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Abstract 

Theophylline monohydrate and polymorphs of anhydrous theophylline are being compared. 

Crystallographic data was obtained using the Cambridge structural data source. In this 

investigation, 1,3-Dimethyl-3,7-dihydro-1H-purine-2,6-dione monohydrate (Ref-code: THEOPH) 

and 1,3-Dimethyl-3,7-dihydro-1H-purine-2,6-dione (Ref-code: BAPLOT) are chosen. Hirshfeld 

surface tools were used to visualize the different types of intermolecular interactions throughout 

the crystal range of theophylline monohydrate and polymorphs of anhydrous theophylline. The 

fundamental distinction between theophylline monohydrate and anhydrous theophylline appears 

to be the N—H...O bond dimer. Some other weak interactions distinguish the molecular packing. 

After the creation of two N—H...O hydrogen bonds, the theophylline dimers that make up the 

theophylline monohydrate structure are joined by an inversion center. Because of these dimers 

and having a lagre percenrage of hydrogen and oxygen interactions theophylline monohydrate 

has a distinctive structure and better tabletability than anhydrous theophylline. 

Graphical Abstract 

 

Introduction 
Materials science tetrahedron (MST) tells us about the inter 

dependent relationship between the process of development of 

the drugs, their structure and properties. MST aspects the 

form of scientific foundations for the development and design 

of new drugs products in pharmaceutical science. MST has 

many applications in drugs development and pharmaceutical 

research. Most efficient, coherent and collaborative research 

conduct by pharmaceutical science community[1]. 

Mechanical and physicochemical properties are more effected 

by crystal structure than a molecular structure. Therefore 

crystal engineering in materials science research play an 

important role[2].These mechanical properties of the materials 

are related with tableting[3] performance of powders of the 

pharmaceutical drugs[4].As a result the tablet ability of the 

drugs can be determine by Hirshfeld surface analysis[5] on 
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the basis of different types of interactions in the crystal 

structure. 

Theophylline, a medication that was first identified in 1888, 

was initially extracted from sources such as tea leaves, coffee, 

and chocolate [6] It has been employed in the pharmaceutical 

sector and for disease treatment purposes since 1992. "THEO" 

is a shortened form of theophylline. THEO is a potent 

bronchodilator and broncho spasmolytic agent, primarily 

employed for managing bronchial asthma. It is included in 

both the United States Pharmacopeia and European 

Pharmacopeia, and pharmaceutical research continues to place 

significant emphasis on studying this drug and its 

characteristics. THEO serves as a model compound for 

investigating hydrate formation and polymorphism. 

If the water molecules are present in the crystal lattice often 

lead to different crystal structure, which is probability to 

impact on its pharmaceutical importance[7].It was found that 

some hydrate  exhibit better properties than its anhydrate 

form[7].It is important to explore crystal hydration have 

benefits or nor for general applicability. Because of structural 

characteristics that result in several slide mechanisms, 

theophylline anhydrate (THa) was demonstrated to be 

extremely flexible and to have outstanding tablet ability[8] It 

has been observed that theophylline monohydrate (THm)[8, 9] 

performs even better when it comes to tableting than THa[10]. 

Though the authors did not mention it, it is likely that the 

THm in the earlier research had a different particle size and 

shape from the THa since it was crystallized from water. 

Therefore, it is still unknown whether THm's better tableting 

ability resulted from variations in mechanical characteristics 

or from distinct specific features[11]. 

The fact that some crystals are supramolecular systems should 

not be overlooked. Subsequently, the smallest structural units 

produced by the intermolecular interactions, supramolecular 

synthons, may be used to characterize their structural 

characteristics. In supramolecular architecture, the 

combinations of several synthons is important for crystal 

engineering[12, 13]. Understanding intermolecular 

interactions and using them to the construction of new 

molecules with targeted designs and enhanced characteristics 

is the primary goal of crystal engineering. However, a 

significant challenge is the multiplicity of interactions that 

govern crystal formations[14]. 

X-ray crystallography was used to analyze the structural 

characteristics of the polymorphous of theophylline[13]. 

Given the significance of the aforementioned, the primary 

objective of this study is to conduct a thorough comparative 

analysis of the structural variations and similarities among all 

finasterides currently in use. This analysis will encompass 

both qualitative and quantitative exploration of the nature of 

intermolecular interactions and crystal packing behavior by 

using Hirshfeld surface analysis.  

Examine the molecular interactions within a crystal structure 

using a technique called Hirshfeld surface analysis [5]. The 

Hirshfeld surface proved to be a remarkable discovery in this 

context and garnered significant attention because of its 

distinct properties for investigating the intermolecular 

interactions within crystals. 

