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ABSTRACT 
The Vibrational and electronic properties of 8-chlorotheophylline (CTP) have been investigated by FT-IR, 

FT-Raman and NMR spectral measurements. Density functional theory (DFT) method, using B3LYP functional, 

with 6-311++G (d,p) basis set, has been performed for assigning vibrational frequencies of the title compound, 

which also helps to derive useful information about the structure of the chosen compound. The harmonic vibrational 

frequencies were calculated and the scaled values have been compared with experimental FTIR and FT-Raman 

spectra.  1H and 13C NMR spectra have been analyzed and 1H and 13C nuclear magnetic resonance chemical shifts 

are calculated using the gauge independent atomic orbital (GIAO) method. The electronic properties, such as 

HOMO (highest occupied molecular orbital) and LUMO (lowest occupied molecular orbital) energies were 

performed by time-dependent DFT (TD-DFT) approach.  
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1. INTRODUCTION 

8-Chlorotheophylline or 8-chloro-1, 3-dimethylxanthine is a chlorinated derivative of theophylline and is 

a stimulant drug of xanthine chemical class, with physiological effects similar to caffeine. Being a stimulant drug, 

it counteracts drowsiness. CTP can be used as a binding agent to form stable salts of pharmaceutical drugs like 

antiemetic dimenhydrinate, which is used for the treatment of the symptoms of motion sickness. In the present 

study, the detailed investigation about the molecular structure, NMR and vibrational spectra of the molecule CTP 

has been carried out using density functional theory method. 

 

2. MATERIALS AND METHODS  

The compound under investigation 8-Chlorotheophylline (CTP) was purchased from Aldrich chemicals, 

USA. The room temperature FTIR spectrum of the compound is measured in the 4000–400 cm-1 region at a 

resolution of ±1 cm-1, using a perkin elmer spectrum RX1, vacuum Fourier transform spectrometer. The FT-Raman 

spectrum of CTP is recorded on a BRUKER RFS 27 model interferometer. The spectrum is recorded in the 4000–

50 cm-1 stokes region. 1H and 13C nuclear magnetic resonance (NMR) spectra are recorded on a BRUKER 

instrument. Chemical shifts are reported in parts per million scale (δ scale) downfield from tetramethylsilane. The 

quantum chemical calculation of CTP has been performed using the B3LYP level of theory supplemented with the 

standard 6-311++G** basis set, using the Gaussian 09 program. Normal coordinate analysis on CTP has been 

performed to obtain full description of the molecular motion pertaining to the normal modes using the MOLVIB-

7.0 program. By combining the results of the Gauss view program with symmetry considerations, vibrational 

frequency assignments are made.    

 

3. RESULTS AND DISCUSSION 

3.1. Molecular Geometry and Hyperpolarizability: In order to determine the most stable geometry of CTP, its 

input geometry is optimized without imposing any external constraints on the geometrical parameters and the 

resultant optimized geometry has been used as input for vibrational frequency calculations. The labeled optimized 

structure of CTP shown in Fig.1 is found to have a minimum energy of E= -1100.847 Hartree. The optimized 

structure of CTP belongs to Cs point group symmetry. The optimized structural parameters are listed in Table 1. 

The C8-Cl14 bond length value in CTP is 1.72 Å which is slightly less than the reported C-Cl bond lengths in 3, 

6-dichloro-4-methylpyridazine. The methyl group substitution at N1 and N3 position significantly affects the bond 

angles and bond lengths. It is evident from the bond angles C5-C6-N1, C2-N3-C4, C2-N1-C6 and C4-C5-C6, which 

are 111.6, 118.2, 127.7 and 120.3°, respectively. So it is obvious that C6-N1 bond length is greater than the other 

C-N bond lengths of the rings. The total molecular dipole moment and mean first hyperpolarizability of CTP is 

6.6032 Debye and 1.084×10−30 esu, respectively.  
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3.2. Frontier molecular orbitals: Frontier molecular orbitals play an important role in the electric and optical 

properties. The HOMO energy characterizes the ability of electron giving, the LUMO characterizes the ability of 

electron accepting, and the gap between HOMO and LUMO characterizes the molecular chemical stability. The 

HOMO – LUMO orbitals for the titled compound are illustrated in Fig. 2. The frontier orbital energy gap for CTP 

is 3.769 eV. From the energy gap value it can be shown that the titled compound has high band gap energy. A large 

HOMO–LUMO gap implies high kinetic stability and low chemical reactivity, because it is energetically 

unfavorable to add electron to a high-lying LUMO, to extract electrons from low-lying HOMO. 

