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I. INTRODUCTION 

Drugs are most commonly used chemical agents for killing or weakening the foreign organism, which makes harm to human 

body. 1,3-Dimethyl-7H- Purine -2,6-Dione also called Theophylline (THP) is a bronchodilator used to treat asthma in an oral 

dosage form [1]. Theophylline stimulates the muscles so that they relax, making the breathing tube widen and making it 

easier to breathe. Theophylline is a methyl xanthine derivative, xanthine and its derivatives are the naturally occurring drugs 

which find use as central nervous system stimulants.  THP is mainly extracted from green tea leaves. It was discovered by 

Albrecht Kossel, a German biologist. THP is a diuretic drug that has been used for almost 20 years as a first line drug to treat 

asthma. FT-IR and FT-Raman spectroscopy combined with quantum chemical computations has recently been considered as 

an effective tool in the vibrational analysis of biological compounds. The present work deals with the vibrational spectral 

investigations of THP using FT-IR and FT-Raman spectra along with DFT computations to analyze the structural and 

bonding features, nature of hydrogen bonding and intermolecular hydrogen bonding etc [2]. 

 

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS 

THP was purchased from Sigma Aldrich and was used without further purification. The geometry optimizations (Fig.1) and 

analytical vibrational wavenumbers were calculated by using B3LYP/6-31G(d) basis set. All the calculated wavenumbers 

were scaled down uniformly with scaling factor 0.9614. The FT-IR spectrum (Fig.2) of the sample was recorded in the region 

400-4000 cm
-1

 using Perkin-Elmer RX1 spectrometer with the standard KBr pellet technique. The spectral resolution was 4 

cm
-1

. FT-Raman spectrum (Fig.3) of THP was recorded in Bruker RFS 27/s spectrometer using an Nd: YAG laser at 1064nm 

with the powder sample in a capillary tube in the region 3500-50cm
-1

.  
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Abstract- Molecular Structure and vibrational spectra of 1,3-Dimethyl-7H- Purine -2,6-Dione (THP) have been 

investigated by combined theoretical and experimental approaches along with the study of hydrogen bonding and 

the structural features responsible for drug action through charge transfer interactions. The solid phase FT-IR and 

FT-Raman spectra of Theophylline have been recorded in the region 4000-400cm-1 and 3500-100cm-1, respectively. 

The molecular geometry, harmonic vibrational frequencies and bonding features of THP in the ground state have 

been calculated by density functional theory method using       6-31G(d) basis set. The molecular stability arising 

from hyperconjugative interaction and charge delocalization has been analyzed using natural bond orbital (NBO) 

analysis. The electronic properties such as HOMO and LUMO energies, molecular electrostatic potential (MES) 

have also been performed. The shortening C8-H10 bond of imidazole ring resulting in the formation of two strong 

C-H∙∙∙O and C-H∙∙∙N hydrogen bonding network with different theophylline molecules is observed. The strong and 

simultaneous activity of C=O stretching mode in both IR and Raman spectra explains the theophylline molecule to 

be an effective bioactive molecule. 

Keywords – FT-Raman spectroscopy; Drug activity; Density Functional Theory; Pyrimidine ring; Imidazole ring; 
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Fig.1 Optimized molecular structure of THP 

III. RESULTS AND DISCUSSION 

A.Optimized Geometries 

Theophyllines are dimethyl xanthines in which the hydrogen is replaced by methyl groups in 1, 3 position of the nitrogen 

atom. THP consists of two heterocyclic ring systems, a six membered pyrimidine ring and a five membered imidazole ring. 

Each asymmetric unit of THP contains two molecules form a dimer pair via N7-H11∙∙∙O22 and N29-H36∙∙∙O12 hydrogen bonds. 

The hydrogen bonded chains run parallel to the plane and are stacked with a π to π interaction between the fused rings of 

adjacent molecule. The measured centroid-centroid distance between the five membered rings is 3.854Å and between the six 

membered rings the centroid to centroid distance is 3.703Å. The experimental bond length N7-H11 is measured to be 0.981Å 

while the corresponding calculated bond length using DFT is found to be 1.015Å. The experimental N7-H11 bond length is 

increased by 0.121Å than the standard N-H bond length (0.860Å) of imidazole ring. The bond lengthening of N-H bond is 

due to the fact that the N-H bonds of imidazole ring are involved in the two intermolecular N-H∙∙∙O hydrogen bonding 

(2.774Å and 2.764Å) resulting in the formation of dimer between two crystallographically different theophylline molecules 

and each molecule acts as both donor and acceptor [3]. 

