
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	https://www.researchgate.net/publication/268406918

Stimuli	Sensitive	Behaviour	of	Modified
Polyacrylonitrile	Fibres

ARTICLE

CITATION

1

READS

23

5	AUTHORS,	INCLUDING:

Anasuya	Sahoo

Aditya	Birla	Group

7	PUBLICATIONS			43	CITATIONS			

SEE	PROFILE

Available	from:	Anasuya	Sahoo

Retrieved	on:	07	April	2016

https://www.researchgate.net/publication/268406918_Stimuli_Sensitive_Behaviour_of_Modified_Polyacrylonitrile_Fibres?enrichId=rgreq-3009422a-44a7-4760-9ad5-98f8a8c2d0fc&enrichSource=Y292ZXJQYWdlOzI2ODQwNjkxODtBUzoyMzU3NjM1MTg0MDY2NTZAMTQzMzIyMTgxMTU4MA%3D%3D&el=1_x_2
https://www.researchgate.net/publication/268406918_Stimuli_Sensitive_Behaviour_of_Modified_Polyacrylonitrile_Fibres?enrichId=rgreq-3009422a-44a7-4760-9ad5-98f8a8c2d0fc&enrichSource=Y292ZXJQYWdlOzI2ODQwNjkxODtBUzoyMzU3NjM1MTg0MDY2NTZAMTQzMzIyMTgxMTU4MA%3D%3D&el=1_x_3
https://www.researchgate.net/?enrichId=rgreq-3009422a-44a7-4760-9ad5-98f8a8c2d0fc&enrichSource=Y292ZXJQYWdlOzI2ODQwNjkxODtBUzoyMzU3NjM1MTg0MDY2NTZAMTQzMzIyMTgxMTU4MA%3D%3D&el=1_x_1
https://www.researchgate.net/profile/Anasuya_Sahoo3?enrichId=rgreq-3009422a-44a7-4760-9ad5-98f8a8c2d0fc&enrichSource=Y292ZXJQYWdlOzI2ODQwNjkxODtBUzoyMzU3NjM1MTg0MDY2NTZAMTQzMzIyMTgxMTU4MA%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Anasuya_Sahoo3?enrichId=rgreq-3009422a-44a7-4760-9ad5-98f8a8c2d0fc&enrichSource=Y292ZXJQYWdlOzI2ODQwNjkxODtBUzoyMzU3NjM1MTg0MDY2NTZAMTQzMzIyMTgxMTU4MA%3D%3D&el=1_x_5
https://www.researchgate.net/institution/Aditya_Birla_Group?enrichId=rgreq-3009422a-44a7-4760-9ad5-98f8a8c2d0fc&enrichSource=Y292ZXJQYWdlOzI2ODQwNjkxODtBUzoyMzU3NjM1MTg0MDY2NTZAMTQzMzIyMTgxMTU4MA%3D%3D&el=1_x_6
https://www.researchgate.net/profile/Anasuya_Sahoo3?enrichId=rgreq-3009422a-44a7-4760-9ad5-98f8a8c2d0fc&enrichSource=Y292ZXJQYWdlOzI2ODQwNjkxODtBUzoyMzU3NjM1MTg0MDY2NTZAMTQzMzIyMTgxMTU4MA%3D%3D&el=1_x_7


RJTA Vol. 10 No. 2 2006 

 58

Stimuli Sensitive Behaviour of Modified Polyacrylonitrile Fibres 

Manjeet Jassal, Ashwini K. Agrawal, Arnab K. Ghosh  
K.R.T. Ramasubramani and Anasuya Sahoo 

Department of Textile Technology, Indian Institute of Technology, Hauz Khas, 
New Delhi -110016, India, manjeetjassal@gmail.com, Ashwini_agrawal@yahoo.com 

Corresponding Author: manjeetjassal@gmail.com, ashwini_agrawal@yahoo.com 
 
 

ABSTRACT 
 
Polymeric fibres that have a unique capability to change their structure in response to small 
environmental changes such as pH, electrolyte and electric field are an attractive alternative 
for artificial muscles. Stimuli sensitive fibres were prepared by the modification of 
commercial polyacrylonitrile (PAN) fibres. The modification was carried out in two steps: 
thermo-oxidation and hydrolysis. During the thermo-oxidation step, the crosslinks imparted 
through the pendant nitrile groups provided a stable structure. While in the subsequent 
saponification step, the uncrosslinked nitrile groups were converted to responsive carboxylic 
acid groups. The effect of stabilization parameters and saponification conditions on the 
structure, properties and swelling behaviour of these fibres was investigated. The fibres 
showed muscle like expanding and contracting behaviour stimulated by changes in pH of the 
environment. 
 