3.3. Spectral Analysis: The vibrational assignments in the present work are done by normal co-ordinate analysis. 

In agreement with Cs symmetry, all the 57 vibrations of CTP are distributed as 39 (in-plane) and 18 out-of-plane 

vibrations. For visual comparison, the observed and simulated FT-IR and FT-Raman spectra of the compound are 

produced in common frequency scales in Figs. 3 and 4, respectively.  

3.4. N-H vibrations: The hetero aromatic molecule containing N-H group shows its stretching absorption in the 

region 3500-3200 cm-1. For the molecule CTP the N-H stretching vibration falls theoretically at 3611 cm-1. The N-

H in-plane bending and N-H out-of-plane bending vibrations are calculated at 1343 and 420 cm-1. The N-H in-

plane bending vibration alone is found in FT-IR and Raman spectra at 1360 and 1350 cm-1, respectively. 

3.5. C=O and C-Cl vibrations: The strong bands at 1720 and 1650 cm-1 in FT-IR are readily assigned to C=O 

stretching vibrations and their corresponding DFT computed value is at 1719 and 1664 cm-1. The C=O in-plane 

bending vibrations are found in IR at 763 and 781 cm-1. The out-of-plane bending vibrations are computed at 501 

and 430 cm-1 and only one is found in IR at 501 cm-1. The C-Cl stretching vibrations give generally strong bands 

in the region 760-505 cm-1. Accordingly the band simulated at 617 cm-1 has been assigned for C-Cl stretching 

vibration. The C-Cl in-plane bending and out-of-plane bending modes are observed in Raman at 210 cm-1 and 

405 cm-1, respectively. 

3.6. C-N and C-C Vibrations: The ten C-N stretching vibrations of CTP are simulated at 1577,1563,1550,1425, 

1329,1279,1259,1221,1081 and 922 cm-1. Out of these ten vibrations, eight are observed in IR at 

1580,1570,1420,1320,1280,1265,1230 and 1070 cm-1. Two vibrations are not found in both the spectra. The two 

C-N in-plane and out-of-plane bending vibrational modes of CTP are calculated at 371,347 and 299,274 cm-1, 

respectively. The C-C stretching vibrations simulated at 979 and 953 cm-1 are found in IR at 990 and 960 cm-1 and 

in Raman at 980 and 956 cm-1. All these assignments agree with the literature. 

3.7. Methyl group vibrations: The titled molecule CTP possesses two CH3 groups in its structure. Vibrations of 

each of N-CH3 system in the molecule can be described by 9 normal modes. They are three stretching:2 as(CH3)and  

s(CH3),three bending: 2δas  (CH3) and δs(CH3); 2 rocking 2ρ (CH3) and one torsion mode of CH3 group;  (CH3). 

The asymmetric stretching vibrations of methyl groups in CTP are simulated at 3140 (CH3ops), 3063 (CH3ops), 

2960 (CH3ips) and 2930 cm-1 (CH3ips). Three of these vibrations are found in IR at 3140, 2960 and 2930 cm-1. 

The symmetric stretching vibrations are calculated at 2874 and 2860 cm-1. The asymmetric bending vibrations of 

CTP are predicted at 1793, 1598 cm-1 (CH3ipb) and 1438, 1459 cm-1 (CH3opb). The CH3opb vibrations alone are 

found experimentally at 1437 cm-1 (Raman) and 1460 cm-1 (IR). The symmetric bending vibrations are identified 

in Raman at 1400 and 1375 cm-1. The peaks identified at 1159 and 1120 cm-1 in IR are assigned to CH3 ipr (in-

plane rocking) vibrations. The two out-of-plane rocking (CH3opr) modes are observed in IR spectrum at 1010 cm-

1 and in Raman spectrum at 1060 cm-1. Methyl group torsional vibrations are not observed experimentally, but are 

calculated at 66 and 99 cm-1. All the experimental values are in good agreement with the theoretical values and 

agree well with the literature. 

