the true space group, it is useful to
identify the symmetry elements that cause the disorder.60a In
the case of theophylline monohydrate the water molecules show
a polar connectivity in their chains. The structural model using
the space group P21/n require inversion centres in these polar
chains (violet dots in the upper part of the gure). Consequently
the proposed inversion symmetry within the chains7 restricts
the ratio of the “up”-chains to “down”-chains to 1/1 within each
domain of the crystal. This structural model is not plausible in
our view, and thus seems to be the reason for some problems
that were faced in the previous investigations. It should be
borne in mind that a theoretical study17 suggests that the space
group assignment of P21/n may be wrong. But in this investi-
gation it was wrongly assumed that the only sub group of P21/n
would be Pn. According to the generally accepted theory of
group-sub group relationships,60b several space groups have to
be considered in the case of P21/n. Thus, the direct sub groups
of P21/n that do not feature an inversion centre are P21 and Pn.
We performed test renements for both non-centrosymmetric
cases (based on our own dataset with a good resolution at low
temperature) and obtained fully ordered models in both cases.
In the case of our low temperature dataset, the structural model
based on P21 ts the data much better than Pn (see Table 1). The
relatively large differences of the wR2 factors between the two
hypotheses conrms our space group assignment. The scat-
tering power of one hydrogen atom would not cause these
differences. The whole structure renement including
displacement parameters converges in the correct space group.
Thus, we were able to rene a completely ordered structural
model in the space group P21.

Redetermination of a monoclinic modication of
theophylline

While analysing the different polymorphs of theophylline that
are deposited in the Cambridge Structural Database (CSD) we
observed that the entry BAPLOT09 (space group Pn, T= 290 K, 1)
le space groups

Pn P21/n
3156(3) Å; c = 13.0669(3) Å; b = 97.558(2)°

6292 3201
275 144
0.1036 0.1258
0.0447 0.0500
0.47/−0.28 e Å−3 0.45/−0.26 e Å−3

1.002 1.019

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 View on the crystal structure of 7. Pairs of theophylline mole-
cules are linked by N–H/Ohydrogen bonds. Each dimer is connected
to neighboring iodine molecules by N/I halogen bonds forming
a chain in the crystallographic b-direction.
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had been corrected by the CSD. Two of the nitrogen atom
positions of theophylline were rened as carbon atoms in the
original deposition. Fortunately, the original diffraction data
were deposited and we were able to do a re-renement with the
correct atom type assignment. As expected the R factors drop-
ped signicantly by the replacement. All subsequent calcula-
tions are based on the newly rened structure.
The crystal structure of 7 [theophylline–iodine (2/1)]

The asymmetric unit of 7 comprises one THP molecule and one
half of a I2 molecule. The I2 molecule is arranged around an
inversion center (see Fig. 2). The neutral THP molecule forms
a dimeric unit with a neighboring THP molecule via two clas-
sical N–H/O hydrogen bonds around an inversion center in
the space group P21/c. Bond lengths and angles are all in the
expected ranges.15 The same is true for the N/I and I–I
distances of 2.8879(17) Å and 2.7088(3) Å, respectively.60c
Results and discussion

A search in the Cambridge Structural Database13 reveals the
crystal structures of ve polymorphic forms of the theophylline.
As can be seen from Table 2 most of the known polymorphs
Table 2 Selected data of the studied crystals of compounds 1–7

No. Refcode Space group T, K a, Å b, Å

1 BAPLOT09 Pn 290 3.8744(4) 12.8898(9
2 BAPLOT05 Pna21 120 13.087(2) 15.579(3)
3 BAPLOT06 Pna21 120 24.330(1) 3.7707(2)
4 BAPLOT08 P21/c 298 4.5310(7) 11.5783(1
5 BAPLOT03 P21/c 100 7.7055(1) 13.0010(2
6 THEO$H2O P21 115 4.4615(1) 15.3156(3
7 (THEO)2$I2 P21/c 100 6.0794(1) 16.9054(3

a The supplementary crystallographic data for this paper are deposited with
obtained free of charge from the Cambridge Crystallographic Data Ce
2323508; THEO$H2O: 2264675 BAPLOT09: 2264834.

© 2024 The Author(s). Published by the Royal Society of Chemistry
crystallize in non-centrosymmetric space groups.7,61 Only two of
them, as well as the co-crystal with iodine, crystallized in
centrosymmetric P21/c space group.62,63
Molecular structure analysis

The molecular and crystal structures of ve theophylline (THP)
polymorphic forms have been published so far.7,61–63 Form I
(CSD refcode BAPLOT05)7 is the high-temperature polymorph,
which is reported to be the most stable form above 232 °C. Form
II (BAPLOT06)7 is more stable at room temperature. Form IV
(BAPLOT03)63 is hitherto the most stable (known) polymorph.
The monohydrate form (THEOPH01)14 is the most stable at high
humidity and low temperature, but it is efflorescent and slowly
starts to dehydrate under standard conditions. The dehydration
process produces a mixture of the stable and metastable forms,
which is problematical from a pharmaceutical point of view.

The THP molecule is a xanthine, formally consisting of
a fused pyrimidinedione and imidazole moiety. The theophyl-
line is amphiphilic in hydrogen bonding because of its ability to
accept protons at N2 and to donate protons from N1. The ability
of N2 to accept proton and the presence of proton migration
channels (keto–enol tautomerism) makes this naturally basic
compound weakly acidic. As a result, three tautomers can exist
if one excludes zwitterionic forms (Fig. 4). According to the
results of quantum-chemical calculations the most stable
tautomer is A. Due to the position of the amine hydrogen atom
adjacent to carbonyl group, only this tautomer can form the
energetically favorable centrosymmetrical N–H/O dimer. It is
worth noting that tautomer A is observed in the crystals of THP
(Fig. 4).

An analysis of molecular structures reveals that, except for
structure 3, the carbonyl bonds are not equivalent in the THP
molecules found in the different polymorphic structures (Table
3). There are three possible reasons of such differences: the
contribution of the zwitterionic resonance forms to the molec-
ular structure of THP (Scheme 1), the different participation of
two carbonyl groups in intermolecular hydrogen bonds or the
strong polarization of the molecule by a polar environment in
the crystalline phase.