The C8-H10 bond length of imidazole ring is measured to be 1.001 and 1.002Å corresponding to the formation of two C-H∙∙∙O 

and C-H∙∙∙N hydrogen bonding network with different neighbouring theophilline molecules. The measured bond lengths of 

C-H∙∙∙O and C-H∙∙∙N bond length involving the C-H bonds of imidazole ring is found to be 3.362 and 3.289Å while the 

calculated C-H bond length of imidazole ring is computed to be 1.081Å. It is observed that the C8-H10 bond length of 

imidazole ring is shortened by 0.08Å than the predicted C-H bond length of imidazole ring resulting in the formation of two 

strong C-H∙ ∙ ∙O and C-H∙ ∙ ∙N hydrogen bonding network with different theophylline molecules. It is interesting to note that 

the three C-H bond lengths of each methyl groups attached to pyrimidine ring are different. The C-H bond lengths of methyl 

group I which is attached to the pyrimidine ring in the proximity of imidazole ring are measured to be 0.967, 0.962 and 

0.958Å. However, the C-H bond lengths of methyl group II which is attached to the pyrimidine ring not in the proximity of 

imidazole ring are found to be 1.001, 1.000 and 0.996Å. The C-H bonds of methyl groups are calculated to be 1.088, 1.093 

and 1.093 Å from the distance matrix of the optimized geometry of THP. The contraction of C-H bonds of methyl groups 

attached to the pyrimidine ring indicating the existence of C-H∙∙∙O and C-H∙∙∙N hydrogen bonding network throughout the 

THP molecules [4].  

4000 3500 3000 2500 2000 1500 1000 500

0

20

40

60

80

100

%
 T

Wavenumber (cm
-1
)

 
Fig.2 Experimental FT-IR Spectrum of THP   
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Fig.3 Experimental FT-Raman Spectrum of THP   

B. Natural Bond Orbital Analysis 

The NBO analysis provides a description of the structure of a compound by a set of Rydberg extra-valance orbitals, anti-

bonds and localized bonds to ascertain the possible intra and intermolecular interactions between the units that would form 

the improper (blue-shifted) and proper hydrogen bonding. The different types of donor–acceptor interactions were evaluated 

by forming the second-order Fock matrix and their stabilization energies in the NBO basis. The interactions result in a loss of 

occupation from the localized NBO of the idealized Lewis structure into an empty non-Lewis orbital. For each donor (i) and 

acceptor (j), the stabilization energy E(2) associated with the delocalization i→j is determined by,  

 
2( , )

(2) ij ij

j i

F i j
E E q

 
 


 

where j  and  i are the diagonal elements, ijq is the donor-orbital occupancy and ( , )F i j  is the off-diagonal NBO Fock-

matrix element. The more intensive interaction between the electron donors and electron acceptors resulting in the larger E(2) 

value, i.e., the more the donating tendency from electron donors to electron acceptors, the greater the extent of conjugation of 

the entire system.  

The NBO analysis has been performed on THP dimer to elucidate the rehybridization, intermolecular interaction, 

delocalization and presented in Table 1 which explains strong intermolecular charge transfer (ICT), resulting in the 

stabilization of the system. The ICT interactions are formed by the orbital overlap between the anti-bonding (*) and bonding 

() orbitals, which results in ICT causing stabilization of the system. The interactions for which an increase in the electron 

density is observed are:C6-O12  → 
*
C4 – C5,  

*
C8-N9 → 

*
C4 – C5, LP1N7 →  

*
C8 – N9, LP1N3 →   

*
C2 – O14 , LP1N1 

→  
*
C6 – O12, LP1O22  → 

*
N7 – H11, LP2O12 →  

*
N7 – H11, LP1O12 →   

*
N29 – H36. The most important interaction energies 

of C6-O12  → 
*
C4 – C5 and  

*
C8-N9 → 

*
C4 – C5 are 155.84 and 97.42 kcal mol

-1
, respectively [5].  

