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Abstract
Poly(acrylonitrile) is not reversibly sensitive to either changing temperature
or changing pH. However, the addition of acrylic acid (AA) as a comonomer
induces the pH response to this polymer. In this study, for the first time, the
copolymers of acrylonitrile and acrylic acid were shown to possess a unique
dual response to pH and temperature. For this, a series of acrylonitrile-based
copolymers were synthesized with varying AA content from 10 to 50 mol%
using free radical copolymerization. These copolymers were solution-spun
from a DMF–water system and heat-set to give stable fine fibers of 120 ± 3 μ
diameter without any chemical crosslinking. The fibers showed temperature
sensitivity in an aqueous alkaline bath. At pH 10, the volumetric swelling of
fibers containing 30 mol% of AA initially increased from 3810% to 6440%
with increase in temperature of the bath from 30 to 49 ◦C, and suddenly
decreased to 4200%, near to the original swelling level, when the temperature
reached 50 ◦C. The copolymer was found to have a clear and sharp transition
temperature between 49 and 50 ◦C. The behavior shown was unlike other
temperature-responsive polymers, where it is a step transition from the
swollen to deswollen state. The transition temperature could be tuned in the
range of 40 to 62 ◦C by varying the composition of acrylic acid from 10 to
50 mol% in the copolymers. The transition temperature was also found to
increase with increasing pH of the surrounding bath. All transitions were
reversible and stable to repeated cycling.

1. Introduction

Stimuli-responsive polymers are of great interest due to their
potential applications in areas such as drug delivery [1], tissue
engineering [2, 3], biosensors [4], separation processes [5] and
smart textiles [6–8]. These materials when processed into
fine and mechanically strong structures such as films [9, 10]
and fibers [11–14] respond with dramatic changes in their
properties to small variations of the environment such as
temperature and pH, provoking rapid changes in their size
(collapsed to expanded morphology or vice versa). A
combination of responses to several stimuli in a single
polymer is a task of considerable interest. However, only
a limited number of systems are known to possess such

1 Authors to whom any correspondence should be addressed.

behavior [15–20]. Also, the reported polymers are difficult to
convert to mechanically strong structures due to the presence
of bulky side groups.

On the other hand, acrylonitrile copolymers are structure
forming polymers, which are not reversibly sensitive to either
changing temperature or changing pH. It has been shown
that addition of a small amount of acrylic acid (AA) as
a comonomer induces a pH response [21] to this polymer.
Recently, we have developed pH responsive fibers [12, 13]
from similar copolymers and reported that their pH response
was dependent not only on the composition but also on the
distribution of comonomer moieties in the polymer chains.

In this study, for the first time, acrylic fibers were shown to
possess a unique dual response to pH and temperature. For this,
a series of acrylic-based copolymers were synthesized with 10–
50 mol% AA using the approach of radical polymerization
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Table 1. Viscosity average molecular weight and composition.

Composition
(AA mol%)

Copolymer

Acrylic acid content
in the monomer feed
(mol%)

Molecular
weight, Mv

By
acidimetry

By 13C
NMR

AA50B 42.7 3.6 × 105 46.05 48.86
AA40B 40 3.4 × 105 42.14 a

AA30B 30 3.2 × 105 33.00 34.56
AA20B 20 3.4 × 105 24.64 a

AA10B 10 3.1 × 105 12.35 a

a NMR analysis was not carried out.

with regulated feed [12, 13]. These copolymers when
converted to fine structures showed reversible and stable dual
responses that were dependent on both copolymer composition
and environment pH.

2. Experimental details

2.1. Materials

Acrylic acid (AA) and toluene were obtained from Merck
India LTD, Mumbai. Acrylonitrile (AN) was purchased from
Central Drug House (p) LTD, New Delhi and initiator α,
α′-azobisisobutyronitrile (AIBN) from G.S. Chemical Testing
Lab and Allied Industries, New Delhi. Solvents diethyl ether
and dimethylformamide (DMF) were obtained from Qualigens
Fine Chemicals, Mumbai. The chemicals were of the minimum
assay of 99% and were used without further purification.