The electron distribution within the THP molecule can be
described as a superposition of three resonance structures (I–
c, Å b, deg V, Å3 Density, g cm−3 Ref.

) 8.1167(6) 98.965(8) 400.4 1.494 61a

3.8629(6) 90 787.6 1.519 7
8.4850(5) 90 778.4 1.537 7

) 15.7188(2) 93.69(1) 822.9 1.454 62
) 15.7794(3) 103.224(1) 1538.8 1.555 63
) 13.0669(3) 97.558(2) 885.1 1.487 a

) 9.2013(2) 99.973(2) 931.4 2.190 a

the Cambridge Crystallographic Data Centre (CCDC). These data can be
ntre via www.ccdc.cam.ac.uk/structures. CCDC numbers: (THEO)2$I2:

RSC Adv., 2024, 14, 29774–29788 | 29777
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Table 3 Bond lengths (Å) in the THP molecule in the crystals 1–7

Bond 1 2 3 4

5 6

7A B A B

O1–C7 1.230(6) 1.226(4) 1.226(2) 1.2552 1.239(3) 1.239(3) 1.238(4) 1.236(4) 1.239(3)
O2–C6 1.205(7) 1.233(5) 1.222(2) 1.2416 1.222(2) 1.221(2) 1.224(4) 1.223(3) 1.223(3)
N1–C1 1.332(7) 1.343(6) 1.340(2) 1.3532 1.346(3) 1.341(3) 1.351(5) 1.339(5) 1.340(3)
N1–C2 1.386(5) 1.376(5) 1.380(2) 1.3797 1.384(2) 1.386(2) 1.376(4) 1.383(3) 1.380(4)
N2–C1 1.337(7) 1.340(5) 1.338(2) 1.3485 1.338(3) 1.335(3) 1.348(5) 1.335(5) 1.340(3)
N2–C3 1.352(6) 1.360(6) 1.356(2) 1.3621 1.362(3) 1.363(3) 1.344(4) 1.375(3) 1.357(3)
N3–C5 1.494(7) 1.469(6) 1.473(3) 1.4653 1.473(3) 1.471(3) 1.460(4) 1.485(4) 1.469(4)
N3–C6 1.398(7) 1.386(5) 1.411(2) 1.4052 1.398(3) 1.401(3) 1.410(4) 1.399(4) 1.406(3)
N3–C7 1.409(7) 1.422(4) 1.405(2) 1.4081 1.408(3) 1.407(3) 1.406(4) 1.392(4) 1.395(4)
N4–C3 1.380(6) 1.382(5) 1.370(2) 1.3707 1.380(3) 1.373(3) 1.381(4) 1.364(4) 1.376(3)
N4–C4 1.465(7) 1.467(5) 1.465(2) 1.4593 1.460(3) 1.465(3) 1.475(4) 1.451(5) 1.467(3)
N4–C6 1.379(6) 1.364(6) 1.382(2) 1.389 1.378(3) 1.384(3) 1.364(4) 1.389(4) 1.377(3)
C2–C3 1.346(7) 1.362(6) 1.375(2) 1.3885 1.369(3) 1.368(3) 1.381(4) 1.368(4) 1.376(3)
C2–C7 1.420(7) 1.416(4) 1.429(2) 1.415 1.415(3) 1.416(3) 1.413(4) 1.422(4) 1.416(4)

Scheme 1 The resonance structures of the THP molecule.

Fig. 3 Molecular structure of theophylline (THP) according to X-ray
diffraction data.

Fig. 4 (a) Three possible tautomers of THP. (b) Optimized structures
of the three THP tautomers and their relative energies (kcal mol−1)
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III) with different contributions according to the polymorphic
modication (Scheme 1). For example, in polymorphic modi-
cation 1 resonance structure II makes the largest contribution
and in modication 2 resonance structure III appears to have
the most inuence (Scheme 1, Table 3).

The contribution of the zwitterionic structure II to the
molecular geometry leads to the slightly elongation of the C2–
C3 bond and shortening of the C2–C7 bond in the THP mole-
cule found in all studied structures (Fig. 3 and Table 3). The
difference between carbonyl groups is identied by their bond
critical points (BCP) characteristics derived from X-ray diffrac-
tion data (Table 4). Elongation of the C7–O1 bond results in
lower ellipticity at its BCP in the THP molecule in all
29778 | RSC Adv., 2024, 14, 29774–29788
polymorphic forms. It should be noted, that the carbonyl bond
C7–O1 can be easier enolized than that of C6–O2. This is
probably a consequence of the stronger conjugation between
the endocyclic C]C and exocyclic C]O double bonds as
compared to the conjugation between the electron lone pair of
a nitrogen atom and the carbonyl bond.64 Moreover, it is well
known that the polar environment may lead to signicant re-
distribution of electron density and polarization of
a molecule.65

A study of 1-imino-1H-isoindol-3-amine and its derivatives
reveals unusual distribution of bond lengths within the NH2–
C]N amidine fragment. It was demonstrated that strong
polarization of the amidine fragment is caused by the polarizing
inuence of the molecular surrounding in the crystal phase.65
calculated by the m06-2x/cc-PVTZ method.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The topological characteristics of BCP (3, −1) in the THP
molecule obtained from DFT quantum-chemical calculations by the
M06-2X/def2TZVP method for the isolated molecule with the
geometry taken from XRD

Bond
r(r),
e per a.u.3

−V2r(r),
e per a.u.5 3 n(r), a.u.