Hirshfeld surfaces are employed for a comprehensive 

examination of the interactions between chemical compounds 

and the arrangement of molecules within a crystal. It is 

possible to create a fingerprint plot by analyzing the distances 

from the surface to the closest atoms either outside or inside 

the surface [15]. 

Within the realm of crystals, the investigation of 

intermolecular interactions and the visualization of these 

phenomena are highly prevalent practices. Utilizing these 

visualization tools, one can generate fingerprint plots that 

depict the interactions between pairs of chemical species. This 

method allows for the identification of various types of 

interactions, including van der Waals contacts, hydrogen 

bonding (such as C—H...π), and π...π stacking, through the 

analysis of fingerprint plots. 

The distances from atoms on the Hirshfeld surface to the 

nearest atoms within the surface (di) and to the atoms outside 

of the surface (de) are calculated to generate 2-D fingerprint 

plots. These fingerprint plots encode information about the 

nature and types of interactions within molecules found in 

crystal structures that consist of more than one molecule [16]. 

In the fingerprint plots, various types of contacts are depicted, 

with red and blue colors signifying longer and closer contacts, 

respectively, while green represents neither close nor distant 

contacts. Additionally, the spikes, wider regions, and wing-

shaped areas within the plots convey both the types and the 

extent of these interactions 

Method and Materials 
Crystallization is a purification and separation technique 

employed for the manufacture of a variety of substances, 

from bulk industrial chemicals to pharmaceuticals 

and specialized chemicals. Depending on the amount of the 

Sample, several procedures for crystallization such as 

evaporation, cooling, diffusion, sublimation, and vapor 

diffusion are used. Without any further purification, the 

aforementioned chemical theophylline (3,7-dihydro-1,3- 

dimethyl-1H- purine-2,6-dione) was employed. After being 

crushed in a pestle mortar with ethanol added drop by drop, 

0.4g of theophylline's white powder was immersed in 10 ml of 

ethanol and agitated for 3–4 hours. The mixture was slowly 

evaporated to produce crystals at room temperature. 

Theophylline crystals in the form of clear, needle-shaped 

formations were produced in a week. Olympus microscope 

chooses the crystal for x-ray diffraction investigation. With 

the help of a micro-focus source and a graphite 

monochromatized Mo k (0.71073) source of radiation on a 

Bruker-D8 Venture diffractometer equipped with a photon 

Sensor PHOTON II, information of single crystal was 

collected at 298 K. Rest of the structures of the polymorphous 

of theophylline was taken from the  Cambridge 

Crystallographic Data Center (CCDC)[17] . 
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 2,6-dimethyl-1,3,7-dihydro-1H-purine monohydrate 

(Ref-code:THEOPH). 

 The compound 1,3-Dimethyl-3,7-dihydro-1H-

purine-2,6-dione (ref-code: BAPLOT). 

 

Figure 1 Scheme of laboratory experiment 

Crystal structural Analysis 

CIF files of Anhydrous theophylline and theophylline 

anhydrate (Reference code: BAPLOT02) and Theophylline 

monohydrate ( Reference code: THEOPH04 ) were 

downloaded. Mercury software and Crystal Explorer [18] 

were used to analyze the CIFs that were retrieved from the 

Cambridge Structural Database. 

Crystal packing of Theophylline Monohydrate 

Figure 3 shows a unit cell of theophylline monohydrate at 

273K. Theophylline monohydrate has 4 molecules per unit 

cell, which is found in a monoclinic with space group P21/n. 

The structure of theophylline monohydrate contains 

theophylline dimers, which are joined by the inversion Centre. 

This outcome is the product of two N—H…O hydrogen 

bonds formed between N3 and H3. and a single hydrogen 

bond created among N4—H4…O3 with N---H bond distance 

0.860(4) Å, H…O bond distance 1.91(2) Å and N…O bond 

distance 2.76(10) Å. Due to the exposure of the extremely 

basic nitrogen atom N3, which is peculiar to this dimerization 

in theophylline's crystal structure, it is thought to be crucial in 

the production of hydrates. In the form of a layer, dimers are 

present in Theophylline monohydrate along a-axis. Between 

these layers, there is no hydrogen bond. 2024/12/26. Water 

molecule channels separate theophylline layers along the b-

axis, which interact with THEO molecules through a 

hydrogen connection to N3 as seen in Figure 4. 

 
Figure 2 A 50% probability thermal ellipsoid diagram of 

theophylline monohydrate displays the arrangement of 

hydrogen and non-hydrogen atoms. 