Keywords: Responsive fibres, pH sensitive fibres, acrylic modification, artificial muscles, 

polyacrylonitrile 
 
 
1. Introduction and Motivation 
 
Smart or intelligent materials are materials that 
have the intrinsic and extrinsic capabilities, first, 
to respond to stimuli or environmental changes 
and, second, to activate their functions according 
to these changes. Smart polymers undergo 
reversible transition under various stimuli such as 
pH, temperature, electric field. When polymerized 
in gel form, these polymers find potential 
applications in the fields of robotics (artificial 
muscles), molecular separation and enzyme-
activity control biotechnology, medicine.  (Tao, 
2001). 
 
Among the various smart polymers, thermo-
responsive polymers have been studied 
extensively (Agrawal et al., 2005; Jassal et al., 
2006; Save et al., 2005). Another pertinent class 
of smart polymers is the pH sensitive polymers 
which have major implications in the afore-
mentioned fields. All pH – sensitive polymers 
contain pendant acidic (e.g. carboxylic and 
sulphonic acids) or basic (e.g. ammonium salts) 
groups that either accept or release protons in 
response to  changes  in  environmental pH.  Such  

 
polymers with large number of ionizable groups 
are known as polyelectrolytes.  
 
Hydrogels made of crosslinked polyelectrolytes 
display large differences in the swelling 
properties depending upon the pH of the 
environment. The pendant acidic or basic groups 
on polyelectrolytes undergo ionization just like 
acidic or basic groups of monoacids or 
monobases. The presence of ionizable groups on 
the polymer chains results in the swelling of 
polyelectrolyte hydrogels due to the electrostatic 
repulsion among charges present on the polymer 
chain. As the swelling of polyelectrolyte 
hydrogels is mainly due to the electrostatic 
repulsion among the charges present on the 
polymer chain, the extent of swelling is 
influenced by the factors that reduce electrostatic 
repulsion such as pH, ionic strength, crosslink 
density, polymer composition and types of 
counter ions. The swelling and pH sensitivity of 
these gels can be adjusted by using neutral 
comonomers such as 2-hydroxyethyl methacylate 
and maleic anhydride. Different comonomers 
provide different hydrophobicity to the polymer 
chain,  leading to  different pH-sensitive  behavior  
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(Falamarzian et al., 1998; Kou et al., 1988, 
Peppas, et al., 1990). The presence of carboxylic 
acid groups in hydrogels result in a high degree of 
swelling in basic solutions owing to both osmotic 
pressure and electrostatic repulsion between 
carboxylate ions, while the hydrogels collapse in 
acidic solution. 
 
Extensive research has been conducted on pH 
sensitive polymers (in hydrogel form) for various 
applications. Copolymers of N-isopropyl 
acrylamide –Acrylic acid-butyl methacrylate 
(Yoshida et al., 1996), N-isopropylacrylamide-
sodiumacrylate (Motonaga et al., 2001), Vinyl 
alcohol–Acrylic acid (Fei et al., 2002), 
Acrylonitrile-Acrylic acid (Gao, 2003) and 
polymethacrylic acid grafted with polyethylene 
glycol (Nakamura et al., 1999) have been 
reported.  
 
Researchers have worked on different IPN and 
semi-IPN based on poly (acrylamide-co-acrylic 
acid)/linear polyallylamine (Yu Xi et al., 2005), 
N,O-carboxymethyl chitosan/alginate crosslinked 
by genipin (Sung-Ching et al., 2004), Poly (vinyl 
alcohol)/ poly (acrylic acid) [Mahaveer ‘et al’ 
2004], hyaluronic acid/poly (vinyl alcohol) (Seon  
et al., 2003), etc. for drug delivery applications.  
 
In recent years, there has been a growing interest 
in developing polymeric hydrogels that have 
properties in common with biological materials 
such as muscles and tendons and incorporating 
them for realistic situations (Tao, 2001). Artificial 
muscle is one such application, which has 
immense potential for use in robotics or as micro 
actuators or micromanipulators due to its 
excellent bending and folding characteristics. 
However, pH sensitive hydrogels have severe 
limitations for artificial muscle applications as 
they are mechanically weak, which is a 
consequence of high water content of the 
hydrogels. In addition, in the thick gel form, they 
show a very slow response to stimuli due to slow 
diffusion of water in and out of the gel structure. 
This can be further substantiated by the inverse 
dependency of the response rate on the gel 
dimension shown as:  
 
R α 1/ t2 
 
Where R is the response rate and t is the thickness 
of the hydrogel. 
 