 
Table 1 Second-order perturbation theory analysis of Fock matrix in NBO basis of THP dimer 

 

Donor NBO 

(i) 

Acceptor NBO 

(j) 

E
(2) 

kcal/ mol 

E(j)-E(i) 

a.u. 

F(i,j) 

a.u. 

LP1O22 
*
N7 – H11 11.22 1.13 0.101 

LP2O22 
*
N7 – H11 13.17 0.75 0.091 

LP1O12 
*
N29 – H36 11.22 1.13 0.101 

LP2O12 
*
N29 – H36  13.17 0.75 0.091 

C6-O12 
*
C4 – C5 155.84 0.02 0.084 


*
C8-N9 

*
C4 – C5 97.42 0..02 0.064 

LP1N7 
*
C8 – N9    61.69 0.25 0.113 

LP1N3 
*
C2 – O14   61.14 0.27 0.114 

LP1N1 
*
C6 – O12    60.20 0.26 0.112 

 

C.Vibrational Spectral Analysis 
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The vibrational analysis of Theophylline has been performed on the basis of the characteristic vibrations of Pyrimidine ring, 

Imidazole ring Methyl, Carbonyl, C-H and N-H group. The calculated vibrational wave numbers, measured infrared and 

Raman band positions and their tentative assignments are given in Table 2. 

Most of the substituted pyrimidine exhibit four bands in the range 1600-1375 cm
-1

 due to aromatic ring stretches.  In 

pyrimidine, pairs of absorption bands of 8a, 8b, 19a, and 19b modes are correlated to the C=C and C=N coupled vibrations 

which are analogous to the pairs of bands originating from e2g and e1u modes of benzene.  In THP, the vibration of 8a mode 

appears as a very strong band in IR at 1608 cm
-1

 and a medium weak band in Raman spectrum at 1609 cm
-1

. A very strong 

band at 1566 cm
-1

 in IR and weak band at 1569cm
-1

 in Raman corresponds to 8b mode. The band corresponding to the mode 

19b is found to be a very strong band at 1483 cm
-1

 in IR and weak band in Raman at 1569 cm
-1

 and the 19a mode appears as 

a very strong band at 1468 cm
-1 

in THP. The fused ring aromatic such as benzene ring fused to five or six membered ring 

heterocyclics have ring stretch bands in the region 1600-1500 cm
-1

. In THP, six membered pyrimidine ring is fused with a 

five membered Imidazole ring so that they give rise to a fused ring stretch at strong band at 1566 cm
-1

 in IR [6,7]. 

In general, azoles have three or four band in the region 1670-1320 cm
-1

 due to C=C and C=N stretching vibrations. The 

intensities of these bands depend on the nature and positions of the substituents and on the position and nature of the ring 

hetero-atoms. In the solid phase, five membered heteroatomic compounds with two or more nitrogen atoms in the ring have a 

broad absorption at 2800-2600 cm
-1

 due to the N-H∙ ∙ ∙O bond. In THP which contains imidazole ring have a broad band from 

2800 to 2600 cm
-1

 due to strong N-H∙ ∙ ∙O hydrogen bonding. The most characteristic vibrations of the heterocyclic imidazole 

ring is the stretching mode of C4=C5 bond. The DFT calculation underestimates this mode to 1536 cm
-1

 as it considers the 

molecule in isolation. In THP this band is experimentally blue-shifted to 1566 cm
-1

 in IR with very strong intensity, which is 

obliviously in the range of protonated Imidazole and its counterpart appears strong in Raman at 1569 cm
-1

[8]. 

The C=O stretching vibrations are expected to occur in the region 1715-1680 cm
-1

 and this mode appears in THP as very 

strong  band at 1669 cm
-1

 in IR and strong band at 1664 cm
-1

 in Raman. The conjugation and influence of intermolecular 

hydrogen bonding network in the crystal results in the lowering of the stretching wavenumbers.  The band associated with 

C=O stretching mode are found to be strongly and simultaneously active in both IR and Raman spectra. Pyrimidine which 

contains C=O group in ortho or para to the nitrogen atom usually exist a band near 1700 cm
-1

 corresponding to the C=O 

stretching mode. The strong IR and Raman band observed at 1702 and 1706 cm
-1

 respectively is correlated to the C=O 

stretching mode in THP. The anhydrous form of theophylline generally gives rise to two strong bands at 1665 and 1709 cm
-1

 

in the region of carbonyl stretching mode. The observed strong bands at 1669 and 1702 cm
-1

 in IR and at 1706 and 1664 cm
-1

 

in Raman correspond to the C=O stretching mode of anhydrous form of theophylline [9]. 
 

