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Abstract: Cellulose is the most abundant biopolymer which is a topic of extensive research work. In this study Fourier 
Transform Infrared Spectroscopy (FTIR) was utilized to assign the molecular structure of cellulose. B3LYP at 3-21g**, 6-
31g** and LANL1DZ then MP2 at 6-31g* levels of theories were conducted to compare the calculated vibrational spectra 

with the FTIR spectrum. Model molecules of cellulose starting with monomer up to cellulose 18 units were studied with 
PM3 semiemperical method in order to follow up the effect of polymerization upon some selected physical parameters. 
Results indicate that final heat of formation and band gap energy have decreased with increasing cellulose units while 

total dipole moment has increased with increasing cellulose units. It is concluded that the reactivity of cellulose has 
increased with increasing the units also the unique hydrogen bonding dedicates cellulose to several applications. 
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1. INTRODUCTION 

Cellulose is considered as a simple polymer, being 

the most abundant carbohydrate produced by plants. It 

is a topic of research work as biopolymers are 

characterized with several biological and chemical 

properties [1-8]. Cellulose was subjected to 

spectroscopic analyses using Fourier Transform 

Infrared spectroscopy FTIR with the help of molecular 

modelling [9], the study indicated that cellulose has 

unique hydrogen bonding which allows it to be 

functionalized using reactive functional groups which in 

turn increases its applications. Water hyacinth was 

treated as cellulose like materials in order to utilize it as 

an effective tool for removing heavy metals from the 

aquatic environment [10]. Both FTIR and molecular 

modeling was used to understand the mechanism of 

metal uptake by the cellulose of the plant. The study 

was further modified to treat the plant as cellulose like 

material together with metal oxides and lignin [11]. 

Cellulose was compared with chitosan and both were 

subjected to molecular modeling study to indicate the 

effect of polmerization on their physcial properties, the 

study included up to 8 units [12]. Molecular modeling at 

different level of theories proves their effective 

applications for elucidating structural, physcial, 

chemical as well as biological properties for many 

systems and molecules [13-16]. It is stated that 

molecular modeling could be helpful when the 

experimental tools are limited or even unavailable [17-

18]. It could be also an effective tool to start certain 
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experimental work and/or understanding the 

mechanism of interaction for a given experimental work 

[19-21]. 

Based on the above considerations FTIR will be 

utilized to study cellulose standard then molecular 

modeling will be used to study cellulose monomer. 

PM3 level of theory will be utilized to follow up the 

effect of polmerization on the physical properties of 

cellulose up to 18 units. Some important parameters 

like, final heat of formation, band gap energy and total 

dipole moment will be evaluated. 

2. MATERIALS AND METHODS  

Cellulose standard was purchased from Sigma-

Aldrich Chemicals (molecular weight for each is 

180.16). Cellulose then was mixed with KBr (1% W/W) 

and pressed in pellets to be ready for FTIR measure-

ment. The FTIR spectrum was collected using Fourier 

Transform Infrared Spectrometer JASCO, FTIR- 300 

E., in the range of 400 to 4000 cm
-1

 at Spectroscopy 

Department, National Research Centre, Egypt. 

3. COMPUTATIONAL DETAILS 

All calculations are carried out upon cellulose 

monomer with the Gaussian 03 program system [22]. 

The geometry of cellulose monomer (Figure 1) is 

optimized by performing the density functional theory 

(DFT) at the hybrid Becke 3-Lee-Yang-Parr (B3LYP) 

exchange correlation functional [23-25] with three basis 

sets namely 3-21g**, 6-31g** and LANL1DZ. Another 

calculation is conducted at MP2/6-31g* level of theory.  
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Model molecules of cellulose were built up to 18 

units. The geometries of the model molecules were 

optimized using PM3 [26] semiemperical quantum 

mechanical calculations with a personal computer 

performed using quantum mechanical methods as 

implemented with the Scigress program system by 

Fujitsu [27]. The total dipole moment and HOMO-

LUMO energy were calculated at the same level of 

theory.  

4. RESULTS AND DISCUSSIONS 

Cellulose was subjected to optimization at four 

models namely B3LYP/3-21g**, B3LYP/6-31g**, 

B3LYP/LANL1DZ and MP2/6-31g*. The calculations 

 

Figure 1: The cellulose monomer which is the proposed model molecule in the present study. 

Table 1: Experimental FTIR Absorption Bands Frequencies and their Assignment for Cellulose as Compared with 
Scaled Calculated Frequencies at B3LYP/3-21g**, B3LYP/ 6-31g**, B3LYP/ LANL1DZ and MP2/6-31g* Models 

B3LYP MP2 

FTIR 

3-21g** 6-31g** LANL1DZ 6-31g* 

Assignment 

3348 3534 3648 3576 3530 OH  

2900 2960 2895 2969 2910 CH symmetric stretching  

1640     C-O 

1430 1468 1457 1466 1469 CH2 vibration  

1372~ 1336     Split CH3 umbrella mode. 

