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Abstract: pH responsive fibers were fabricated from a set of architecturally designed copolymers of acrylonitrile and acrylic
acid derivatives. The copolymers, which were prepared in a block type structure using method of regulated dozing, were
found to impart a domain morphology to the spun fibers [1,2]. This morphology, having separate domains of acrylonotrile
and acrylic acid, was found to significantly enhance both the diffusion of water through the fiber for faster response and phys-
ical bonding of chains for better mechanical properties compared to fibers prepared from random copolymers. In this study,
the responsive domains of acrylic acid were modified by replacing acrylic acid (AA) with methacrylic acid (MA) in the
above copolymer system. The effect of bulky side group (-CH3) on pH response and mechanical properties of the pH respon-
sive fibers were investigated. Thus, pH sensitive block copolymers, poly(acrylonitrile-co-acrylic acid:58:42) (AA40B) and
poly(acrylonitrile-co-methacrylic acid:57:43) (MA30B), were synthesized using regulated dosing of more reactive monomer-
acrylic acid/methacrylic acid monomers by free radical polymerization. The copolymers were converted to fibers by solution
spinning and annealed at 120 oC to get a stable morphology. The annealed fibers exhibited reversible response to changing
pH and were stable to repeated cycling. Expectedly, the fibers from MA30B showed significantly higher volumetric swelling
at 5010% compared to 3610% in AA40B. The results implied that the presence of bulky -CH3 group in methacrylic acid,
could open up the responsive domains of the fibers. However, the bulky group also affected the bonding in the acrylonitrile
domains indicated by somewhat lower mechanical properties of the fibers. 

Keywords: pH sensitive polymers, poly(acrylonitrile-acrylic acid), poly(acrylonitrile-methacrylic acid), fiber, block
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1. Introduction

There is a growing interest in the area of responsive

polymers due to the ability of such polymers to respond,

judge and change drastically their physical state (undergo

reversible volume change from a hydrophilic state to hydro-

phobic state) under small changes of external environment:

pH [1,2], temperature [3-6], ionic strength [7], light [8],

electric field [9]. These polymers are prime candidates for

biomedical and engineering fields such as controlled drug

delivery [10,11] artificial muscles [12,13] actuators, [14]

and chemical separation [15] and biosensors [16]. So far

they have been utilized in the gel form for diverse technological

applications. While the basic concepts for design and synthesis

of these environment sensitive hydrogels have been extensively

studied, the potential applications of these hydrogels have

not been fully exploited because of their slow response, low

efficiency, and poor mechanical properties [17]. There have

been several attempts to improve the response time by making

porous gel structure; however the mechanical properties

could not be improved. The hydrogel response time is strongly

depends upon the diffusion rate which in turn depends on

square of the gel dimensions [18,19]. These limitations have

been partially overcome by converting stimuli sensitive

polymers into structurally strong uni dimensional structures

i.e. fibers [3,20]. However, such fibers are often required to

be crosslinked for stability and therefore do not show good

mechanical properties. 

Therefore, recently we proposed an alternate approach to

address these difficulties [1,2]. In that approach, a series of

pH sensitive copolymers of controlled architecture and com-

position based on acrylic acid -acrylonitrile were synthesized,

which when solution spun into fine fibers, showed good

mechanical properties as well as enhanced pH response

without the need of chemical crosslinking. It was suggested

that fibers from such copolymers could form domains of

acrylonitrile and acrylic acid, where acrylonitrile domains

acted as physical cross-links and allowed transfer of stresses

along the fiber axis, while acrylic acid domains swelled and

deswelled to give the desirable pH response.

It was also found that the responsive fibers with domain

morphology could respond much faster and to a greater

extent to the changing pH of the medium possibly due to the

improved diffusivity of water in and out of the responsive

domains. If the formation of domain type morphology could

improve the diffusivity of such fibers, then, the presence of a

bulky group in the responsive domains may further improve

the response by opening up the responsive domains. Therefore,
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the aim of this study was to study the effect of presence of

bulky -CH3 groups in acrylic acid domains on the responsive

and mechanical properties of the resultant fiber. 