1 O2–C6 0.4293 −0.1848 0.11 −1.5180
O1–C7 0.4051 −0.3714 0.10 −1.3557
C2–C3 0.3520 −1.1081 0.29 −0.5372
C2–C7 0.3065 −0.9299 0.17 −0.3989

2 O2–C6 0.4069 −0.4923 0.12 −1.3383
O1–C7 0.4082 −0.3296 0.10 −1.3804
C2–C3 0.3412 −1.0419 0.28 −0.5076
C2–C7 0.3088 −0.9430 0.17 −0.4052

3 O2–C6 0.4152 −0.3670 0.12 −1.4098
O1–C7 0.4086 −0.3250 0.10 −1.3831
C2–C3 0.3326 −0.9899 0.28 −0.4839
C2–C7 0.3011 −0.8985 0.17 −0.3864

4 O2–C6 0.3998 −0.5567 0.12 −1.2887
O1–C7 0.3863 −0.6078 0.10 −1.2057
C2–C3 0.3237 −0.9399 0.27 −0.4598
C2–C7 0.3089 −0.9406 0.17 −0.4064

5A O2–C6 0.4149 −0.3720 0.12 −1.4067
O1–C7 0.3942 −0.3900 0.08 −1.2956
C2–C3 0.3365 −1.0183 0.27 −0.4939
C2–C7 0.3090 −0.9347 0.18 −0.4084

5B O2–C6 0.4156 −0.3483 0.12 −1.4153
O1–C7 0.3949 −0.3944 0.08 −1.2984
C2–C3 0.3365 −1.0182 0.27 −0.4944
C2–C7 0.3083 −0.9296 0.19 −0.4065

Fig. 5 The dimers formed by the strongest intermolecular hydrogen
bonds in structures 1–7.
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Since the inuence of a polarizing environment is oen asso-
ciated with the formation of specic intermolecular interac-
tions in a crystal, ranging from strong hydrogen bonds to weak
interactions, we analysed the intermolecular interactions in the
crystals under study.

According to the Etter's rules24,25 and Desiraju's synthon
concept26,27 for the classication of hydrogen bonds, all strong
proton donors and acceptors should participate in the forma-
tion of hydrogen bonds in a crystal. The THP molecule contains
several strong proton acceptors (the nitrogen atom of the purine
© 2024 The Author(s). Published by the Royal Society of Chemistry
moiety and the oxygen atoms of the carbonyl groups) and only
one strong proton donor (the NH group). Accordingly, the most
likely motive is a centrosymmetric dimer formed by N1–H/O1
hydrogen bonds. However, this prediction is only realized in the
structures 4–7. In all others crystals, non-centrosymmetric
dimers formed by N1–H/N2 or N1–H/O2 hydrogen bonds
are observed (Fig. 5, Table 5).

Thus, different packing patterns are formed by the N–H/O
and N–H/N hydrogen bonds. We can recognize two types of
packing motifs: zig-zag chains dominate in the structures 1, 3, 4
and 6 and innite linear chains are observed in the structures 2,
5 and 7 (Fig. 6, Table 5).

In addition to strong hydrogen bonds, weak interactions (C–
H/O/N and C–H/p H-bonds) connected the main dimers
inside the chains were also revealed in the crystals under study
(Table 4). Additionally, the presence of the conjugated p-system
in the THP molecule results in the existence of stacking inter-
actions. In the studied polymorphic structures of THP two types
of stacking are observed: head-to-head and head-to-tail orien-
tation of stacked molecules (Table 5).

The analysis of intermolecular interactions in the crystals 6
and 7 has revealed additional H-bonds with the solute water
molecule in the case of monohydrate of THP or the I/N
halogen bonds in the case of co-crystal with iodine. It should be
noted that we did not observe stacking interactions in the
crystal 7 due to the small degree of overlap between neigh-
bouring THP molecules. However, an interaction between
carbonyl groups which can be characterized as a p/p inter-
action was found in this crystal structure.

A convenient method to compare intermolecular interac-
tions is the Hirshfeld surface analysis using the Crystal Explorer
program.66 To study the crystal structures of THP and its co-
crystals it is useful to compare their 2D ngerprint plots (Fig. 7).

The 2D ngerprint plots allows one to analyse the intermo-
lecular interactions within a crystal in general (Fig. 5) and
obtain the contribution (in %) of the interactions of dened
type in particular (Fig. 6). The long sharp spikes indicate the
presence of strong enough hydrogen bonds in the crystals 1–7
(Fig. 7). Comparing the 2D ngerprint plots we may conclude
that the shortest hydrogen bond contacts and interactions are
present in the structure 2 while the longest hydrogen bond
contacts are observed in the structures 4, 5 and 6.

It was revealed that the contributions of the intermolecular
interactions of dened types to the crystal structure formation
(Fig. 8) are relatively similar in crystals 1–6. The histogram
clearly shows that the contributions of the N/C–H/O and N/C–
H/N hydrogen bonds are almost the same in these crystals.
The relationship between intermolecular interactions is slightly
different in the structure 7. In 7 the contribution of all inter-
molecular interactions decreases and stacking interactions
almost completely disappear in this structure as compared to
other structures under study (Fig. 8).

Unfortunately, the analysis of the geometries of intermolec-
ular interactions does not allow one to come to denite
conclusions about structural motifs of crystal packing and role
of different types interactions in crystal structure formation.
Crystal packing analysis based on the study of pairwise
RSC Adv., 2024, 14, 29774–29788 | 29779
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Table 5 Intermolecular interactions and their geometric characteristics in crystals 1–7

Structure Interaction Symmetry operation H/A, Å D–H/A, deg.

1 N1–H1N/N2 0.5 + x, −y, −0.5 + z 1.999 175
C1–H1/O1 0.5 + x, −y, −0.5 + z 2.422 138
C4–H4B/O1 x, y, −1 + z 2.584 151
Stacking (C3/C2) 1 + x, y, z 3.42

2 N1–H1N/O2 0.5 + x, 1.5 − y, −1 + z 1.883 154
C1–H1/N2 2 − x, 1 − y, 0.5 + z 2.419 152
C4–H4B/O1 0.5 + x, 1.5 − y, z 2.419 173
Stacking (C7/N4) 1 − x, −y, 1 − z 3.45

3 N1–H1N/N2 0.5 − x, −0.5 + y, 0.5 + z 1.906 178
C1–H1/O1 0.5 − x, −0.5 + y, −0.5 + z 2.363 159
C1–H1/C4(p) 0.5 − x, −0.5 + y, −0.5 + z 2.796 153
C5–H5B/O2 1 − x, 2 − y, −0.5 + z 2.664 134
C5–H5C/O2 1 − x, 2 − y, −0.5 + z 2.659 110
C5–H5A/O1 x, −1 + y, z 2.711 135
H5A/H5B x, −1 + y, z 2.217
Stacking (C3/N4) x, −1 + y, z 3.41