1318 1297 1300 1315 1280 C-CH 

1281 1267. 1274 1287  C-CO 

1162~ 1032 1102 1079 1086 1059 C-O-C  

897 939 965 888 886 C-H 

615 600 618 624 541 CH2 
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were carried out upon cellulose monomer as indicated 

in Figure 1. Scaled vibrational frequencies were 

calculated upon the optimized structure then compared 

with the FTIR experimental spectrum as indicated in 

Table 1.  

4.1. FTIR Study of Cellulose 

FTIR absorption bands for standard cellulose are 

given in Figure 2 while the assignment is given in Table 

1. The assignment is first aided by the model program 

and is in good agreement with that obtained by 

Bouchard and Douek [28]. The OH stretching vibration 

is located at 3348 cm
-1

, the CH symmetric stretching 

vibration of CH2 is located around 2900 cm
-1

 and the 

stretching vibration of C-O at 1640 cm
-1

. The CH2 

vibration has another band at 1430 cm
-1

 and the split 

band of CH3 umbrella mode is located at 1372 ~ 1336 

cm
-1

 (bending vibrations). Then the C-CH bending 

vibration appears at 1318 cm
-1

. The characteristic 

bands of cellulose are mainly observed around 

1000~1200 cm
1
. The band at 1160 cm

1
 is attributed 

to the antisymmetric bridge stretching of C-O-C groups 

in cellulose and hemi-cellulose. The band at 1318 cm
1
 

could be ascribed to CH2-wagging vibrations in 

cellulose and hemi-cellulose. The band at 895 cm
1
 is 

described as the -linkages, especially in 

hemicelluloses which are in good agreement with the 

data obtained by Michell [29].  

The errors within the computational methods are 

systematic and could be corrected with scale factor for 

comparison with experimental results. 

For B3LYP we found the scale factors 0.9585, 

0.9613 and 0.9700 for the basis sets 3-21g**, 6-31g** 

and LANL1DZ respectively [30-31]. While for MP2/6-

31* the scale factor is 0.9427 [30]. Comparing both 

experimental and scale calculated spectra one can 

observe the absence of two bands namely C-O and 

Split CH3 umbrella mode. This is due to the fact that, 

the calculation is carried out upon cellulose monomer, 

which leads to the absence of these two bands. 

4.2. Calculated Physical Parameters 

Both calculated and measured spectra for cellulose 

suggest that the structure has many hydrogen bonding 

which dedicate it for many applications based upon its 

ability for surface interaction as well as chemical and 

biological interactions. More details could be achieved 

as one calculates electronic properties of cellulose on 

going from one unit up to 18 units.  

Table 2 shows some important physical parameters 

such as the final heat of formation, highest occupied 

molecular orbital (HOMO)- lowest unoccupied 

molecular orbital (LUMO) energy band gap and total 

dipole moment for cellulose one unit up to 18 units. The 

calculations were carried out with PM3 semiemperical 

quantum mechanical method at 300 k. These 

parameters are calculated in order to follow up the 

effect of polymerization in terms of these calculated 

parameters. 

Table 2 indicates that the final heat of formation has 

decreased on going from one unit of cellulose up to18 

 

Figure 2: FTIR absorption spectra of the cellulose. 
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cellulose units. The band gap energy is calculated as 

the difference between HOMO-LUMO. The calculated 

energy band gap shows the same behavior as the final 

heat of formation. The highest energy gap was found to 

be 12.945 eV, this value is corresponding to the 

cellulose monomer. The energy gap has then 

decreased with increasing the cellulose units up to 18 

units (11.677 eV). The opposite behavior is observed 

for the calculated total dipole moment whereas it has 

increased with increasing the number of cellulose units. 

The total dipole moment for cellulose monomer is 2.1 

Debye while the total dipole moment corresponding to 

cellulose 18 units is found to be 25.8 Debye. It is stated 

earlier that the reactivity of a given structure is a 

function of its physical parameters such as dipole 

moment and energy band gap [13, 32]. As far as the 

dipole moment has increased and the band gap energy 

decreased the reactivity has increased. Applying these 

upon the calculated parameters for cellulose one can 

notice an increase in total dipole moment with 

decrease in both final heat of formation and band gap 

energy. This in turn indicates that increasing the 

number of cellulose units increases the reactivity of 

cellulose.  

5. CONCLUSION 

The FTIR spectrum of cellulose indicates that this 

biopolymer has many hydrogen bonding which allow it 

for further interaction with other biopolymers as well as 

reactive molecules. In order to investigate the reasons 

behind the functionality of cellulose, the PM3 method is 

consulted. Results indicate that increasing the cellulose 

units increases the total dipole moment while both heat 

of formation and energy band gap have decreased. 

These results indicate that cellulose reactivity 

increased as the number of cellulose units increases. 

This could be due to increasing the hydrogen bonding 

which is confirmed by the FTIR results. We believe that 

molecular modeling through the calculated spectral and 

physical parameters is confirming the experimental 

FTIR analyses and both are considered as useful tools 

for investigating the reactivity of biopolymers as well as 

many other structures.  
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