2. Experimental

2.1. Materials

Acrylic acid (AA) and toluene were obtained from Merck

India Ltd., Mumbai. Acrylonitrile (AN) and methacrylic

acid (MA) were purchased from Central Drug House (p)

Ltd., New Delhi and initiator α,α'-azo-bis-isobutyronitrile

(AIBN) from G.S. Chemical Testing Lab and Allied Industries,

New Delhi. Solvents diethyl ether and dimethylformamide

(DMF) were purchased from Qualigens Fine Chemicals,

Mumbai. All chemicals were of minimum assay of 99% and

were used without further purification.

2.2. Copolymer Synthesis 

Copolymer with Enriched Segments (blocks) AA40B:

Free radical copolymerization was carried out in a four neck

reactor in toluene at 65±1
o
C under nitrogen atmosphere. The

final acrylic acid content in the feed was kept at 40 mole %.

200 gm of toluene was taken in the reaction flask and

degassed for 30 minutes. Initiator AIBN 0.053 gm (0.057

mole %) was dissolved in 21 g of 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. The more reactive comonomer (19 g

of AA) was degassed, and added in small regulated doses

(i.e. 21 doses of ~0.90 gm each) to the reaction mixture over

a period of 2 hr 30 min 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 product. The product was washed

three times with excess diethyl ether to remove traces of

unreacted monomers and toluene. Homopolymer of acrylic

acid was removed by thoroughly washing the product with

excess acetone. The purified copolymer was dried in a

vacuum oven at 60
o
C for 1 hr. Gravimetric yield of the

copolymer was ~37%. 

Copolymer with Enriched Segments (blocks) MA30B:

Free radical copolymerization was also carried out in a four

neck reactor in toluene at 65±1 oC under nitrogen atmosphere

for this copolymer of acrylonitrile and methacrylic acid. The

final acrylic acid content in the feed was kept at 30 mole %.

200 gm of toluene was taken in the reaction flask and

degassed for 30 minutes. The initiator AIBN 0.06 gm (0.057

mole %) was dissolved in 23.56 g of 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. The more reactive comonomer

(16.4 g of MA) was degassed, and added in small regulated

doses (i.e. 45 doses of ~0.36 gm each) to the reaction

mixture over a period of 7 hrs 30 min 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 product. The product was

washed three times with excess diethyl ether to remove

traces of unreacted monomers and toluene. Homopolymer of

acrylic acid was removed by thoroughly washing the product

with excess water. The purified copolymer was dried in a

vacuum oven at 60 oC for 1 hr. Gravimetric yield of the

copolymer was ~38%.

Copolymer with Random Architecture AA30R: The

random copolymer of acrylic acid and acrylonitrile was also

prepared using the above method except that the acrylic acid

was added continuously (drop wise) to the reaction mixture

over a period of 1 h with constant stirring. The reaction was

allowed to continue for an additional 30 min. and precipitated

and purified as mentioned above. The gravimetric yield was

found to be 33%. 

2.3. Copolymer Characterization

Intrinsic Viscosity: The intrinsic viscosity of the copolymers

was determined in DMF using Ubbelohde viscometer in a

constant temperature bath at 30±0.1
o
C. Viscosity average

molecular weight was determined using Mark-Houwink

relation [η]=KM
α 

with α=0.75 and K=20.9×10
−5

 dl/g [21]

given for copolymers of acrylonitrile and acrylic acid. For

methacrylic acid -acrylonitrile copolymer K=17.9×10−5 dl/g

and α=0.79 [22].