Contrary to hydrogels, polymeric fibres that 
exhibit very good mechanical properties as a 
result of high degree of orientation and 
crystallinity show a sharper response because of 
their one dimensional thin structure. Such 
advantages of the fibres would establish them as 
promising candidates for applications where both 
strength and sharp response are prerequisites. 
 
Copolymers of acrylonitrile and acrylic acid are 
expected to result in gel fibres with lateral 
organization of crystallites in oriented structure as 
well as pH sensitivity. The preparation of pH 
responsive fibres based on acrylonitrile and 
acrylic acid units can be accomplished by one of 
the following two routes:  
 
1. Suitable modification of the commercial 

polyacrylonitrile fibres to convert some 
acrylonitrile groups to responsive acrylic acid 
groups 

2. Synthesis of suitable copolymers of 
acrylonitrile-acrylic acid and their conversion 
to high strength fibres 

 
The hydrolysis of acrylic fibres using acid or 
alkali has been widely studied for various end 
applications. The special features of 
saponification of polyacrylonitrile or its 
copolymers are the high chemical stability of 
carbon chain of macromolecule and high 
reactivity of nitrile groups. Hydrolysis of 
polyacrylonitrile (PAN) has been reported to 
obtain water soluble acrylic polymers for textiles 
for applications in sizing, printing thickeners, and 
other finishing treatments. The surface hydrolysis 
has also been investigated for improving the 
absorption and static properties of the fibres. 
During the reaction some of the pendant nitrile 
groups were converted to carboxylic acid groups 
via the formation of carboxamide groups. These 
carboxylic acid groups of modified PAN fibres 
can impart pH responsive property to the fibres. 
The degree of hydrolysis can be varied by 
changing the temperature, alkali concentration 
and time of hydrolysis reaction (Bajaj et al., 1985; 
Bajaj et al., 1987). Although the conversion of 
nitrile groups to acrylic acid functional groups 
increases the pH sensitivity of the fibres, it also 
increases the solubility of the fibres in water.  
 
These observations envisage that the shape 
changing/responsive  fibres with  a  fine  diameter  
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can be prepared from commercially available 
polyacrylonitrile fibres by stabilization through 
preoxidation and subsequent saponification. 
During the preoxidation step some of the pendent 
nitrile groups form crosslinks; while in the 
subsequent hydrolysis step, the uncrosslinked 
nitrile groups can be converted to carboxamide 
and carboxylic acid groups. During hydrolysis the 
nitrile groups are likely to be converted to 
carboxylic functional groups while the crosslinks 
imparted during thermal stabilization would 
provide a stable structure. This approach can 
result in mechanically strong pH sensitive gel 
fibres suitable for artificial muscle applications. 
The present study deals with the preparation of 
pH responsive fibres through the modification of 
existing polyacrylonitrile fibres. The process, as 
mentioned earlier in the paragraph, can be 
summarized into two steps:  
 

1. Thermal stabilization of fibre to impart 
crosslinks 

2. Hydrolysis of stabilized fibre 
 
Though some researchers have attempted this 
approach, little work has been done to study the 
effect of various stabilization parameters and 
saponification conditions on the responsive 
behavior of the modified PAN fibres (Schreyer et 
al., 2000). In this paper, the effect of modification 
conditions on the structure, properties and 
response behavior of fibres is reported.  
 
2. Experimental  
 
2.1 Materials  
 
PAN precursor fibre (Special acrylic fibre – SAF) 
was obtained from Courtaulds, UK (12 k). All the 
chemicals such as NaOH and HCl with minimum 
assay of or exceeding 99% were used without 
further purification. 
 
2.2 Stabilization of Acrylic Fibres  
 
The thermo oxidative stabilization was carried out 
in a carbonization furnace (S.A Associates) of 
100 cm, where the sample can be treated in a 
quartz tube of 5 cm diameter. The temperature, 
heating rate and residence time can be controlled 
by a PID controller. Air coming from the 
compressor was preheated by a copper tube to 
maintain the required temperature in the furnace. 
Preheated air with a controlled flow rate was 

continuously fed into the furnace by cross flow. 
The schematic diagram of the furnace employed 
is shown in Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Fig. 1.  Schematic diagram of the stabilization  
                 furnace 