2.2. Copolymer synthesis

Free radical copolymerization was carried out in a four-neck
reactor in toluene at 65 ± 1 ◦C under nitrogen atmosphere
to produce a series of copolymers. The total monomer
concentration was fixed at 20 wt%. The total acrylic acid
content in the feed was varied from 10 to 42.7 mol%. 200 g of
toluene was taken in the reaction flask and degassed for 30 min.
The initiator AIBN (0.057) mol% was dissolved in acrylonitrile
and degassed for 30 min. It was then added to the reaction
flask and the reaction was carried out for 30 min, before
starting the addition of acrylic acid (AA). The more reactive
comonomer (AA) was degassed and added intermittently in
small doses (each dose of 0.9 g in every 10 min) to the reaction
mixture with constant stirring. The reaction was allowed to
continue for an additional 30 min. The reaction mixture was
cooled and then precipitated in excess diethyl ether to get white
copolymer. The copolymers were washed three times with
excess diethyl ether to remove traces of unreacted monomers
and toluene, followed by repeated washing with excess acetone
to remove any homopolymer of acrylic acid. The purified
copolymers were dried in a vacuum oven at 60 ◦C for 1 h.
Gravimetric yield of the copolymers was about 35%. The
various compositions along with copolymer codes are given
in table 1.

AA30B (30 mol% AA as feed) 13C NMR (in DMSO-d6,
ppm): (C=O) ∂174–∂177, (CN) ∂119–∂123, (CH) acrylic acid
∂40, (CH) acrylonitrile ∂28, (CH2)∂35.

AA30B (30 mol% AA as feed) FTIR: (OH of COOH)
3216 cm−1, (CH stretching) 2938 cm−1, (CN stretching)

2245 cm−1, (C=O) 1722 cm−1, (CH bending) 1455 cm−1, (CH
of acrylonitrile) 1353 cm−1, (C–CN stretching) 1171 cm−1,
free OH group 1113 cm−1, (CH2 of carbon chain) 804 cm−1,
(C–CN rocking) 650 cm−1.

2.3. Copolymer characterization

2.3.1. Intrinsic viscosity. The intrinsic viscosity of the
copolymers was determined in DMF using a Ubbelohde
viscometer in a constant temperature bath at 30 ± 0.1 ◦C.
Molecular weight was estimated using the Mark–Houwink
relation [η] = KMα , where α = 0.75 and K = 20.9 ×
10−5 dl g−1 were taken from the literature [22].

2.3.2. Determination of copolymer composition by 13C-NMR
spectra. The 13C-NMR spectra of the copolymers were
recorded under standard conditions at 80 ◦C in DMSO-d6 on
a Bruker DPX 300 MHz spectrometer. The composition
of the copolymers was determined by using the peak areas
corresponding to carbon atoms in the COOH of acrylic acid
and CN groups of acrylonitrile. The composition of the
copolymer was calculated by the following formula [23]:

Mole per cent of acrylonitrile = ICN

ICN + ICO

where ICN is the intensity of CN and ICO is the intensity of CO
as noted from the 13C quantitative NMR.

2.3.3. Acidimetric titration. The 0.5 wt% solutions of
copolymers in DMF were titrated against 0.05 M aqueous
NaOH (standardized) using phenolphthalein as an indicator as
per the reported method [24].

2.4. Conversion of copolymers into fine structures (fibers)

Dope solutions of copolymers were prepared by stirring the
purified and dried copolymer powder in DMF. The solutions
were kept in vacuum at room temperature to allow deaeration
before spinning. Fibers were extruded using a syringe type
monofilament extruder into a coagulation bath containing
water. The extruded fibers were drawn to a drawing ratio of
2.0 before the coagulation was complete. The coagulated fibers
were dried under taut condition in air at 30 ◦C. The dried fibers
were heat-treated in an air oven at a temperature of 120 ◦C for
2 h. The fibers were placed in taut condition in a wooden frame
and fixed at both ends to avoid shrinkage during annealing.