4 N1–H1N/O1 −1 − x, −1 − y, −z 1.650 173
C1–H1/O2 −1 + x, −0.5 − y, −0.5 + z 2.108 165
C4–H4A/N2(p) −x, −y, −z 2.714 158
C4–H4B/N2(p) x, −0.5 − y, −0.5 + z 2.743 141
C5–H5A/N2(p) x, −0.5 − y, −0.5 + z 2.639 167
H5A/H5B 1 − x, 0.5 + y, 0.5 − z 2.301

5 N1A–H1NA/O1B x, y, z 1.793 167
N1B–H1NB/O1A 1.794 163
C1B–H1B/O2A −x, −0.5 + y, 0.5 − z 2.381 141
C1A–H1A/N2B x, 0.5 − y, 0.5 + z 2.287 165
C4B–H4BB/O2B 2 − x, −y, 1 − z 2.582 160
C4A–H4AC/O2B −1 + x, 1 + y, z 2.660 116
C4B–H4BC/C7B(p) 1 − x, −y, 1 − z 2.883 145
C5B–H5BB/O2A(p?) 2 − x, −y, 1 − z 2.671 130
Stacking (N1A/C6B) 1 − x, −y, 1 − z 3.39

6 N1A–H1NA/O1A x, y, z 1.882 160
N1B–H1NB/O1B
C1A–H1A/O2A −1 − x, −0.5 + y, 1 − z 2.264 176
C1B–H1B/O2B 2 − x, 0.5 + y, 2 − z 2.265 176
C5A–H5AA/C4A(p) 1 + x, y, z 2.864 119
C5B–H5AB/C4B(p) −1 + x, y, z 2.873 118
O1W–H1WA/O2W x, y, z 1.839 172
C4A–H4AA/O1W x, y, z 2.623 152
O2W–H2WA/N2B x, y, z 2.057 164
O1W–H1WA/N2A 2.040 165
Stacking (C3A/C7A) 1 + x, y, z 3.347
Stacking (C3B/C7B) −1 + x, y, z 3.353

7 N1–H1N/O1 1 − x, 1 − y, 1 − z 1.923 170
C1–H1/O2 1 − x, 1 − y, 1 − z 2.400 156
C4–H4A/O2 1 − x, 1 − y, 1 − z 2.675 142
C4–H4B/C1(p) x, y, z 2.819 141
N2/I1 x, y, z 2.889 177
O1/C7 x, y, z 3.214
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interaction energies obtained from the quantum-chemical
calculations takes into account all existing types of interac-
tions (specic and non-specic) and allows us to go from
a qualitative description of a crystal structure to detailed
quantitative analysis of it.34 It should be noted that this
approach may be applied not only to a molecule as a simple
building unit (BU) of a crystal packing but also to a dimer,
trimer or tetramer of molecules as a complex building unit.
29780 | RSC Adv., 2024, 14, 29774–29788
The rst coordination sphere of the building units (molecule
or dimer) located in the asymmetric part of the unit cell in all
the studied crystals contains 12–36 neighbouring ones. The full
list of symmetry operations and interaction energies for the
corresponding dimers are given in ESI (Tables S1–S7†). The
selected data for the dimers with interaction energies stronger
than 5% (3% in the case of co-crystals) of the total interaction
energy of the basic molecule with all molecules belonging to its
rst coordination sphere are shown in Tables 6–12.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Packing patterns formed by the strongest intermolecular
interactions (hydrogen bonds and halogen bonds) in structures 1–7.

Fig. 7 2D Hirshfeld fingerprint plots of compounds 1–7.

Fig. 8 The relative contribution of intermolecular interactions of
different types (in %) estimated by the 2D fingerprint plots analysis.
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In the crystal 1 a basic molecular building unit (MBU0) forms
two the same interactions (N1–H/N2 hydrogen bonds) in
opposite directions (Table 6). As a result, the column may be
recognized as a primary basic structural motif (BSM1) (Fig. 9).
The interaction energy of MBU0 with all neighbouring MBUi

within this column is −24.2 kcal mol−1. The anisotropy of
interactions of the BSM1 with neighbouring ones allows us to
separate out the layer of strongly bound columns as a secondary
BSM2 of structure 1 (Fig. 9). The analysis of intermolecular
interactions has revealed that the molecules belonging to
© 2024 The Author(s). Published by the Royal Society of Chemistry
neighbouring columns are bound by C–H/p hydrogen bonds
and stacking interactions within the layer. The interaction
energy of the basic molecule within the layer is seven times
higher as the interaction energy between neighbouring layers
(Table 13). The interactions between BSM2 are provided by
weaker C–H/O hydrogen bonds. Thus, structure 1 has two
levels of organization, and can be recognized as a typical
columnar-layered structure.

The basic molecule of structure 2 is surrounded by 14
neighbouring ones and interacts with them with the total
energy of −59.1 kcal mol−1. The analysis of pairwise interaction
energies revealed that the basic molecule forms two of the
strongest interactions (the N1–H/O2 hydrogen bonds) with the
molecules located in the opposite directions (Table 7). These
interactions have the same energy (−10.8 kcal mol−1) and form
a column, whichmay be recognized as the BSM1 in the crystal of
2 (Fig. 10). In contrast to the column in structure 1, the ones
that are strongly bound with the basic molecules form a straight
line in 2 (Fig. 8). The interaction energy of a basic molecule
within the column is −21.6 kcal mol−1.

The anisotropy of interactions of the BSM1 with neighbour-
ing ones allows to separate out the layer of columns as the
secondary BSM (BSM2) of structure 2 (Fig. 10). The analysis of
intermolecular interactions has revealed that the molecules of
neighbouring columns within the layer are bound by stacking
interactions and C–H/O hydrogen bonds. The interaction
energy of the basic molecule within the layer (−45.6 kcal mol−1)
is three times as high as the interaction energy between
neighbouring layers (−13.6 kcal mol−1). The interactions
between BSM2 are provided by weak C–H/N hydrogen bonds
and non-specic interactions. Thus structure 2 obviously also
has two levels of organization.