 

Figure 3 The numbering method of hydrogen and non-

hydrogen atoms is represented by a thermal ellipsoid 

diagram of anhydrous theophylline drawn with 50% 

probability. 

 

Figure 4 Theophylline monohydrate's hydrogen bonding 

Through hydrogen bonding among the oxygen atom of the 

benzene ring and the nitrogen atom of the purine ring, 

molecules are stacked on top of one another and joined in an 

unending chain. 

Crystal Packing of Anhydrous Theophylline 

Figure 5 shows the anhydrous theophylline cell units around 

273K, 298K, and 290K. The space groups P21/c, which 

include 4 and 8 molecules per unit cell, and Pn, which have 

only two molecules per unit cell, make up the monoclinic 

structure of the single cell of anhydrous theophylline. By 

polymorphism, anhydrous theophylline can be found in 

orthorhombic with a space group Pna21 and four molecules 

for each cell. When Form I of anhydrous theophylline 

crystallized, an orthorhombic cell unit having the space group 

Pna21 and 4 molecules within an asymmetric unit (Z=4) is 

present. The theophylline structure itself is thinner and has a 

methyl group of THEO in a plane with a purine ring. The NH 

group of one molecule's 5-membered ring (N4-H4), acted as 

the donor, and the carbonyl group of another molecule's 6-

membered rings, acted as the acceptor, establishing H-bonds. 

As a result, functional groups on the compound's other ends 

are linked, which causes the components to form H-bond 

chains with one another as pearls on a thread in the (201) and 

(-201), as seen in Figure 6. The hydrogen-linked chains' 
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ability to accumulate molecules on top of one another is 

known as the π···π-stack. As a result, the arrangement forms 

stack levels with the subsequent levels being connected by 21 

screw axes. Anhydrous theophylline became crystallized and 

re-examined in state II to enable analysis. A second 

orthorhombic cell unit with an identical space group Pna21 

and plane THEO components as in form I makes these 2 

polymorphisms of the similar space class an illustration of 

stacking polymorphism in diagram 4. There is just one major 

H-bond in both forms I and II. similar to Form II, I only 

display a single H-bond however it forms among the N4-H4 

of one five-membered circle and the N3 of second. As seen in 

Figure 6(III), H-bonded networks take on an irregular 

structure as a result of a variety of H-bonds. Due to the 

different nature of hydrogen bond molecules in a zig-zag 

manner shown in Figure 6(III) Chains of substances 

encapsulating b-glide planes are not as planar as type I. H-

bonding causes molecules to pile on top of one another and 

become linked in endless chains, creating layers along the b-

axis [19].  

 

Figure 5 Hydrogen bonding of theophylline anhydrate form 

I and II 

 

(I) (II) 

 
(III) 

Figure 6 .Theophylline monohydrate and anhydrous 

theophylline's crystal arrangement packing: 

(I) The inverted center for theophylline 

monohydrate with theophylline dimers along 

its a-axis at 273 K  

(II) (II) Anhydrous theophylline circle synthon 

polymorphs around its a-axis at 298 K  

(III) A-axis zigzag motif at 290K. 

Theophylline monohydrate has better tablet ability and 

flexibility compared to theophylline anhydrate stems from 

its crystal structure 

It is helpful to compare the crystal structures of theophylline 

monohydrate with dehydrated theophylline providing 

structural understanding of theophylline monohydrate's 

superior tablet ability and flexibility. The slip mechanism 

causes plastic deformation. Slip planes are examined by visual 

inspections of crystal packing or attachment energy. 

Attachment energy means energy is released when a crystal 

face grows by attaching new layers of molecules. Figure 6  

illustrates the formation of rigid V-shaped hydrogen-bonded 

columns by anhydrous theophylline. Hydrogen bonds allow 

molecules to be layered on top of one another to create flat 

layers. When under stress, THa responds by easily deforming 

plastically, which is made possible by the slipping of stacking 

layers and improves stability. Theophylline monohydrate has 

a greater tablet ability as compared to anhydrous theophylline 

because of its larger bound area and weaker bonding. weak 

hydrogen interactions created among dimers in comparison to 

the two theophylline and water molecules. In dimers, the bond 

distance between N and O is 2.92Å, and the bond distance 

between two theophylline molecules (N-O) is 2.76Å.  By 

hydrogen bonding, the molecules can be layered on top of one 

another to create the ladder-like layer in Figure 7. By weak 

N—H—O hydrogen interactions that overcome plastic 

deformation, hard ladders can be deformed along the <1 0 0> 

axes when under stress [7]. 