2.5. Determination of pH transition

The effect of pH on swelling of the fibers was studied by
subjecting the fiber samples initially to swelling by increasing
the pH of the bath, and subsequently, to deswelling by
decreasing the pH of the bath, thereby reversing the cycle. At
each pH the fiber was placed for 30 min before the volumetric
measurement (diameter and length) was taken.
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Figure 1. Proposed chemical structure of the copolymer AA30B.
The ratio of m/n is a function of pH and decreases with increasing
pH.

2.6. Determination of phase transition temperature

The transition temperature of the fibers was determined in
alkaline solution (at a defined pH) by subjecting the fibers
to different temperatures in the range of 10–80 ◦C. The
volumetric change was monitored to determine the transition.

The effect of pH on the above transition temperature of the
fibers was investigated by carrying out the above experiment at
different pHs in the range of pH 2–12.

2.7. Cyclability study of the temperature-sensitive fibers

The reversibility of the fibers was studied by repeatedly
subjecting them to swelling and deswelling. This was achieved
by placing them in water (pH 10) at 49 ◦C (for swelling) and at
60 ◦C (for deswelling), respectively, for four cycles.

3. Results and discussion

3.1. Synthesis of acrylic copolymers

The copolymers of acrylonitrile and acrylic acid were produced
by free radical polymerization. The reactivity ratios of the
two monomers have been reported [25] to be widely different
under the reaction conditions (reactivity ratio of acrylic acid
is 2.502 and acrylonitrile is 0.495) suggesting that simple
copolymerization would lead to formation of copolymers with
high acrylic acid content. Therefore, it was decided to
synthesize copolymers of the two monomers using regulated
dosing of the more reactive monomer (acrylic acid) during
polymerization. Acrylic acid was added in small doses
separated by short time intervals. The procedure enabled
the formation of copolymers where the composition of the
copolymers could be controlled close to the feed ratio of the
comonomers. A series of copolymers with varying AA content
from 10 to 50 mol% could be synthesized as shown in table 1.
The proposed copolymer structure is shown in figure 1.

The copolymers derived from acrylonitrile and acrylic
acid consist of both hydrophobic (acrylonitrile moiety) and
hydrophillic (carboxylate in acrylic acid moiety) groups, which
confer a dual character to the system. This in turn may
possibly impart the ability to the copolymers to be sensitive
to temperature besides pH.

3.2. Solution-spinning of the copolymer

In order to observe the stimuli-sensitive response of the
copolymers, it was important to enhance the response of the
copolymers by processing them into fine structures such as thin
fibers. Like poly(acrylonitrile), the synthesized copolymers of
acrylonitrile were also found to be soluble in DMF; therefore,
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Figure 2. Diameter of pH sensitive fibers as a function of pH of the
external solution during swelling and deswelling cycles for AA30B.

they could be readily solution-spun into fine fibers using DMF
as a solvent and water as a coagulant. The fibers, on heat-
setting, have been proposed to develop a stable morphology
where the segments rich in AN form domains responsible for
the mechanical stability of the fibers and the segments rich
in AA form the responsive domains. This provides a kind of
physically crosslinked structure to the copolymer in solid state.
The size of these domains are dependent on the distribution of
monomer moieties in the polymer backbone, which could be
altered by changing the dosing pattern of the AA comonomer
during polymerization. A detailed study on the chemical
structure of the copolymers and morphology of the resultant
fibers is reported elsewhere [12, 13].