Table 2 Calculated wavenumbers, measured IR and Raman band positions (cm-1) and assignments for THP 
 

Cal IR Raman Assignments 

3508 3346w  Ring NH stretch 

3153 3121vs 3121m Ring CH stretch 

3084 3060vs  Me1CH3 asym stretch 

3083 2984s  Me2 CH3 asym stretch 

3030  2966s Me1 CH3 sym stretch 

3057  2893w Me2 CH3 sym stretch 

2969 2822vs  N-CH3 stretch 

2958 2713s  N-CH3 stretch 

  2607 vs  N-H∙∙∙O Hydrogen bond 

1728 

1715vs 

1702 vs 1706 s 
Pyrimidine ring vibration / C=O stretch 

1693 1669 vs 1664 s  C=O stretch 

1587 1608vs 1610 m 8a, Pyrimidine ring vibration 

1536 1566vs 1569 w 8b, Pyrimidine ring vibration 

1471 1483vs  19 a, pyrimidine ring / C=C stretch  

1464 1468vs  19 b, pyrimidine ring 

1433 1444vs  Me1 CH3 asym bending 

1379 1426vs 1425s Me2 CH3 asym bending 

 1357 1313s 1314 s Me2 CH3 asym bending 

1266 1284s 1285 m Me2 CH3 sym bending 
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 1241s 1247 s C-N stretch  

1234 1224s  C-N stretch 

1219  1188 w Pyrimidine/ imidazole ring vibration  

 

Generally, C-H stretching vibration of nitrogen heterocyclic compounds gives rise to band in the region 3100-3000 cm
-1

 and 

the C-H bond attached to the imidazole ring shows high frequency shift in C-H stretch which result from substituent changes. 

In addition, the band corresponds to C8-H10 stretching mode shifts from 3123 cm
-1

 in the anhydrous form to 3109 cm
-1

 in the 

monohydrated form, as a result of the formation of a C-H∙∙∙O hydrogen bond. The very strong IR band at 3121 cm
-1

 and the 

medium Raman band at 3121 cm
-1

 are correlated to the ring C-H stretching mode of THP which clearly explains that the 

theophylline molecule under study exist in the anhydrous form forming the strong intermolecular C-H∙∙∙N hydrogen bonding 

network. Bands of variable intensity are observed in the region 1100-1000 cm
-1

 due to C-H in plane bending vibration in 

heterocyclic compounds. The N=C-H and N-C-H deformation vibrations in xanthine are expected at 958 and 853 cm
-1

 as 

medium IR band and these vibration occurs in the imidazole ring.  In THP, the N=C-H and N-C-H deformation vibrations are 

identified at 968 and 969 cm
-1

 as medium and strong bands in IR and Raman spectra, respectively.   
 

 
Table.3 Intermolecular Hydrogen-bonding geometry of THP 

Bond Length  

D-H∙ ∙ ∙A 

Bond Length  

D-H 

Bond Length  

H∙ ∙ ∙A 

Bond Length  

D∙ ∙ ∙A 

 

Bond Angle 

D-H∙ ∙ ∙A 

 

N7-H11∙ ∙ ∙O22 0.970 1.794 2.737 163 

N29-H36∙ ∙ ∙O12 0.981 1.793 2.759 168 

C6-H10∙ ∙ ∙O2 1.001 2.381 3.221 165 

 C30-H35∙ ∙ ∙N11 1.002 2.287 3.266 141 
 

 

Primary aliphatic amine usually absorbs in region 3550-3250 cm
-1

 in solids or liquid and they are broad and of medium 

intensity. In solid and Liquid phases, a band of medium intensity usually occur in the region 3400-3300  cm-1 for secondary 

aromatic amines. Also, the band assigned to the N-H Stretching mode is sharper and weaker than those of O-H stretching 

vibrations due to the imidazole ring attachment of N-H in xanthine derivative. Theophyllines are dimethyl xanthines in which 

the hydrogen is replaced by methyl groups in 1, 3 position of the nitrogen atom. The medium intense IR band at 3346 cm
-1