3.8. Nuclear Magnetic Resonance Studies: The NMR serves as a great resource in determining the structure of 

an organic compound by revealing the hydrogen and carbon skeleton. Aromatic carbon gives signals with chemical 

shift values from 100 to 200 ppm. The theoretical chemical shifts of the CTP molecule has been compared with the 

experimental data and shown in the Table 2.The methyl group carbons C10 and C12 show chemical shifts at 29 

and 27 ppm respectively. Due to the presence of electronegative oxygen atom in the neighborhood, C2 and C6 

atoms are highly deshielded which make their chemical shifts falling in the downfield region with high ppm values 

as 150 and 153 ppm. Next to C2 and C6 atoms, C4 atom produce high chemical shift as it lies between N3 and N7 

atoms. The other carbon atoms C5 and C8 have chemical shift at 107 and 136 ppm. Aromatic protons 

characteristically have a resonance near 7–8 ppm, whereas methyl groups of this type have their resonance near 2 

ppm. Being attached to the electronegative nitrogen these protons are more deshielded. Accordingly, the methyl 

proton chemical shifts of CTP molecule are in the range of 2.4 – 4.1 ppm. Electron withdrawing nitrogen atom 

lowers the electron density in the vicinity of the proton and thus causes deshielding. Thereby the electronegative 

nitrogen in the imidazole ring causes deshielding effect on the H13 proton, which comes into resonance at 7.9 ppm 

and experience a downfield. 
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Table.1.Optimized geometrical parameters of CTP 

Bond length Value (Å) Bond angle Value  (˚) Torsional Angle  Value (˚) 

N1-C2 1.39 N1-C2-N3 116.51 N1-C2-N3-C4 0 

C2-N3 1.41 C2-N3-C4 118.19 C2-N3-C4-C5 0 

N3-C4 1.36 N3-C4-C5 125.64 N3-C4-C5-C6 0 

C4-C5 1.38 C4-C5-C6 120.31 C4-C5-C6-N1 0 

C5-C6 1.45 C5-C6-N1 111.65 C5-C6-N1-C2 0 

C6-N1 1.44 C6-N1-C2 127.70 C6-N1-C2-N3 0 

C4-N7 1.37 N7-C8-N9 113.48 N7-C8-N9-C5 0 

N7-C8 1.39 C8-N9-C5 104.74 C8-N9-C5-C4 0 

C8-N9 1.29 N9-C5-C4 110.33 N9-C5-C4-N7 0 

N9-C5 1.39 C5-C4-N7 106.28 C5-C4-N7-C8 0 

C10-N1 1.47 C4-N7-C8 105.17 C4-N7-C8-N9 0 

O11-C2 1.22 C10-N1-C6 117.44 C5-C6-N1-C10 180 

C12-N3 1.46 O11-C2-N1 122.46 C6-N1-C2-O11 180 

H13-N7 1.01 C12-N3-C2 119.80 N1-C2-N3-C12 180 

Cl14-C8 1.72 H13-N7-C4 128.47 N3-C4-N7-H13 0 

C10-H16  1.09 N7-C8-Cl14  119.74 C4-N7-C8-Cl14 180 

C10-H17  1.09 N9-C6-O15 127.14 N9-C5-C6-O15  0 

C10-H18  1.09 N1-C10-H16  107.26 C6-N1-C10 -H16  0 

C12-H19  1.09 N1-C10-H17  110.04 C6-N1-C10-H17  120 

C12-H20  1.09 N1-C10-H18  110.04 C6-N1-C10-H18  -120 

C12-H21 1.09 N3-C12-H19  107.47 C2-N3-C12-H19  0 

  N3-C12-H20 110.59 C2-N3-C12-H20 119 

  N3-C12-H21 110.59 C2-3-C12-H21 -119 

Table.2.Experimental and Theoretical isotropic chemical shifts for CTP 

 

 

 

 

 

 

 

 

 

 

 

 

                                      
 

Fig.1.Optimized molecular structure of CTP   Fig.2.The Frontier molecular orbital compositions for CTP 

 

 

 

Atom Chemical Shift (ppm) Atom Chemical Shift (ppm) 

Calculated Experimental Calculated Experimental 

2C 153.7 150.7 13H 7.5 7.9 

4C 143.9 147.0 16H 4.5 3.4 

5C 121.7 107.7 17H 2.6 2.5 

6C 157.7 153.4 18H 2.6 2.5 

8C 137.2 136.3 19H 4.9 4.1 

10C 28.1 29.7 20H 2.52 2.4 

12C 27.3 27.7 21H 2.52 2.4 
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Fig.3.Comparison of observed and calculated FTIR  Fig.4.Comparison of observed and calculated FT 

spectra of CTP (a) observed and (b) calculated  -RAMAN spectra of CTP (a) observed and (b) calculated 

 

4.CONCLUSION 

A complete vibrational analysis of CTP has been performed. The molecular geometry and vibrational 

frequencies of the molecules have been calculated. The observed values are in good agreement with the theoretical 

values. The calculated HOMO and LUMO energies show the high kinetic stability of the molecule. Computational 

NMR method provides predictions of absolute chemical shift shielding tensors. Thus, the present investigation 

provides the complete vibrational assignments and structural information of CTP. 
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