Determination of Copolymer Composition and Sequence

Length by 13C-NMR Spectra: The 13C-NMR spectra of the

copolymers were recorded under the standard conditions at

80
o
C in DMSO-d6 on a Bruker DPX-300-MHz Spectropho-

tometer. The composition of the copolymers was determined

by using the peak areas corresponding to carbon atoms in the

COOH of acrylic acid/methacrylic acid and CN groups of

acrylonitrile. The composition of the copolymer was calculated

by the formula.  

Mole percent of acrylonitrile=

Where ICN is the intensity of CN and ICO is the intensity of

CO as noted from the 13C quantitative NMR. 

The sequence length of the two monomers in the copolymer

was determined by evaluating the triads obtained for the

above two carbons as per the reported approach in the

literatures [23,24]. These triad fractions were obtained as

normalized areas of the respective resonance signals. 

Copolymer Composition by Acidimetric Titration: The

0.5 wt% solutions of copolymers in DMF were titrated against

0.05 N aqueous NaOH (standardized) using a phenolphthalein

as an indicator as per the reported method [25].

2.4. Solution Spinning of pH Sensitive Fibers

The dope solution was prepared by stirring the purified

and dried copolymer powder in DMF. The solutions were

I
CN

I
CN

I
CO

+

----------------------
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kept in vacuum at the room temperature to allow deaeration

before spinning. Fibers were extruded using a syringe type

monofilament extruder into a coagulation bath containing water

at 30
o
C. The extruded fibers were drawn to a draw ratio of

2.0 before the coagulation was complete. The coagulated

fibers were dried under taut condition in air at 30 oC.

2.5. Heat Treatment of the As-spun Fibers 

The dried fibers were heat-treated in an air oven at a

temperature 120
o
C for 2 h. The fibers were placed in taut

condition in a wooden frame and fixed at both the ends to

avoid shrinkage during annealing. 

2.6. Shrinkage above Glass Transition 

The shrinkage percentage of fibers was determined by

taking a known length (IL) of the fiber, allowing it to shrink

by immersing it in silicone oil bath at 100 oC and 130 oC.

The final length (FL) of the fiber was determined after

10 min. The shrinkage percentage was calculated using the

following relation. 

Shrinkage %=

2.7. X-ray Diffraction

WAXD spectra of the fibers were recorded by X’ Pert

PRO machine of PANalytical between 2θ of 10 o~35 o in the

reflection mode. The fiber were cut into small pieces and

placed in powder sample stage for the spectroscopy.

2.8. Mechanical Properties

The tensile strength of the fibers was recorded on Instron

tensile testing instrument (Model no. 4202) at the crosshead

speed of 10 mm/min. The fibers were conditioned by repeated

swelling and deswelling for 3 cycles and then tested in both

swollen and deswollen conditions. The diameter of the fiber

was measured using Lieca optical microscope at 15 places

along the length of the fiber samples used for the above

measurements. 

2.9. Swelling Behavior

The drawn and heat-set fibers were conditioned for

3 cycles of swelling and deswelling before carrying out the

following measurements (except for cyclability test). 

Equilibrium Swelling: The equilibrium swelling behavior

of fibers was studied by immersing them in a slack condition

in a pH 10 solution for a period of 180 min. The diameters of

the fibers were measured in a Lieca microscope. The length

of the fibers was also measured before and after the transition.

The volumetric swelling% was calculated from the changes

in diameter and length of the fibers.

Hysteresis: The hysteresis during transition was studied

by subjecting the fiber samples initially to swelling by

increasing the pH of the bath, and subsequently, to the

deswelling by decreasing the pH of the bath, thereby,

reversing the cycle. At each pH the fiber was placed for 30

minutes before the measurement was taken. 

Rate of Transition: For determining the rate of transition,

a single fiber was placed vertically in a measuring flask with

a small weight of 63 mg tied at the lower end of the fiber.

The % change in length with time during swelling cycle was

measured for both fibers at a pH of 10, while the rate of

deswelling was evaluated at a pH of 2.