 

corresponds to the ring N-H stretching mode of the imidazole ring in theophylline. The observed wave number of N-H 

stretching vibration are found to be lower than the calculated wave number by 160 cm
-1

 which is due to the strong 

intermolecular N-H∙ ∙ ∙O hydrogen bonding between N-H group attached to the imidazole ring and C=O group attached to the 

pyrimidine ring which is also substantiated by the XRD of THP. The occurrence of strong IR band at 2607 cm
-1

 indicates the 

presence strong      N-H∙ ∙ ∙O intermolecular hydrogen bonding. Table 3 explains the hydrogen bonding geometry of the THP 

molecules which clearly explains the existence of strong intermolecular N-H∙ ∙ ∙O hydrogen bonding.    

D. Dimerization 

In order to study the effect of intermolecular interactions (Fig.5), the THP dimer including intermolecular          N-H∙∙∙O 

hydrogen bonding is also optimized using Gaussian 03 program package with B3LYP/6-31G(d) basis set. The calculations 

performed on the THP dimer shows that the bond lengths are generally similar with those from monomer.  

 
Fig.5 Optimized Molecular Structure of THP Dimer  
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As compared to experimental data the best improvement of the calculated parameters for the THP dimer is observed for the 

C7-O9 bond length, which is significantly longer than for monomer. The bond angles are well reproduced by calculations for 

dimer and also for monomer. The computed intermolecular N-H∙∙∙O hydrogen bond length (0.970 Ǻ) agrees well with 

experimental value (1.030Ǻ). According to the Jeffrey’s [10] classification criteria for the strength of the hydrogen bonds as a 

function of geometrical parameters, the intermolecular hydrogen bonds are moderate strength with a predominant 

electrostatic character in THP. 

The intermolecular NH∙∙∙O hydrogen bonding between carbonyl and amine groups of adjacent Theophylline molecules is 

evident from the computed geometrical parameters of THP dimer and the experimental values. The disruption of the dimeric 

species present in condensed phases could be one of the key factors for the understanding of the Kinetic behaviour and drug 

release properties of Theophylline containing controlled release systems.  

 

IV. CONCLUSION 

The vibrational spectral investigation of THP has been carried out to analyze the structural and bonding features, nature of 

hydrogen bonding and intermolecular hydrogen bonding using FT-IR and FT-Raman spectra aided by DFT computations. It 

is observed that the N-H bonds of imidazole ring are increased by 0.121 Å which is due to the formation of two 

intermolecular N-H∙∙∙O hydrogen bonding (2.774Å and 2.764Å) between two crystallographically different theophylline 

molecules. The existence of C-H∙∙∙O and C-H∙∙∙N hydrogen bonding network throughout the THP molecules is also 

ascertained by the contraction of C-H bonds of methyl groups attached to the pyrimidine ring. The conjugation and influence 

of intermolecular hydrogen bonding network in the crystal results in the lowering of the stretching wavenumbers. The C=O 

stretching modes are found to be strongly and simultaneously active in both IR and Raman spectra. The observed ring C-H 

stretching mode of THP at 3121 cm
-1

 as very strong IR band and at 3121 cm
-1

 as medium Raman band clearly explains that 

the theophylline molecule under study exist in the anhydrous form stabilizing through the strong intermolecular C-H∙∙∙N 

hydrogen bonding network. The occurrence of strong IR band at 2607 cm
-1

 indicates the presence strong N-H∙∙∙O 

intermolecular hydrogen bonding between N-H group attached to the imidazole ring and C=O group attached to the 

pyrimidine ring which is confirmed by XRD and is also substantiated by the lowering of N-H stretching wavenumber by 160 

cm
-1

 from the computed wavenumber. Shifting of the stretching wavenumbers towards higher wavenumbers, intensity 

variation and the contraction of C-H bonds associated to the methyl group indicating the existence of C-H∙∙∙O and C-H∙∙∙N 

hydrogen bonding throughout the THP crystal and the contraction of C-H bond length is also confirmed by the XRD. The 

intermolecular NH∙∙∙O hydrogen bonding between carbonyl and amine groups of adjacent theophylline molecules is also 

evident from the computed geometrical parameters of THP dimer and the experimental values. 
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