 
The optimum length of the sample was placed 
with the help of a wire and pulley arrangement. A 
kanthal wire with good thermal stability and 
negligible coefficient of thermal expansion was 
used. The samples were placed by tying knots at 
each end of the wire. The stabilization time, heat 
treatment profile and temperature were varied to 
study the effect of stabilization conditions on the 
properties of modified fibres. The flow rate of 
heated air was maintained at 3 litres/min. For the 
initial optimization studies, the temperature 
profile in the furnace during stabilization is 
represented in Figure 2.  
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. Temperature profile of the   stabilization  

              furnace 
 
The stabilization temperature, time and heating 
rate were optimized to obtain a varying degree of 
cyclization reaction. The effect of the degree of 
oxidation on aromatization index, strength, 
diameter and shrinkage of the fibre was 
investigated.  
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In order to minimize the effect of preheating 
before the actual stabilization temperature, the 
fibres were also treated using an alternate 
methodology.  In this method, the gradual heating  
of the fibres during the initial heating zone was 
avoided by introducing the samples only after 
attainment of the stabilization temperature in all 
the zones of the furnace. The time periods of 
stabilization were varied at 30 - 300 minutes same 
as those of the earlier method. The oxidized PAN 
fibres were coded as detailed in Table 1. 
 

Table 1.  Sample codes of the stabilized and  
                    modified fibres* 
 

Sample code 
(Oxidized)  

Time of 
oxidation 
    (min) 

Sample code 
(saponified ) 

OXI-30 30 PRF-30 
OXI-60 60 PRF -60 
OXI-90 90 PRF -90 

OXI-120 120 PRF -120 
OXI-240 240 PRF -240 
OXI-300 300 PRF -300 
* Oxidation Temperature – 210 0C 

 
2.3 Saponification of the Acrylic Fibres 
 
The saponification of the stabilized acrylic fibres 
was carried out in an aqueous sodium hydroxide 
solution. The saponification conditions such as 
alkali concentration, temperature and time of 
treatment were varied to determine the optimum 
conditions for modification.  
 
The optimized conditions were employed for 
further experiments and the fibres produced 
therein were coded as pH responsive fibres (PRF). 
The sample codes are shown in Table 1. 
 
2.4 Characterization of Special Acrylic 

Fibres and Modified Polyacrylonitrile 
Fibres 

 
The fibres were characterized for various 
physical, mechanical and thermal properties. 
 
2.4.1 Denier 
 
Denier of fibre was measured in VIBROMAT ME 
model no 41066 using a wt of 100 mg. 
 
 
 
 

2.4.2 Mechanical Properties  
 
The mechanical properties of fibre samples 
(acrylic fibre/oxidized fibre/hydrolyzed fibre) 
were measured on Instron 4301. The single 
filament was mounted on a paper window with 
the help of adhesives to ensure proper mounting 
between instrument jaws. A gauge length of 
25mm, cross head speed of 8 mm/min and an 
average of 15 reading was measured.  
 
2.4.3 FTIR of Acrylic/Oxidized Fibres/ 

Hydrolyzed Fibres 
 
The FTIR of oxidized and hydrolyzed samples 
were recorded to follow the change in 
composition on the modification. Perkin Elmer 
883 FTIR was used to record FTIR of the fibre 
samples. The KBr pellets were prepared with the 
fibre samples. The frequency response was varied 
from 400-4000 cm-1.  
 
2.4.4 Differential Scanning Calorimetry (DSC) 
 
DSC studies were carried out on DSC-7 module 
of Perkin Elmer Delta series thermal analyzer. 
The DSC was recorded at a heating rate of 50C 
/min in nitrogen atmosphere. For DSC, the fibre 
sample was cut and about 3 mg was taken for 
each run. The lid/cover of the sample crucible was 
placed and a few holes were made to allow 
reaction products to diffuse out. This is required, 
as the reaction products such as NH3 are known to 
catalyze the reactions. 
 
2.4.5 X-ray Study of Special AcrylicFibre / 

Oxidized sample 
 
The wide angle X-ray diffraction (WAXD) was 
obtained with Philips X-ray diffractometer model 
PW 1732/10 using nickel filter Cuk∝ (wave 
length, 1.54A0) radiator. The equatorial intensity 
scan in the range 10-400 with a scan rate of 20/min 
was obtained.  
 
For calculating the crystallinity index, the ratio of 
the crystalline area to the total area was taken as 
the index of crystallinity: 

100
A

A
(%)X

c

c
c ×

+
=

aA
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Where Ac and Aa are the area of the crystalline 
and amorphous portion of the X-ray 
diffractograms. 
 