Cyclability: The drawn-heat-set fibers (without conditioning)

were placed on a glass slide in slack condition and the glass

slide along with fiber was immersed in a pH 10 solution for

determining the change in dimensions. Similarly, the above

slides were placed in a pH 2 solution for deswelling. At each

stage samples were kept till equilibrium was reached. The

reversibility of the transition was evaluated for several swelling-

deswelling cycles. 

Retractive Stress during Deswelling: For determining the

retractive stresses during deswelling, a single fiber was hung

vertically in a measuring flask with a small weight of 63 mg tied

at the lower end of the fiber. It was allowed to swell to its

maximum in pH 10. Then an additional weight in form of

several metal rings weighting 8 mg each was attached to the

lower end of the fiber. This fiber was hung in pH 2 for

deswelling along with the additional weight. Subsequently,

the rings were removed one at a time to determine the

maximum weight under which the fiber was able to come

back to its original shape and size.

3. Results and Discussion

In this study, an attempt has been made to modify both the

chemical structure and the physical architecture (i.e. distribution

of comonomer moieties in the copolymer backbone) of the

copolymers.

3.1. Synthesis of pH Sensitive Copolymers 

The copolymers of acrylonitrile and acrylic acid/methacrylic

acid were produced by controlled free radical polymerization.

Acrylonitrile was chosen to impart fiber-forming properties

to the copolymer while acrylic acid/methacrylic acid were

selected to provide pH response. The approach was to

control the distribution of both acrylonitrile and acrylic acid/

methacrylic acid moieties in the polymer chains in such a

way that small block segments of each are possible. If this

could be attained, then the segments of acrylonitrile moieties

from different chains may come together (phase separate),

crystallize and form various tie-points to provide strength to

the formed structure, whereas the block segments of acrylic

acid may provide pH response through ionization under

suitable environment.

The distribution of monomers in such free radical polymeri-

zation depends on the reactivity ratios of the two monomers.

In our case, the reactivity ratios of the two monomers are

widely different (reactivity ratio of acrylic acid is 2.502 and

IL FL–

IL
------------------- 100×
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acrylonitrile is 0.495 [26] and the reactivity ratio of acrylonitrile

0.135 and methacrylic acid 3.618 [25] suggesting that simple

copolymerization would lead to formation of homopolymer

of acrylic acid in case of acrylonitrile-acrylic acid copolymer

and homopolymer of methacrylic acid in case of acrylonitrile

and methacrylic acid copolymer. Though formation of pure

block of large lengths is nearly impossible, enriched segments

of the two monomer-moieties is possible to be obtained

using regulated dosing of the more reactive monomers during

polymerization as shown by us in our earlier studies [1,2]. The

more reactive monomer, in our case, acrylic acid/methacrylic

acid, was added in small doses separated by prespecified

time intervals (arrived at after several experimental trials and

subsequent characterization of resulting copolymers). It is

hypothesized that whenever a dose of the acrylic acid/

methacrylic acid was added it would get incorporated into

the growing chains as a short block or enriched segment

owing to its high reactivity ratio. During the interval between

any two doses, scarcity of the acrylic acid/methacrylic acid

monomer in the reaction medium would force the acrylonitrile

monomer to get incorporated as short blocks or enriched

segments of acrylonitrile moieties in the growing polymer

chains.

The proposed structure of the copolymers is shown in

Figure 1. The composition of the copolymers was estimated

by both 13C NMR and acidimetric titration. Molecular weight

was estimated by intrinsic viscosity method. Because of the

large difference in the reactive ratio of AN and MA, the

inclusion of MA in the copolymer was found to be significantly

more than the feed ratio. Therefore, while AA30B (copolymer

formed using feed of 30 mol% AA) and AA40B (copolymer

formed using feed ratio of 40 mol% AA), were found to

contain ~33 and 42 mol% of AA moieties, respectively, in

the copolymer, the MA30B (copolymer formed with feed of

30 mol% MA) contained much higher MA moieties at 43

mol%. The molecular weight as well as the composition

from 13C NMR and acidimetric titration is given in Table 1.