 

Figure 7. Theophylline monohydrate Crystal struc 
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Experimental Details 
Table.1. Crystal data of theophylline monohydrate 

 

Table.2. Crystal data of anhydrous theophylline 

 

Table.3. Crystal data anhydrous theophylline 

 

Hirshfeld Surface Analysis and Fingerprint Plots 

Hirshfeld surface analysis serves as a useful approach for 

evaluating and contrasting interactions among molecules that 

affect crystal packing. The molecular surfaces with weighted 

electron densities enable the identification of specific 

interactions. Such analysis is used for analyzing different 

types of inter-molecular interactions in crystal structure. It 

provides a non-overlapping and uniform surface [20]. 

Hirshfeld surface analysis illustrates both the type and extent 

of inter-molecular interaction within a super-molecular 

assemblage of anhydrous theophylline and theophylline 

monohydrate. The color range indicates the frequency of 

contact prevalence. The reddish color signifies 

less contact than the aggregate of van der Waal's radius of two 

atoms resulting in a negative value. Blue color signifies 

stronger connections whereas white signifies interactions near 

Van der Waal's boundaries and white represents interactions 

towards Van der Waal's radius. Figure 8 shows theophylline 

monohydrate's Hirshfeld surface map, which shows the 

presence of stronger intermolecular interactions and is shown 

in red N3—H3…O2, N4—H4…O3. 
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Figure 8. Theophylline monohydrate Hirshfeld surface 

interacting with adjacent molecules at 273K 

Both the interactions between the oxygen molecules in water 

molecules and the interactions between N3—H3•••O2 and 

N4—H4•••O3 are highly strong. Theophylline monohydrate 

forms a dimer, and the water molecule present in theophylline 

monohydrate also forms a dimer and serves a crucial function 

in stabilizing the crystal structure, representing the strong 

interaction sides of the drug with arrows. Although N—H•••O 

provides 32.5% of theophylline monohydrate as observed in 

fingerprint graphs, theophylline monohydrate has greater 

flexibility as well as tablet ability. 

Fingerprint graphs obtained from Crystal Explorer were used 

to investigate a 2-D depiction of Hirshfeld's analysis of 

anhydrous theophylline and theophylline monohydrate. The 

fingerprint plot is a 2-D graph that highlights specific inter-

molecular associations in a single crystal to extract superior 

information regarding molecular interactions. The quantifiable 

percentage of several types of interactions such as H-H, O-

H, C-H, O-O and N-H was obtained. These many molecular 

interactions, particularly those that contribute the most 

percentage-wise, are crucial for stabilizing the crystal 

structure. CrystalExplorer17 [18] is used to map the 

fingerprint graphs of theophylline monohydrate and 

polymorphs of theophylline anhydrate. The framework of H-

H and O-H associations plays an important role in crystal 

structure stabilization. Theophylline monohydrate has a 

percentage of H-H interaction of 40.9% and an O-H 

interaction of 32.5%. C-H interaction accounts for 10.0% of 

theophylline monohydrate. Other interactions present in 

theophylline monohydrate include N-C, N-N, O-N, and C-

C with the lowest percentages of 1.2%, 1.8%, 2.2%, and 

3.6%, respectively. H-H and O-H connections of 

H2O molecules contribute 65.8% and 27.2%, respectively to 

theophylline monohydrate. 

 

Figure 9. Theophylline monohydrate Hirshfeld surface 

interacting with surrounding molecules at 298 K. Symmetry 

Codes:  (i) -x, -y+1, -z;   (ii) -x+3, -y+2, -z+1 

In anhydrous theophylline, the bonds between N4—H4•••O3
i 

and N8—H8•••O1
i are particularly strong. The percentages of 

various types of interactions in anhydrous theophylline vary. 

The average percentage of O-H interaction in theophylline 

monohydrate is 32.5% while in anhydrous theophylline is 

23.1%, 26.8%, and 27.6% among 

various anhydrous theophylline polymorphs as illustrated in 

figures 10 and 14. We may observe a change in the percentage 

of interactions between theophylline monohydrate and 

theophylline anhydrate. 

Table Error! No text of specified style in document.. H-bond 

geometry (Å, º) for anhydrous theophylline. 

D—H···A D—H H···A D···A D—H···A 

N4—H4···O3i 0.86 1.92 2.753 (2) 163 

N8—H8···O1i 0.86 1.94 2.782 (2) 165 

Symmetry code:  (i) -x, -y, -z+1. 