3.3. pH sensitivity of the fibers at constant temperature

Sensitivity of the fibers to pH was studied at constant
temperature (30 ◦C) in alkaline and acidic conditions. The
pH sensitive fibers showed swelling and deswelling in alkaline
and acidic pH solutions, respectively. The pKa value of
polyacrylic acid is 4.28 [26] below pH 4.28 and the H+ ion
concentration in the solution is very high. This effectively
suppresses the ionization of carboxylic acid groups and the
carboxylate groups change to COOH groups. This reduces
the hydrogen bonding of water molecules with the acrylic acid
moieties in the polymeric chains, and the polymer chains come
close to each other (due to van der Waals interactions) resulting
in deswelling of the fiber. As the pH is increased above the pKa

value, the fiber swells because the concentration of negatively
charged carboxylate ions increases and hydrogen bonding with
water is facilitated. When the carboxylic groups in the polymer
chain are fully ionized, the effect of electrostatic repulsion is
highest and the fibers expand significantly at pH 10.

A hysteresis in the pH response was observed in these
fibers. This is shown in figure 2 for fibers based on AA30B.
The swelling in these fibers did not start until the pH was
increased above 6, and similarly in the reverse cycle, the
deswelling did not begin until the pH was decreased below
5.5. However, the transition was sharp and was completed in a
narrow pH range.

3.4. Temperature sensitivity of fibers

3.4.1. Effect of composition of the polymer on the
transition temperature. The phase transition temperature was
determined by observing the change in volume of the swollen
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Figure 3. Effect of composition on transition temperature of fibers
from copolymers AA10B–AA50B.

fibers in alkaline solution (at pH 10) with varying temperature
in the range of 10–80 ◦C. For fibers containing 30 mol% of AA,
the volumetric swelling first increased from 3810% to 6440%
with increase in temperature of the bath from 30 to 49 ◦C, and
suddenly decreased to 4200% when the temperature reached
50 ◦C. The copolymer was found to have a clear and sharp
transition temperature between 49 and 50 ◦C, which is shown
in figure 3.

This transition was unlike the temperature transition
reported in other temperature-sensitive polymers, where a step
type transition is observed from a swollen to a deswollen state
with the increase in the temperature. In this case, the transition
was more of a peak shape. The swelling of the copolymer first
increased with increasing temperature and suddenly dropped to
a value near to the original value.

The effect of composition on the transition temperature is
also shown in figure 3. When more hydrophilic (the acrylic
acid) units were incorporated in the macromolecular chain,
the transition temperature was found to increase up to 62 ◦C,
and when the acrylic acid content was decreased from 30
to 10 mol%, the transition temperature decreased to 40 ◦C.
The complete nature of the transitions for all the copolymers
(AA10B–AA50B) is shown in the figure. Carboxylic acid
groups present in acrylic acid moieties undergo ionization
contributing to improved hydrophilicity of the copolymers.
Therefore, an increase in AA comonomer content pushes the
hydrophilic–hydrophobic balance of the copolymer to higher
hydrophilicity, and is responsible for the rise in transition
temperature.

For all copolymers the transitions are peak type. The
transition behavior shown by these copolymers appears due
to the combined effect of three simultaneous phenomena.
First, the copolymers are sensitive to pH; second, they appear
to undergo increased ionization with increasing temperature
and third, they undergo a LCST type transition at a
particular temperature. This is indicated by the fact that
the copolymers swell with increasing temperature below
the transition temperature, while at temperatures above the
transition temperature, the swelling is insensitive to the
changes in the temperature.

The other reason for the initial increase of swelling
in fibers may be due to the UCST type behavior shown
by poly(acrylic acid) segments. According to the litera-
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Figure 4. Effect of pH on the transition temperature of the fibers
from AA30B.

ture [27, 28], poly(acrylic acid) in the presence of other
comonomers may show a positive thermoresponsive behavior.

The other interesting feature is that there is a considerable
broadening of the transition peak with increasing AA content.
It appears that, with increasing content of AA, the copolymers
are approaching towards the step type transition shown by
typical temperature-sensitive copolymers.