The extent of stabilization of fibres was 
determined in terms of aromatization index (AI) 
as shown below: 

100
II

I
(%)AI

OO

O

1725.5

25.5 ×
+

=  

 
where I25.5

0 is the diffraction intensity at 2θ = 25.50  

                I17
0    is the diffraction intensity at 2θ = 170 

 
2.5 Swelling/Deswelling Behavior  
 
Different studies were conducted such as 
equilibrium swelling, rate of transition, hystersis 
effect and cyclability. The percentage of swelling 
in diameter/length was quantified by the 
following formula: 
 

100%
2

2 ×
−

=
pH

pHFinal

Dimension
DimensionDimension

change

 
2.5.1 pH Stimulated Elongation/Contraction 

Studies  
 
The pH responsiveness of the fibres was 
evaluated by subjecting the fibres to different pH 
solutions and thereby studying their response, 
with the other conditions remaining constant. The 
pH of the environmental solution was monitored 
with pH meter and HCl and NaOH solutions were 
added to maintain the desired pH value.  
 
Modified fibre of known length was taken and 
placed on a microscopic slide with one end fixed 
to glass slide and the other end kept free. The 
slide was placed in a glass Petri dish containing 
the required pH solution at 25 °C. Initially, the 
length of the sample was measured .Then the pH 
varied over a range from 2 to 12 and the length at 
each pH was determined. At each pH, the samples 
were kept for 30 minutes to ensure the attainment 
of equilibrium. After that, the microscopic slide 
with the sample was taken out, wiped with tissue 
paper and immediately the length was measured 
in Leica microscope at 10X magnification. 
 
The pH at which the fibres showed a tendency to 
swell/deswell with a relative change in length was 
monitored, and subsequently this pH was utilized 
for further transition studies. 

2.5.2 Equilibrium Swelling 
 
Equilibrium swelling studies were conducted for 
the fibre samples by first subjecting the PRF – 30 
to PRF – 300 samples to a pH 10 solution till no 
change is observed. For these samples, 
equilibrium swelling was measured in terms of 
length as well as diameter. Subsequently, the 
volumetric change was calculated. The fibre 
samples which exhibited the maximum swelling 
and retained its strength were used for further 
studies. During the test the modified 
polyacrylonitrile fibres were periodically placed 
in a fresh solution to avoid the build-up of the 
undesired ionic strength of the solutions, which 
would have an effect on the swelling behavior.  
 
2.5.3 Kinetics of Swelling Behavior  
 
The kinetic studies of the fibres were conducted 
in the taut condition as against the slack condition 
used for equilibrium studies. In this method, the 
fibres tied to a small weight at the lower end were 
immersed vertically into a measuring flask 
containing the pH solution. 2N NaOH solution 
was used for these studies. The increase in the 
length of the sample was measured against time. 
After ensuring the attainment of equilibrium, the 
kinetics of deswelling was studied (as mentioned 
above) by immersing the swollen fibres in a 2N 
HCl solution. The measurements were continued 
till equilibrium length was achieved in a collapsed 
state of the fibres. 
 
2.5.4 Hysteresis Effect 
 
The hysteresis of the modified pH responsive 
fibres was studied by keeping the samples in 
different pH varying from pH 2 to pH 12 for a 
constant time period (30 minutes). After ensuring 
the attainment of equilibrium in each pH, the 
length of the samples was measured. This 
procedure was also followed by changing the pH 
from 12 to 2 for evaluating the path traced during 
deswelling.  
 
2.5.5 Cyclability 
 
The reversibility of the responsiveness with pH 
was studied for these fibres by placing them 
alternatively in acidic and alkaline pH for 30 
minutes for several cycles. The change in the 
length of these fibres in each cycle was measured 
for both the swelling/deswelling paths of each 
cycle. 
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3.  Results & Discussion 
 
3.1 Stabilization of SAF – Mechanism and 

Structure 
 
During stabilization treatment it is necessary to 
optimize the heat treatment conditions to control 
the rate of reaction and extent of cyclization 
reaction. The SAF samples were stabilized at 210, 
240 and 260 °C with constant load for 120 
minutes. The exothermic peak was found to be 
absent in the DSC thermograms of samples 
oxidized at 240 and 260°C, indicating the 
complete transformation of nitrile groups to the 
cyclized form during stabilization. However the 
sample oxidized at 210°C showed a distinct 
exothermic peak confirming the presence of 
uncyclized nitrile groups required for subsequent 
modification. Therefore, the stabilization 
temperature of 210°C was selected for further 
studies. The samples were oxidized with small 
load for various time periods (30-300 min) at 
210°C which is shown as the stabilization zone in 
Figure 2. The effect of the rate of heating and the 
time taken to attain oxidation temperature were 
studied. At a heating rate of 1.75°C/min, a 
significant proportion of stabilization/cyclization 
was found to occur before attainment of 210°C. 
Therefore, for the preparation and comparison of 
final samples OXI-30 to OXI-300, the fibres were 
introduced in the stabilization furnace in a 
continuous manner to eliminate the effect of 
initial heating zone.  
 