Since the final composition of copolymers AA40B and

MA30B were found to be similar, i.e. ~42 mol% responsive

monomer moiety, all properties were compared for the

above two copolymers.

In order to ascertain the effect of this approach on the

properties of the resultant polymer and its fiber, another

copolymer with a near random architecture was also

polymerized. In this, acrylic acid was added continuously at

a very slow rate into the polymerization medium in order to

compensate for the high reactivity of the acrylic acid

monomer with its lower concentration compared to acrylonitrile

at any time inside the reactor.

3.2. Architecture of the Copolymers 

We have earlier shown [1,2] that the approach of controlled

dozing of more reactive monomer, acrylic acid, was effective

in producing copolymers with separate enriched segments of

acrylonitrile and acrylic acid moieties. Same procedure was

used for the co-polymer MA30B i.e. regulated addition of

the more reactive monomer methacrylic acid (MA) in case

of MA30B in prespecified doses separated by prespecified

interval of time. Copolymers AA30B and AA40B were

prepared in the same manner as reported earlier [1,2] for

comparison.

In order to confirm that enriched segments of methacrylic

acid were formed by regulated dosing of MA, the quantitative
13C NMR spectrum of MA30B in DMSO-d6 was analyzed.

The spectrum is shown in Figure 2. In the copolymer, the

carbonyl and nitrile carbon resonances are around ∂ 176-

∂ 182 and ∂ 120-∂ 124 ppm, respectively. The expanded 13C

NMR spectra of the nitrile (-CN) and carbonyl (-CO) carbon

resonances of the poly(acrylonitrile (A)-b-methacrylic acid

(M)) are shown as insets in Figure 2. In order to understand

the distribution of A and M units in the copolymers, the

triads of the two regions were analyzed quantitatively. The

analysis was based on the splitting resulting from the monomer

distribution effects only. The triad composition of MA30B

Figure 1. Proposed structure of the copolymers and fiber (a)
chemical structure, (b) schematic of AA40B, (c) schematic of
fibers consisting of domain morphology AA40B, (d) chemical
structure of MA30B, (e) schematic of AA40B, and (f) schematic
of fibers consisting of domain morphology MA30B.

Table 1. Viscosity average molecular weight & composition

Copolymer

AA or MA 

content in 

monomer 

feed (mol %)

Molecular 

weight 

(Mv)

(g/mol)

Composition

 (AA or MA mol %)

by 

acidimetry

by 13C 

NMR

AA30R 30 3.04×105 35.45 37.15

AA40B 40   3.2×105 42.14

MA30B 30   2.9×105 43.25 45.44
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was analyzed and their relative fractions were evaluated by

integration of the area under the signal peaks. The composition

of the triads for the copolymer is given in Table 2. 

From the triad composition, it is clear that there is no

MAM component in the nitrile region and the composition

of AMA is significantly less compared to that of MMM and

MMA, in the carbonyl region. The values indicate that the

monomers are not distributed randomly on the copolymer

chain backbone. One may infer that though the copolymer

does not have large blocks of comonomer moieties, it is

likely to have short segments or enriched segments of A and

M, and therefore, its structure may be considered closer to a

block type. This implies that the architecture of the copolymer

MA30B could be successfully controlled to a block type

similar to copolymers of AN and AA (reported earlier [1,2]

by using the approach of regulated dosing of the more

reactive comonomer methacrylic acid. In comparison, AA30R

showed significant fractions of ABA and BAB triads indicating

nearly random distribution of comonomer moieties (Table

2). The NMR spectrum of AA30R is shown in Figure 3.

3.3. Solution Spinning of the Stimuli Sensitive Fibers and

Heat Treatment 

Like polyacrylonitrile, the synthesized copolymers were

soluble in DMF; therefore, they could be readily solution

wet spun using DMF as a solvent and water as a coagulant.