Similar to structure 2, the rst coordination sphere of the
basic molecule contains 14 neighbouring molecules in struc-
ture 3. However, the total interaction energy of the basic
molecule with all neighbouring ones is a little bit bigger
(−60.2 kcal mol−1). The analysis of pairwise interaction ener-
gies revealed that the basic molecule also forms two identical
interactions with the highest energy in 3 (Table 8). The bond
RSC Adv., 2024, 14, 29774–29788 | 29781
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Table 6 Symmetry codes, bonding type, highest interaction energies of the basic unit with neighbours (Eint, kcal mol−1) (more than 5% of total
interaction energy) and the contribution of this energy to the total interaction energy (%) in crystals 1 (for full list of dimers see Table S1)

Dimer Symmetry operation Eint, kcal mol−1 Contribution to the total Eint,% Interaction type

1-m1 −1/2 + x, −y, 1/2 + z −12.1 20.3 N1–H/N2 1.84 Å, 174°
1-m2 1/2 + x, −y, −1/2 + z −12.1 20.3 N1–H/N2 1.84 Å, 174°
1-m3 −1 + x, y, z −8.1 13.5 Stacking, C2/C5 3.42 Å
1-m4 1 + x, y, z −8.1 13.5 Stacking, C2/C5 3.42 Å
1-m5 −1/2 + x, −y, −1/2 + z −4.2 7.0 C1–H/p 3.09 Å, 133°
1-m6 1/2 + x, −y, 1/2 + z −4.2 7.0 C1–H/p 3.09 Å, 133°

Fig. 9 Column in a crystallographic direction as amain basic structural
motif (left) and packing of columns in term of energy-vector diagrams,
projection in a crystallographic direction (right) in structure 1. Layer is
highlighted in yellow.

Fig. 10 Column in a crystallographic direction as a main basic struc-
tural motif (left) and packing of columns in term of energy-vector
diagrams, projection in a crystallographic direction (right) in structure
2. Layer is highlighted in blue.
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angle formed by geometric centers of the basic molecule and
neighbouring molecules strongly bound with it is almost the
same as in the structure 1 (78° in 1 and 79° in 3). As a result, the
corrugated columns (Fig. 11) similar to the structure 1 can be
recognized as the primary basic structural motif (BSM1) in the
crystal structure 3. The molecules within the column are bound
by the N1–H/N2 hydrogen bonds. Despite the more efficient
geometrical characteristics of these hydrogen bonds, the total
interaction energy of a basic molecule with its neighbours
within the column is smaller as those in the structure 1
(−20.6 kcal mol−1).

The interactions of the BSM1 with neighbouring ones also
are not equal that allows to separate out the layer of columns as
the secondary BSM2 of structure 3 (Fig. 11). The molecules of
neighbouring columns within the layer are bound by C–H/O
Table 7 Symmetry codes, bonding type, highest interaction energies of
interaction energy) and the contribution of this energy to the total inter

Dimer Symmetry operation Eint, kcal mol−1

2-m1 −1/2 + x, 3/2 − y, 1 + z −10.8
2-m2 1/2 + x, 3/2 − y, −1 + z −10.8
2-m3 x, y, −1 + z −8.0
2-m4 x, y, 1 + z −8.0
2-m5 −1/2 + x, 3/2 − y, z −4.0
2-m6 1/2 + x, 3/2 − y, z −4.0
2-m7 2 − x, 1 − y, −1/2 + z −3.3
2-m8 2 − x, 1 − y, 1/2 + z −3.3

29782 | RSC Adv., 2024, 14, 29774–29788
hydrogen bonds and stacking interactions. The interaction
energy of the basic molecule within the layer is
−52.4 kcal mol−1, which is six times higher than the interaction
energy between neighbouring layers (−7.8 kcal mol−1). The
neighbouring layers are bound by weaker C–H/O hydrogen
bonds and non-specic interactions. Therefore, structure 3 can
also be recognized as a columnar-layered structure.

The rst coordination sphere of a basic molecule contains 12
neighbouring ones in structure 4. The total interaction energy
of the basic molecule with all the neighbouring molecules is
−61.7 kcal mol−1. The analysis of pairwise interaction energies
revealed that the basic molecule forms only one the strongest
interaction (Table 9). The interaction energy (−20.3 kcal mol−1)
within the centrosymmetric dimer bound by two the N1–H/O1
the basic unit with neighbours (Eint, kcal mol−1) (more than 5% of total
action energy (%) in crystal 2 (for full list of dimers see Table S2)

Contribution to the total Eint,% Interaction type

18.2 N1–H/O2 1.79 Å, 153°
18.2 N1–H/O2 1.79 Å, 153°
13.5 Stacking, C7/N4 3.40 Å
13.5 Stacking, C7/N4 3.40 Å
6.8 C4–H/O1 2.29 Å, 173°
6.8 C4–H/O1 2.29 Å, 173°
5.6 C1–H/N2 2.28 Å, 151°
5.6 C1–H/N2 2.28 Å, 151°

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Symmetry codes, bonding type, highest interaction energies of the basic unit with neighbours (Eint, kcal mol−1) (more than 5% of total
interaction energy) and the contribution of this energy to the total interaction energy (%) in crystal 3 (for full list of dimers see Table S3)

Dimer Symmetry operation Eint, kcal mol−1 Contribution to the total Eint,% Interaction type

3-m1 1/2 − x, −1/2 + y, 1/2 + z −10.3 17.2 N1–H/N2 1.77 Å, 178°
3-m2 1/2 − x, 1/2 + y, −1/2 + z −10.3 17.2 N1–H/N2 1.77 Å, 178°
3-m3 x, −1 + y, z −8.1 13.5 Stacking, C1/N2 3.41 Å
3-m4 x, 1 + y, z −8.1 13.5 Stacking, C1/N2 3.41 Å
3-m5 1/2 − x, −1/2 + y, −1/2 + z −4.8 7.9 C1–H/O1 2.23 Å, 158°
3-m6 1/2 − x, 1/2 + y, 1/2 + z −4.8 7.9 C1–H/O1 2.23 Å, 158°

Fig. 11 Column in b crystallographic direction as a main basic struc-
tural motif (left) and packing of columns in term of energy-vector
diagrams, projection in b crystallographic direction (right) in structure
3. Layer is highlighted in blue.