On heat treatment, the color of fibres changed 
from white to yellow to brown and finally shiny 
black. This coloration ascribed to the chemical 
conjugation of nitrile groups is also responsible 
for shrinkage in the fibre. The mechanism of 
nitrile cyclization in PAN and copolymers is 
shown in Figure 3. Acrylic precursor fibres show 
characteristics shrinkage in the length during 
thermal stabilization associated with ladder 
polymer and loss of preferred orientation of 
molecular chains. Moreover, loss of preferred 
orientation in the initial stages of heat treatment 
affects the position of the nitrile groups that take 
part in the cyclization during stabilization. On 
application of appropriate constant load during 
stabilization, the shrinkage can be balanced. It is 
therefore obvious that the loss of orientation due 
to shrinkage must be minimized to improve the 
stabilization by bringing more nitrile groups in the 
desirable position to cyclize. With an increase in 

the extent of stabilization, a corresponding 
decrease in the exothermic transition due to 
cyclization is also observed in the DSC 
thermograms of oxidized samples. 
 

 
 
Fig. 3.  Mechanism of cyclization in acrylonitrile  

              copolymers 
 
3.2 Optimization of Saponification 

Parameters 
 
The nitrile groups in PAN are highly reactive and 
can be converted to carboxamide and carboxylic 
acid groups on hydrolysis. The degree of 
conversion depends upon both the extent of 
cyclization reaction and the saponification 
conditions.  
 
The oxidized fibres were saponified by varying 
parameters such as the alkali strength, 
temperature and time. For optimum modification, 
the saponification was carried out using 4% 
aqueous NaOH solution at 650C for 30 minutes. 
Under these conditions, the fibres retained their 
structural integrity on saponification and further 
handling. 
 
3.3 Structure and Properties of Modified 

Polyacrylonitrile Fibre 
 
On oxidation and saponification, the modified 
fibre is expected to have cyclized ladder type 
structure, carboxamide groups and carboxylic 
acid functional groups. The physical structure of 
the fibre is also expected to undergo changes 
depending upon the treatment conditions during 
stabilization. These structural changes in the 
modified fibres were evaluated to correlate the 
structure of modified fibres with their swelling 
behavior.  
 



RJTA Vol. 10 No. 2 2006 

 64

3.3.1 FTIR Spectra 
 
The special acrylic fibre contained 6 wt% methyl 
acrylate and 1 wt% itaconic acid as comonomers. 
Figure 4 shows the FTIR of special acrylic fibres, 
oxidized special acrylic fibres, and oxidized 
hydrolyzed special acrylic fibres. 
 
In the region of –CH2 group vibrations two 
absorption bands corresponding to symmetrical 
vibrations at 2840cm-1 and anti-symmetrical 
vibrations at 2920-2960 cm-1   were observed. An 
intense distinct band at 2246 cm-1 due to the 
presence of nitrile groups was also observed in 
the spectrum. The deformation vibrations of –CH2 
group resulted in bands at 1460-1360 cm-1 

(bending vibrations) and at 1220 cm-1 (torsional 
vibrations). Similarly, the deformation and 
rocking vibrations of –CH groups appeared at 
1240 cm-1.and 1080 cm-1 respectively. 
 
The FTIR of the oxidized samples showed a 
gradual drop in the intensity of 2246 cm-1 band, 
characteristics of nitrile stretching vibrations. The 
drop in the intensity of the nitrile peak can be 
used to estimate the extent of stabilization. 
  

 
 

Fig. 4.  IR spectra of fibre samples before and  
                after oxidation 
 
The spectra of the stabilized and then saponified 
fibre also showed a gradual increase in the 
intensity of the carbonyl peaks due to 
carboxamide and carboxylic acid groups ( 1600 
and 1731cm-1) . 
 
3.3.2 DSC Studies 
 
On oxidative stabilization, the original structure is 
transformed to a more closely packed ladder 

structure containing -C=N and -C=C bonds. The 
DSC thermograms of the oxidized samples also 
confirm the availability of some uncrosslinked 
nitrile group required for subsequent hydrolysis.  
 
However the intensity of exothermic peak and the 
heat evolved during the cyclization was found to 
decrease with an increase in the oxidation time, 
indicating a decrease in the available nitrile 
groups (Table 2). 
 