 1.1 Intermolecular Interaction 

To investigate the interaction between the atoms in the crystal 

structure of theophylline and theophylline monohydrate, the 

3D Hirshfeld surface and 2D fingerprint plot were created. 

Crystals were examined by Hirshfeld. Hirshfeld Figure 9 A, 

B, C, D, E, and F, respectively, depict surfaces of theophylline 

monohydrate mapped with dnorm, di, de, shape index, 

curvedness, and fragment patch.  

 

Figure 10. Hirshfeld surface for Theophylline monohydrate 

mapped with dnorm(A), di (B), de (C), shape index (D) 

curvedness (E), Fragment patch (F). 

Because of the strong hydrogen connections between OH and 

the Hirshfeld surface, the dnorm surface exhibits a red color 

in some spots, indicating a significant interaction with the 

neighboring molecules. The bond length between O and H is 

1.91(2) Å 

In Hirshfeld surface analysis shape index is one of the main 

future that gives the identification of complementarity 

between the molecules in crystal packing [21]. Different 

colors in the form of spots on the surface of the shape index 

show intermolecular areas of complementarity. Concave 

regions of atoms and molecules stacked above one another 

https://www.sciencedirect.com/topics/chemistry/hirshfeld-surface
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may be seen in the red areas. Blue-marked patches display a 

convex area that denotes the molecule's ring structure within 

the crystal surface.  

Figure 10 displays the molecules' curvature. Low curvedness 

values on the surface relate to flat disc-shaped regions, 

whereas high curvedness values correspond to sharply edged 

curvatures that occasionally trend to the surface, 

demonstrating the interaction of nearby molecules. Blue 

outline separating flat patches indicates π-π stacking 

interactions. 

Information about the type of intermolecular contact between 

atoms is provided by a 2-D fingerprint image and represent 

major and minor intermolecular connection in the entire 

crystal structure[22]. 

 

 

Figure 11. Landscape of theophylline monohydrate 

intermolecular interactions displaying O...H contact and 

water molecule O...H interaction 

 

Figure 12. Theophylline monohydrate intermolecular 

interactions landscape exhibiting O...H and H...H 

interactions. 

 

 

Figure 13. Theophylline monohydrate two-dimensional 

fingerprint plots with various levels of interaction. 

 

Figure 14. Anhydrous theophylline intermolecular 

interactions landscaping demonstrating C...H and O...H 

interactions. 

 

 

Figure 15. Anhydrous theophylline intermolecular 

interactions landscaping demonstrating C...H and O...H 

interactions. 
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Figure 16. Anhydrous theophylline (I) two-dimensional 

fingerprint plots with various interaction percentages. 

 

 

Figure 17. Anhydrous theophylline (II) fingerprint plots. 

 

 

Figure 18. Anhydrous theophylline (III) fingerprint plots. 

 

Figure 19 (a) Different polymorphs of anhydrous 

theophylline have varying percentages of O...H and H...H 

interactions. (b) O...H and H...H interactions in the water 

molecule theophylline monohydrate. 

Table 5 Comparison of percentage of finger print plots of 

theophylline monohydrate and anhydrous theophylline 
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Figure 20. Theophylline monohydrate Hirshfeld surface. 

 

Figure 21. Anhydrous theophylline Hirshfeld surface. 

Conclusion 
From the aforementioned research, we deduced that Hirshfeld 

interface evaluation is a crucial technique for studying 

intermolecular interactions and is particularly useful when 

comparing polymorphic compounds. The Hirshfeld surface 

assessment supports the intermolecular forces associated with 

crystal packaging. Recent research has used cutting-edge 

methods like Hirshfeld surfaces to examine the structure of 

theophylline monohydrate and polymorphs of dehydrated 

theophylline. Theophylline hydrate has a lower proportion of 

intermolecular bonds than anhydrous theophylline because it 

contains a water component. The proportion of some 

couplings varies in combinations of anhydrous theophylline, 

which is supported by fingerprint patterns. Theophylline 

monohydrate contains H2O molecules, which are particularly 

beneficial for maintaining a crystalline framework. 

Theophylline monohydrate has improved tablet ability and 

flexibility because of the water component. Hirshfeld surface 

and fingerprint graphs are appropriate for comparing the non-

covalent bonds that polymorphs exhibit in structures with 

environments having Z>1. The study concluded that the 

primary intermolecular forces have a significant influence on 

the crystalline packaging and physicochemical characteristics 

of theophylline monohydrate and polymorphs of anhydrous 

theophylline. H-bond varies between polymorphs of 

anhydrous theophylline crystalline packing owing to differing 

ratios of certain intermolecular forces. 
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