Fig. 12 Centrosymmetric dimer as a dimeric building unit (a), column
in b crystallographic direction as a main basic structural motif (b) and
packing of columns in term of energy-vector diagrams (c), projection
in a crystallographic direction in structure 4.
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hydrogen bonds (Fig. 12a) is almost four times higher than the
interaction within the other dimers. So, this dimer may be
recognized as a complex dimeric building unit (DBU0) of
structure 4.

A basic dimeric building unit is surrounded by 18 neigh-
bouring dimers and forms the strongest interactions with two of
them (Table 9). As a result, the column of dimers may be
Table 9 Symmetry codes, bonding type, highest interaction energies of
interaction energy) and the contribution of this energy to the total inter

Dimer Symmetry operation Eint, kcal mol−1

Molecular building unit (MBU0)
4-m1 −1 − x, −1 − y, −z −20.3
4-m2 −1 + x, y, z −8.1
4-m3 1 + x, y, z −8.1
4-m4 −x, −1 − y, −z −5.9
4-m5 −1 + x, −1/2 − y, −1/2 + z −4.3
4-m6 1 + x, −1/2 − y, 1/2 + z −4.3
4-m7 −x, −y, −z −3.4

Dimeric building unit (DBU0)
4-d1 −1 + x, y, z −21.7
4-d2 1 + x, y, z −21.7
4-d3 −1 + x, −3/2 − y, −1/2 + z −4.5
4-d4 −1 + x, −1/2 − y, −1/2 + z −4.5
4-d5 1 + x, −3/2 − y, 1/2 + z −4.5
4-d6 1 + x, −1/2 − y, 1/2 + z −4.5
4-d7 −1 + x, −1 + y, z −3.6
4-d8 1 + x, 1 + y, z −3.6

© 2024 The Author(s). Published by the Royal Society of Chemistry
considered as the primary basic structural motif (BSM1) in the
crystal 4 (Fig. 12b). The total interaction energy of DBU0 with the
neighbouring dimers within the column is −43.4 kcal mol−1.
Dimers within the column are bound by the stacking interac-
tions. The interaction energy between the neighbouring
columns is almost equal and ve times as smaller than the
the basic unit with neighbours (Eint, kcal mol−1) (more than 5% of total
action energy (%) in crystal 4 (for full list of dimers see Table S4)

Contribution to the total Eint,% Interaction type

32.3 N1–H/O1 1.77 Å, 178°
12.9 C–H/p 2.74 Å, 141°
12.9 C–H/p 2.74 Å, 141°
9.4 Non-specic
6.8 C1–H/O2 2.11 Å, 165°
6.8 C1–H/O2 2.11 Å, 165°
5.4 C–H/p 2.72 Å, 158°

25.1 Stacking, C6/C7 3.41 Å
25.1 Stacking, C6/C7 3.41 Å
5.3 C1–H/O2 2.11 Å, 165°
5.3 C1–H/O2 2.11 Å, 165°
5.3 C1–H/O2 2.11 Å, 165°
5.3 C1–H/O2 2.11 Å, 165°
4.2 C4–H/N2 2.72 Å, 158°
4.2 C4–H/N2 2.72 Å, 158°
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Table 10 Symmetry codes, bonding type, highest interaction energies of the basic unit with neighbours (Eint, kcal mol−1) (more than 5% of total
interaction energy) and the contribution of this energy to the total interaction energy (%) in crystal 5 (for full list of dimers see Table S5)

Dimer Symmetry operation Eint, kcal mol−1 Contribution to the total Eint,% Interaction type

Dimeric building unit (DBU0)
5-d1 1 − x, 1 − y, 1 − z −21.0 23.6 Stacking 3.29 Å
5-d2 −x, 1 − y, 1 − z −14.2 16.0 Stacking 3.39 Å
5-d3 1 − x, −y, 1 − z −10.5 11.8 Stacking 3.47 Å
5-d4 x, 1/2 − y, −1/2 + z −4.5 5.1 C–H/N 2.20 Å, 164°
5-d5 x, 1/2 − y, 1/2 + z −4.5 5.1 C–H/N 2.20 Å, 164°

Tetrameric building unit (TBU0)
5-t1 −1 + x, y, z −16.7 11.8 Stacking 3.39 Å
5-t2 1 + x, y, z −16.7 11.8 Stacking 3.39 Å
5-t3 x, −1 + y, z −11.2 7.9 Stacking 3.47 Å
5-t4 x, 1 + y, z −11.2 7.9 Stacking 3.47 Å
5-t5 −1 + x, 1 + y, z −10.8 7.6 C–H/O 2.61 Å, 114°
5-t6 1 + x, −1 + y, z −10.8 7.6 C–H/O 2.61 Å, 114°
5-t7 1 − x, −1/2 + y, 1/2 − z −9.9 7.0 C–H/N 2.20 Å, 164°
5-t8 1 − x, −1/2 + y, 3/2 − z −9.9 7.0 C–H/N 2.20 Å, 164°
5-t9 1 − x, 1/2 + y, 1/2 − z −9.9 7.0 C–H/N 2.20 Å, 164°
5-t10 1 − x, 1/2 + y, 3/2 − z −9.9 7.0 C–H/N 2.20 Å, 164°

Fig. 13 Tetramer as a complex building unit (a), column in b crystal-
lographic direction as a main basic structural motif (b) and packing of
columns in term of energy-vector diagrams (c), projection in a crys-
tallographic direction (right) in structure 5.

Fig. 14 Dimer as a building unit (left) and packing of columns in term
of energy-vector diagrams, projection in a crystallographic direction
(right) in the structure 6.
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interaction energy within the column (−8.2 kcal mol−1) being
provided by C–H/O, C–H/N hydrogen bonds and non-specic
interactions. Therefore, the crystal structure 4 has only one level
of organization and may be classied as columnar (Fig. 12c).