The spun fibers were drawn in coagulation bath and sub-

sequently washed with water. In order to facilitate the formation

of domains, the spun fibers were annealed in taut condition

at 120
o
C for a period of 2 h. This temperature was chosen to

avoid both the anhydride formation in acrylic acid segments

which starts at ~170 oC and cyclization of the adjacent

acrylonitrile groups, which occurs at >220
o
C [27,28]. Diameters

of all the fibers were maintained at 120±3 m to avoid the

effect of diameter on diffusion kinetics.

3.4. Fiber Morphology

Shrinkage Above Glass Transition: Shrinkage in a fiber

is indicative of the degree of stability of the morphological

structure. The drawn and heat-set fibers produced from

block type copolymers AA30B, AA40B had significantly

low shrinkage % compared to the fibers from random

Figure 2. (a) 13C NMR spectrum of block copolymer MA30B in DMSO-d6, (b) the expanded carbonyl carbon region, and (c) nitrile
carbon region.

Table 2. Composition of triads in the carbonyl (B or M) and
nitrile (A) carbon regions of 

13
C NMR spectra of pH sensitive

copolymers

Copolymer
Sequence of 

triad

Triad composition (in fraction)

Experimental Theoretical

AA30R

AAA 0.240

AAB 0.376

BAB 0.384

BBB 0.191

BBA 0.465

ABA 0.344

MA30B

AAA 0.13

MAA 0.87

MAM 0.00

MMM 0.56

MMA 0.38

AMA 0.06
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copolymer AA30R at the indicated temperatures (Table 3).

The lower shrinkage indicates that drawing and annealing

could cause acrylonitrile segments in the copolymer AA30B

and AA40B to phase separate and form domains resulting in

a fiber structure which was more stable compared to AA30R.

However, the shrinkage of MA30B fibers was nearly as high

as the random copolymer though the distribution of monomer

moieties suggest a somewhat block type structure. This

indicated that the domains of AN are not properly formed

due to the presence of bulky MA moiety in the chain. This

interpretation is also supported by the fact that triad concen-

tration of MAA is much higher than AAA, which means that

MA moiety is frequently interrupting the sequence of AN

moieties.

X-ray Diffraction: The shrinkage results are also supported

by the X-ray diffraction spectra of fibers from AA30R,

AA30B, AA40B and MA30B, which are given in Figure 4.

The spectra of AA30B, AA40B show defined peaks at 2θ=

17
o
 which is indicative of the presence of ordered domains

of polyacrylonitrile. Whereas, AA30R is a broad spectrum.

Similarly fibers from MA30B show a broad peak indicative

of poor order in the fiber. 

3.5. Mechanical Properties

The properties of the fibers from MA30B were compared

with those from AA40B to evaluate the effect of methacrylic

acid on the mechanical properties of the fibers. Figures 5

and 6 show stress-strain curves for the two fibers in swollen

and deswollen conditions. As expected, the fibers showed

higher extension and lower tenacity in the swollen state (pH

10) compared to the deswollen state (pH 2). However, the

tenacity shown by fiber from AA40B were significantly

higher (about 3 times in swollen condition and 2.2 times in

deswollen state) compared to that shown by the fibers from

Figure 3. (a) 
13

C NMR spectrum of random copolymer AA30R in DMSO-d6, (b) the expanded carbonyl carbon region, and (c) nitrile
carbon region.

Table 3. Shrinkage percentage of pH sensitive fibers

Fibers
Temperature of silicone bath

100
o

C 130
o

C

AA30R 5.7% 16.18%

AA30B (ref 1) 2.7% 12.5%

AA40B 3.6% 13.2%

MA30B 7.57% 16.27%

Figure 4. X-ray diffraction of the heat-set pH sensitive fibers
(AA30R, AA30B, AA40B & MA30B). 
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MA30B (Table 4). This implies that the fibers from AA40B

have a well connected polymer chain structure possibly due

to the presence of polyacrylonitrile microdomains, and

therefore, is able to bear higher stresses. The fibers from

MA30B have poorer mechanical properties compared to the

fibers from AA40B. The steric hindrance from the -CH3

group in the methacrylic acid may be responsible for relatively

poor packing of molecular chains, leading to the higher

extensibility and lower tenacity of the fibers.