Table 2.  Comparison of thermal behavior and  
                   aromatization index of different 
                   oxidized samples 

 
Peak Temp 

(° C ) 
Oxidized 
Sample 
Code Initial Final 

Heat 
evolved 
(J/g) 

A. I  
 
(%) 

OXI-30 207 291 671 22 
OXI-60 207 288 525 25 
OXI-90 212 285 356 30 

OXI-120 210 283 306 32 
OXI-240 223 329 276 38 
OXI-300 225 329 237 54 

 
3.3.3 X-Ray Diffraction 
 
The WAXD pattern of the special acrylic fibre 
showed a moderately sharp and intense peak at 2θ 
=17° and a less intense peak at 29°. The first peak 
at 2θ =17° corresponds to the (100) plane of 
pseudo hexagonal cell or the (200) plane of the 
orthorhombic cell. The second peak at 2θ =29°   
has been shown to occur due to (101) plane of 
pseudo hexagonal cell or the (201) reflection of 
orthorhombic structure (Warner et al,. 1979). The 
corresponding Bragg’s spacing was 
approximately estimated a 0.52 nm for2θ =17° 
and 0.3 nm for 2θ =29°. With an increase in the 
oxidation time, the main reflection at 2θ =17° 
decreased gradually with a simultaneous increase 
in the spread of the reflection, indicating a 
decrease in the order and a drop in the lateral size. 
Also, a new peak attributed to the sheet like 
structure of aromatized ladder polymer appeared 
at 2θ =25.5° and was used to determine 
aromatization index (AI). 
 

100
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I
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=  

 
The value of aromatization index was found to 
vary between 22 to 54 %.  
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3.3.4 Structure of Modified PAN 
 
The final structure of the modified SAF can be 
elucidated from the DSC and FTIR studies. The 
cyclization reaction in the SAF results in the intra 
chain crosslinking. Depending upon the extent of 
stabilization, the percentage of conjugated nitrile 
groups in the SAF can vary. Oxidized PAN with 
aromatization index varying between 22-54 % 
was prepared.  
 
After oxidation, the uncrosslinked or available 
nitrile groups are likely to be converted to 
carboxylic acid groups during the saponification 
step. From DSC and FTIR studies, the presence of 
nitrogen containing ring structure and carboxylic 
acid groups in these modified fibres (PRF) was 
confirmed. The observations from these 
characterization techniques tend towards a 
structure, wherein there are conjugated nitrile 
groups which provide stability to the structure 
along with carboxylic acid groups rendering 
responsiveness. The proposed structure of the 
modified PAN is shown in Figure 5. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5. Structure of oxidized and saponified fibres 
 
 
3.3.5 Mechanical Properties  
 
On stabilization, the SAF fibres showed a 
continuous decrease in tensile strength and a 
marginal increase in % strain at break (Table 3). 
This is indicative of a progressive decrease in 
cohesive energy and the breakdown of initial 
structure with an increase in the extent of 
reaction. However, the mechanical properties 
obtained of these fibres were reasonably superior 
in comparison to the hydrogels.  
 

Table 3. Comparison of the mechanical properties 
              of special acrylic fibres and modified  
              fibres 

 

Property 
Special 
acrylic 
fibre 

OXI-300 PRF-300 

Tensile 
strength(gpd) 5.5 2.8 1.9 

Strain at 
break (%) 15.3 18.2 27.6 

 
 
3.4 Swelling/Shape Changing Behavior of 

Modified Fibres 
 
3.4.1 Evaluation of Transition pH 
 
The sample PRF – 300 was initially subject to 
different pH in range of 2 to 12 for sufficient time 
at 25 °C at a constant time and temperature. The 
response of the fibres to the particular pH 
environment was evaluated by measuring the 
length. This behavior is shown in Figure 6 where 
the length of the fibre is plotted against the pH 2 – 
12. From this graph, it can be inferred that ionic 
interactions occur at pH values above 6 and 
equilibrium swelling was observed after a pH of 
10.  
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 6.  Optimization of pH for transition studies 
 
These experiments projected pH 2 and pH 10 as 
ideal values to carry out the deswelling and 
swelling studies respectively. For the 
determination of equilibrium absorption, the 
swelling was determined by immersing the 
sample in a solution of pH 10 at 25°C. 
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3.4.2 Equilibrium Swelling 
 
The equilibrium swelling (volumetric change %) 
of modified fibres at pH 10 was found to decrease 
with an increase in the extent of stabilization from 
30 minutes to 4 hours. The volumetric change for 
PRF-30 was ~60 % compared to 20 % for PRF-
240 (Figure 7). This drop may be attributed to the 
higher extent of cyclization and fewer saponified 
nitrile groups. Interestingly, the extent of swelling 
was found to increase again for sample PRF 300 
(stabilized for 5 hours and saponified 
subsequently). 
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Fig. 7. Variation of volumetric swelling % of 
                PRF with stabilization time 
 
The time dependence of the change in the length 
of modified polyacrylonitrile fibre (PRF-300) 
exposed to pH 10 is shown in Figure 8. 
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Fig. 8. Equilibrium swelling of PRF-300 
  sample in a pH 10 solution 

 
The sample PRF 300 was selected for further 
swelling studies as this sample (PRF - 300 ) has 
also undergone stabilization for a longer period 
and exhibits superior mechanical properties and 
integrity apart from showing excellent response. 
The equilibrium was attained in 180 minutes with 
the percentage increase in the length of about 
55%. 
 