The crystals of structure 5 contain two molecules A and B in
the asymmetric part of the unit cell. These molecules form
29784 | RSC Adv., 2024, 14, 29774–29788
a centrosymmetric dimer due to the N–H/O intermolecular
hydrogen bonds similar to the structure 4. This dimer was
recognized as a dimeric building unit of the structure 5. The
rst coordination sphere of a basic dimer contains 18 neigh-
bouring ones in the structure 5. The total interaction energy of
the DBU0 with the neighbouring ones is −88.8 kcal mol−1. The
analysis of pairwise interaction energies revealed also that the
basic building unit forms only one the strongest interaction
(Table 10). The interaction energy (−21.0 kcal mol−1) within the
tetramer bound by the stacking interactions “head-to-head”
type (Fig. 13a) is much higher than the interaction within the
other tetramers. Therefore, this tetramer may be recognized as
a complex tetrameric building unit (TBU0) of structure 5.

The TBU0 is surrounded by 14 neighbouring tetramers and
forms the strongest interactions with two of them in different
directions (Table 10). As a result, a stacked column of tetramers
may be considered as a primary basic structural motif (BSM1) in
the crystal 5 (Fig. 13b). The total interaction energy of TBU0 with
the neighbouring tetramers within the column is
−33.4 kcal mol−1. The interaction energies between the neigh-
bouring columns are almost equal in four directions and
slightly higher in other two directions. By the way, all these
energies are smaller than the interaction energies within the
column (−16.0O−22.0 kcal mol−1) and are provided by weaker
C–H/O, C–H/N hydrogen bonds and non-specic interac-
tions. Thus, similar to crystal structure 4, the structure 5 has
only one level of organization andmay be classied as columnar
(Fig. 13c). Additionally, it should be noted that in this case we
can characterize this crystal packing as denser than in crystal 4,
because the energies between adjacent columns are almost two
times smaller than the interaction energies within the column
(Fig. 13c).

The basic molecule is surrounded by 36 neighbouring
molecules in the structure 6. This is the biggest number of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 11 Symmetry codes, bonding type, highest interaction energies of the basic unit with neighbours (Eint, kcal mol−1) (more than 3% of total
interaction energy) and the contribution of this energy to the total interaction energy (%) in crystal 6 (for full list of dimers see Table S6)

Dimer Symmetry operation Eint, kcal mol−1 Contribution to the total Eint,% Interaction type

6-d1 −1 + x, y, z −19.0 15.4 Stacking 3.35 Å
6-d2 1 + x, y, z −19.0 15.4 Stacking 3.35 Å
6-d3 x, y, z −6.2 5.0 O–H/N 1.91 Å, 164°
6-d4 x, y, z −6.2 5.0 O–H/N 1.94 Å, 164°
6-d5 1 − x, −1/2 + y, 2 − z −4.2 3.4 C–H/O 2.64 Å, 126°
6-d6 1 − x, 1/2 + y, 2 − z −4.2 3.4 C–H/O 2.64 Å, 126°
6-d7 −x, −1/2 + y, 1 − z −3.9 3.2 C–H/O 2.64 Å, 126°
6-d8 −x, 1/2 + y, 1 − z −3.9 3.2 C–H/O 2.64 Å, 126°

Table 12 Symmetry codes, bonding type, highest interaction energies of the basic unit with neighbours (Eint, kcal mol−1) (more than 3% of total
interaction energy) and the contribution of this energy to the total interaction energy (%) in crystal 7 (for full list of dimers see Table S7)

Dimer Symmetry operation Eint, kcal mol−1 Contribution to the total Eint,% Interaction type

7-d1 −1 − x, 1 − y, 1 − z −13.4 9.9 p/p 3.21 Å
7-d2 1 − x, 1 − y, 1 − z −13.4 9.9 p/p 3.21 Å
7-d3 x, y, z −9.9 7.3 I/N 2.89 Å, 177°
7-d4 x, 1 + y, z −9.9 7.3 I/N 2.89 Å, 177°
7-d5 −x, −1/2 + y, 1/2 − z −5.8 4.2 C–H/N 2.72 Å, 166°
7-d6 −x, −1/2 + y, 3/2 − z −5.8 4.3 C–H/N 2.72 Å, 166°
7-d7 −x, 1/2 + y, 3/2 − z −5.8 4.3 C–H/N 2.72 Å, 166°
7-d8 −x, 1/2 + y, 1/2 − z −5.8 4.3 C–H/N 2.72 Å, 166°
7-d9 −x, 1/2 + y, 1/2 − z −5.1 3.8 I/p 2.89 Å, 177°
7-d10 −x, 1/2 + y, 3/2 − z −5.1 3.8 I/p 2.89 Å, 177°

Fig. 15 Dimer with the highest interaction energy (a), column in
b crystallographic direction as a main basic structural motif (b) and
packing of columns in term of energy-vector diagrams, projection in
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neighbours from all the structures under study. It may be
caused by the presence of the water molecule in the crystal
(Fig. 14). Similar to the structures 4 and 5, the centrosymmetric
dimer formed by N1–H/O1 hydrogen bond can be recognized
as a complex dimeric building unit (DBU0) of structure 6
(Fig. 14). The DBU0 is strongly bound with two neighbouring
dimers due to stacking interactions with each of them (Table
11). Hence, the stacked column may be recognized as a primary
basic structural motif (BSM1) in structure 6 (Fig. 14). The
interaction energy of the basic dimer within this column is
−38.0 kcal mol−1. Each of the dimers within the column
connects with four THP dimers and four water molecules
(Fig. 14). The dimers belonging to the neighbouring columns
are bound mainly by O–H/N and C–H/O hydrogen bonds.

The interaction energies between THP molecules belonging
to the neighbouring columns do not allow us to separate out any
secondary structural motif (Fig. 14). Therefore, crystal structure
6 has only one level of organization and may be classied as
columnar. It should be noted that the interactions energies
within the column and between them in the structure 6 are
really close to those in the crystal structure 4.