One of the most important mechanical aspects of the pH

responsive structures is their ability to retract (deswell) under

stress. For applications such as artificial muscles and actuators,

the structure should be able to change shape under load.

Table 4 compares the mechanical properties of the two

fibers. Also, it shows the amount of applied stress that the

fibers could resist during deswelling. Clearly, the fiber from

AA40B could retract under an opposing stress of about 2.5

times higher than fibers from MA30B. This clearly shows

that the steric hindrance from the -CH3 group in the

methacrylic acid is working against the formation of structure

that will support rebound of structure during collapsing.

3.6. Evaluation of Transition Properties

The pH sensitive fibres showed swelling and deswelling in

alkaline and acidic pH solutions, respectively. The pKa value

of polyacrylic acid is 4.28 [29], below pH 4.28 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. The acrylic

acid moieties in the polymeric chains in the fibre remain in

the coiled state resulting in deswelling. As the pH is increased

above the pKa value, the fiber swells because the concentration

of negatively charged carboxylate ions increases. When the

carboxylate groups in the acrylic acid moieties of the polymer

chain are fully ionized, the effect of electrostatic repulsion is

higher and the gel fibres expand significantly at about a pH

of 10. Similarly the pKa value of poly methacrylic acid is

4.57 [30].

A clear hysteresis was observed in both the fibers. In case

of fibers from AA40B (Figure 7), the swelling 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 sharper

and was complete in a narrower pH range in the case of

fibers from MA30B. In these fibers, the swelling started at

pH 4 and during the reverse cycle, the deswelling started at

pH 6 and was completed before pH 2. The transition was

sharper and the hysteresis was narrower than AA40B which

may be due to the more open structure of the responsive

domains in the fiber. Also, the amount of swelling was

significantly higher than that of the AA40B in alkaline pHs.

The volumetric equilibrium values and time of change for

Figure 5. Stress-strain curves of the pH sensitive fibers
(AA40B & MA30B) in swollen state.

Table 4. Mechanical properties of pH sensitive fibers

Copolymers

Retractive 

stress

(MPa)

Tenacity during 

swollen 

condition

 (MPa)

Tenacity in 

deswollen 

condition

(MPa)

AA40B 0.29 8.67 59.38

MA30B 0.12 3.29 27.40

Figure 6. Stress-strain curves of the pH sensitive fibers in
deswollen state (AA40B & MA30B).

Figure 7. Diameter of pH sensitive fibers as a function of pH
of the external solution during swelling and deswelling cycles
(1) AA40B, (2) MA30B.
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swelling and deswelling in free condition for both the fibers

from copolymers (AA40B & MA30B) are shown in Table 5.

These values were obtained for the fibers when swollen in

slack conditions. The fibers from AA40B achieved equilibrium

swelling in 45 min with a volumetric change of about 3601%;

whereas, the equilibrium swelling of the fibers from MA30B

(copolymer of acrylonitrile-methacrylic acid) was about

5200% and attained the equilibrium swelling value within 30

minutes. The fibers from MA30B showed higher volumetric

swelling compared to AA40B possibly because of the bulky

-CH3 group in methacrylic acid, which opens the responsive

domains of the fibers.

The rate of change of swelling (kinetics) was evaluated by

observing the change in length of the fibers during swelling

and deswelling at the desired pH solution in vertical form

under a small tensile stress of 0.05 MPa. The results are

given in Figures 8 and 9. Clearly from the figure, fiber from

MA30B undergoes a significantly faster change in length

with time, and ultimately, attains a higher equilibrium value

in swelling compared to the fiber from AA40B. Though the

fibers from MA30B showed a much faster response compared

to that of AA40B, however, the fibers were found to break

suddenly after it attains about 45% change in length. The

poor mechanical properties due to poorly formed acrylonitrile

domains may be responsible for the observed behaviour. No

such breakages were encountered in acrylic acid fibers even

after repeated cycling to full swelling. 