3.4.2. Effect of pH on the transition temperature. The
effect of the pH of the medium on the transition temperature
was investigated by varying the pH from 2–12. The effect
of pH on the transition temperature of fibers from AA30B
is shown in figure 4. As the pH of the medium changed
from 7 to 12, the transition temperature increased from 33
to 61 ◦C for the fibers having 30 mol% AA. The pH of
the medium has a significant effect on the thermoresponsive
properties of the copolymers. The changing pH affects the
ionization of the copolymer, thereby changing the hydrophilic–
hydrophobic balance of the macromolecules. With the increase
in pH, the ionization of the COOH groups increases resulting
in an increase of the hydrophilic character and the intra
electrostatic repulsion of the copolymer. This extends the
copolymer chains in the aqueous medium and they become
swollen with water, and hence the transition temperature
increases. At a pH lower than 7, the number of carboxylate
groups are few, and the copolymers become insensitive to
the temperature changes. The copolymers did not show a
detectable temperature transition below pH 7.

3.5. Cyclability study of the temperature-sensitive fibers

The cyclic swelling–deswelling experiments were also
conducted to investigate whether the response to the
environmental temperature was reversible. The reversibility
and stability of the transition in the fibers was studied by
repeatedly subjecting them to swelling and deswelling. This
was achieved by placing them in pH 10 at 49 and 70 ◦C,
respectively, for four cycles. Figure 5 shows the swelling and
deswelling behavior of the fiber from AA30B for four cycles.
As seen in the figure, the fibers exhibited excellent reversibility
and stability of the response during repeated transitions. In the
deswelled state, the fibers were observed to retain significant
water because the fibers were still quite hydrophilic above the
transition temperature. Because the cyclability was studied in
pH 10 solution and the fiber is also pH sensitive it retained the
swelling property.

1846



Discovery of a unique dual response in acrylonitrile copolymers

0

1000

2000

3000

4000

5000

6000

7000

8000

0 1 2 3 4
cycles

vo
lu

m
et

ri
c 

sw
el

lin
g

 (
%

)

Figure 5. Cycles of swelling (at 49 ◦C) and deswelling (at 60 ◦C) of
the fibers from AA30B in pH 10.

4. Conclusions

In this study, for the first time, temperature sensitivity was
discovered in acrylic copolymers. A series of copolymers
of acrylonitrile and acrylic acid were synthesized with
varying AA content from 10 to 50 mol% using free radical
polymerization. These copolymers were converted into fine
structures (fibers) of 120 ± 3 μm diameter without any
chemical crosslinking. The fibers showed dual sensitivity
to both varying pH and temperature. The fibers, when
subjected to change in temperature in an alkaline aqueous
medium, showed temperature-dependent swelling behavior.
The swelling first increased with increasing temperature and
then suddenly decreased to swelling values close to the original
state. For example, fibers containing 30 mol% of AA (AA30B)
showed a clear and sharp transition temperature between
49 and 50 ◦C, where the swelling suddenly decreased from
6440% to 4200%. The behavior was reversible and stable to
repeated cycling. The transition temperature at pH 10 could be
modulated from 40 to 62 ◦C by varying the composition of the
copolymer from 10 mol% acrylic acid to 50 mol% acrylic acid,
while the transition temperature for AA30 B could be changed
from 33 to 61 ◦C as the pH of the medium was increased from 7
to 12. Below pH 7, the thermal transition could not be observed
probably due to the poor ionizability of the carboxylic groups.

The above transitions were of unique peak shape rather
than step type seen in other temperature-sensitive copolymers.
The transition appears to be a result of three simultaneous
effects: first, increased ionization of carboxylic groups due
to increasing pH; second, increased ionization of carboxylic
groups due to increasing temperature, and third, LCST
transition of copolymer while going from a lower to higher
temperature regime.

The dual response to pH and temperature stimuli in acrylic
fibers is an important discovery and is expected to support the
development of new applications in actuators, smart textiles
and related areas.
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