The rst coordination sphere contains 26 neighbouring
molecules in the structure 7. The centrosymmetric N1–H/O1
hydrogen bonded dimer may also be recognized as the complex
DBU0 of structure 7. However, this dimer has the smallest
interaction energy compared to those calculated for 4, 5 or 6.
This is most likely due to presence of halogen atoms in this
© 2024 The Author(s). Published by the Royal Society of Chemistry
crystal structure (Table 12). As a result, we can observe new
types of interactions in the structure 7, which can play a key role
in the formation of supramolecular architecture of this crystal
(Table 12). Thus, the column formed by two the strongest p/p

interactions can be recognized as BSM1 (Fig. 15). The interac-
tion energy of DBU0 with its neighbours within the column is
−26.8 kcal mol−1. This is also the smallest energy with
comparison of structures 4, 5 and 6 (Table 13). Similar to
monohydrate structure each of the dimers belonging to the
column connects with four THP dimers and four iodine mole-
cules. However, the interactions between them are stronger
a crystallographic direction (c) in structure 7.

RSC Adv., 2024, 14, 29774–29788 | 29785
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Table 13 Summary of calculated interactions in 1–7. Number of molecules belonging to the first coordination sphere of the basic THPmolecule,
total interaction energy of a molecule with all neighbours (kcal mol−1), hydrogen bond in the dimer with the highest interaction energy, building
unit (BU), interaction energies (kcal mol−1) within recognized basic structural motif (BSM) and between them

Structure
Number of
neighbors

Total Eint,
kcal mol−1

The dimer with the highest
interaction energy

Building
unit (BU)

Basic structural
motif (BSM1/BSM2)

Eint (BSM1/BSM2),
kcal mol−1

Eint (BSM2/BSM2),
kcal mol−1Hydrogen bond

Eint,
kcal mol−1

1 12 −51.6 N1–H/N2 −12.1 Molecule Column/layer −24.2/−52.6 −7.2
2 14 −59.1 N1–H/O2 −10.8 Molecule Column/layer −21.6/−45.6 −13.6
3 14 −60.2 N1–H/N2 −10.3 Molecule Column/layer −20.6/−52.4 −7.8
4 12 −61.7 N1–H/O1 −20.3 Dimer Column −43.4 −8.2
5 18 −88.8 N1–H/O1 −21.0 Tetramer Column −33.4 −16 O −22
6 36 −120.8 N1–H/O1 −19.6 Dimer Column −38.0 −6.2 O −7.4
7 26 −97.8 N1–H/O1 −13.0 Dimer Column −26.8 −5.1 O −9.9

Fig. 16 The relative lattice energies (DElatt) of THP polymorphs.
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(Fig. 15c). The neighbouring columns are bound by unexpected
strong I/N interactions (Table 12). According to the literature
halogen bonds are really rare play crucial role in supramolec-
ular architecture of crystals from energetically viewpoint.
However, if crystals contain only weak C–H/X hydrogen bonds
then halogen bonds could connect basic structural motifs as the
primary/secondary interactions.67,68 Furthermore, in the crystal
of 7 much weaker C–H/N hydrogen bonds and I/p interac-
tions bound BSMs.

It should be concluded that the structure 7 is also columnar,
similar to structures 4, 5 and 6, but this crystal has more
anisotropic structure in terms of the pairwise interaction
energies (Fig. 15).

According to our previous studies69,70 such interactions of
a basic molecule with its environment indicate that the poly-
morphic structure 5 is the most stable in comparison with other
studied polymorphic structures (Table 13, Fig. 16).

Calculations of the lattice energies using the periodic
approximation for all the polymorphic forms 1–5 of THP reveals
that the structure 5 has the lowest lattice energy (Fig. 16). These
results indicate that the structure 5 is the most stable form
while the structures 1, 2, 3 and 4 can be considered as
metastable.
29786 | RSC Adv., 2024, 14, 29774–29788
Conclusion

All to date known polymorphic modications of theophylline
(THP), its monohydrate and a co-crystal with iodine were
comprehensively studied. The reported structure of the mono-
hydrate of THP exhibits some crystallographic pseudosymmetry
issues, which were resolved before the structure (space group
P21) was used for the analysis. The calculations of pairwise
interaction energies between molecules have shown that three
polymorphic forms (1, 2 and 3), where the building unit is
a single molecule (MBU0), have a columnar-layered crystal
structure. Strong N–H/N/O hydrogen bonds and stacking
interactions play the main roles in the supramolecular archi-
tecture in these crystals. In the two others polymorphic modi-
cations (4 and 5 structures), as well as in monohydrate and co-
crystal (6 and 7 structures), the centrosymmetric dimer of THP
molecules appears to be the building unit (DBU) of the corre-
sponding crystal structures. The calculations of pairwise inter-
action energies between DBUs have revealed that these crystals
have only one level of organization and can be characterized as
columnar. The stacking interactions of the dimers contribute to
the formation of these crystal structures. A comparison of
interaction energies of tetrameric building unit TBU0 with its
neighbouring molecules within the column and with ones
belonging to adjacent columns indicates that the most stable
crystal 5 has the densest packing from energetic point of view
similar to the co-crystal with iodine 7.

The presence of iodine molecules in the co-crystal causes
disturbs the stacking interaction of the THP molecules and
increases the role of the halogen interactions in crystal struc-
ture formation. The halogen interactions bind primary BSM1 in
the structure 7. The calculations of the lattice energies using the
periodic approximation show that 5 is the most stable structure,
while 3, which is the polymorph used in the pharmaceutical
industry, as well as structures 1, 2 and 4 are metastable.
Data availability
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results and outputs of the theoretical calculations are stored in
the ESI.†
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19 D.-K. Bučar, R. F. Henry, G. G. Z. Zhang and
L. R. MacGillivray, Cryst. Growth Des., 2014, 14, 5318.

20 A. Karagianni, J. Quodbach, O. Weingart, A. Tsiaxerli,
V. Katsanou, V. Vasylyeva, C. Janiak and K. Kachrimanis,
Solids, 2022, 3, 66–92.
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