3.4.3 Kinetics of Swelling Behavior 
 
One of the prerequisites to develop an efficient 
smart system is its spontaneous response to a 
particular environment. These fibres were 
therefore tested for its quickness in responding to 
a testing condition. From the equilibrium 
absorption studies, it was observed that the fibres 
showed a very slow response in a pH of 10 
(which was evident from the time (10 minutes) 
taken for a 45% change in the length). These 
smart fibres when incorporated into realistic 
systems would definitely require a much sharper 
response; therefore the kinetics of swelling was 
studied in a 2 N NaOH solution. This high 
concentration of alkali was used in order to mimic 
the behavior of the fibres to a realistic condition. 
Figure 9 shows the transition rate in the 2N NaOH 
solution. The transition rate for the swelling cycle 
was extremely fast and the transition was found to 
be complete in about 4 seconds with equilibrium 
achieved in about 1-2 seconds. Compared to 
swelling, the deswelling was still faster and the 
entire change occurred spontaneously (<1 
seconds). This 2 N concentration of alkali was 
utilized for further studies as it showed a sharper 
response. Importantly, the fibres were stable to 
such a high alkali concentration and the integrity 
of the structure was not affected. 
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Fig. 9. Rate of swelling of PRF-300 sample 
                 in a pH 10 solution 
 
3.4.4 Hysteresis Effect 
 
The fibres exhibited a swelling/deswelling 
behavior with the fibre dimensions after each 
cycle corresponding to the initial values. 
However, the paths traced by the fibres during the 
swelling and deswelling were found to be 
different. The swelling/deswelling studies at a 
particular pH range of 2 to 12 for the PRF – 300 
samples showed  a  hystersis effect  because of the  
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differences in the extent of ionic interactions 
(Figure 10).  
 
These studies act as an effective tool to evaluate 
the conditions at which these polymers would 
function efficiently. Further, it would also provide 
sufficient inference based on which fine tuning of 
the response can be done.  
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 10.  Hysteresis study of PRF – 300 
 
This is in accordance with the pKa value of 
polyacrylic acid which is approximately 4.3. This 
behavior indicates that a critical ion concentration 
is needed before the polymer shows any response. 
The elongation was not observed until the pH was 
raised above 6, while the contraction did not start 
until pH decreased below 4.5, which indicates the 
range at which the ionization starts in the system. 
 
3.4.5 Cyclability 
 
The reliability on a particular pH responsive 
polymer depends upon the consistency with 
which the samples exhibit swelling and then 
subsequently deswelling. Strong alkaline (2 N 
NaOH) and acidic (2N HCl) solution induced a 
more rapid change in the length as was illustrated 
in the kinetic studies. The swelling cycle was 
found to be complete in about 4 seconds with 
equilibrium achieved in about 1-2 seconds, while 
the deswelling was instantaneous. When subject 
to several cycles of elongation and contraction, 
excellent reversibility (Figure 11) was obtained 
along with the maintenance of a stable structure. 
The transition was sharp, stable and occurred 
reversibly. The increase in the length was found 
to be about 55%. Thus, the modified fibre with 
pH-sensitive properties shows enormous prospect 
of application in many fields such as artificial 
muscle, sensors, chemomechanical system. 
          

 
Fig. 11.  Reversibility of PRF-300 sample 

 
4. Conclusions 
 
Polyacrylonitrile fibres were suitably modified by 
thermal stabilization at 210 0C and alkaline 
saponification to obtain pH responsive fibres 
(PRF). The stabilization conditions were found to 
influence the swelling behaviour of these fibres. 
When exposed to a high pH environment, 
carboxylic acid groups on the polymer ionized to 
the carboxylate ion form, thus causing the 
swelling of fibres.  The stabilized and saponified 
sample PRF-300 was found to show swelling and 
contraction (in length) of about 55 %. The rate of 
swelling was faster at a higher concentration of 
ions. The response and mechanical properties of 
these pH responsive fibres are superior to the 
hydrogels and open up newer applications where 
high functionality, fast responses and superior 
mechanical properties (compared to gels) are 
required. 
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