3.7. Cyclability 

The as-spun fibers (without annealing) from AA40B &

MA30B showed higher volumetric swelling in comparison

to the drawn and annealed fibers. However, the as-spun fibers

were not able to withstand repeated cycling and were

disintegrated. The fibers on heat-setting at 120 oC were stable

to repeated cycling and did not show noticeable deterioration

in strength even after ~15 cycles for AA30B. However, the

fibers from MA30B were relatively less stable disintegrated

in the 16th cycle. The cyclic swelling/deswelling behavior of

the three fibers (AA40B and MA30B) for the first four

cycles is shown in Figure 10. The annealed fiber from AA40B

and MA30B exhibited excellent reversibility. During the

first two cycles in fibers from AA40B, the swelling was in

the range of 1130 to 1250%. Subsequently, the swelling %

increased to 3500%. This may be due to the fact that the

fibers underwent conditioning in the first two cycles and

then in the subsequent cycles showed a stable response. The

fibers from MA30B has higher volumetric swelling compared

Table 5. Equilibrium swelling/deswelling without any load 

Copolymer

pH 10 pH 2

% change 

in diameter

% change

in length

% volumetric 

swelling

Time of swelling

(min)

% of 

deswelling

 Time of deswelling 

(min)

AA40B 412 211 3601 45 100.35 5

MA30B 478 228 5200 30 100.15 2

Figure 8. Rate of transition (swelling) of pH sensitive fibers
(AA40B & MA30B) under a stress of 0.05 MPa.

Figure 9. Rate of deswelling of the pH sensitive fibers
(AA40B & MA30B) under a stress of 0.05 MPa.

Figure 10. Cycles of swelling and deswelling of the pH
sensitive fibers (AA40B & MA30B).
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to AA40B because of the open structure of the fibers due to

the bulky -CH3 group in methacrylic acid. In the first two

cycles, the volumetric swelling was 1300-3000% and 5010% in

the subsequent cycles.

4. Conclusion

pH sensitive polymers, poly(acrylonitrile-co-acrylic acid)

and poly(acrylonitrile-co-methacrylic acid), were synthesized

using free radical polymerization with ~40mol% of responsive

monomer moiety. The architecture of the copolymers could

be successfully controlled using the approach of regulated

dosing of the more reactive comonomer- acrylic acid/

methacrylic acid. Using quantitative 13C NMR, copolymer

(MA30B) prepared with intermittent dosing of methacrylic

acid was found to have the block-type architecture. The

copolymers were converted to fibers by solution spinning

and annealed at 120
o
C to get a stable morphology. 

The chemical architecture and physical morphology of the

fibers as well as the type of comonomer were found to have

a significant impact on their mechanical properties and

transition behavior. The annealed fibres from copolymers

MA30B exhibited significantly superior responsive properties.

The fibers from MA30B (43 mol% MA) showed higher

volumetric swelling compared to AA40B (42 mol% AA)

possibly because of the bulky -CH3 group in methacrylic

acid, which opens the responsive domains of the fibers. The

volumetric swelling was 5010% in MA30B compared to

3610% swelling in AA40B. Also the rate of change of length

was significantly faster compared to the fibers from AA40B.

The fibers from MA30B had poor mechanical properties

compared to the fibers from AA40B. The steric hindrance

from the -CH3 group in the methacrylic acid may be responsible

for relatively poor packing of molecular chains in the AN

domains, leading to the higher extensibility and lower tenacity

of the fibers.

Clearly the replacement of AA with MA improved the

responsive properties however mechanical properties were

significantly compromised.
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