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Abstract
The pH response and mechanical properties of copolymer-based hydrogels such
as poly(acrylonitrile-co-acrylic acid) are usually attributed to their chemical composition. In
this study, it has been shown that the architecture of the polymer chains, i.e. the distribution of
comonomers in the macromolecules, also plays a major role in controlling these properties. A
series of four poly(acrylonitrile-co-acrylic acids) with fixed composition (i.e. ∼30 mol% acrylic
acid moieties) were synthesized, where the block lengths of both AN (acrylonitrile) and AAc
(acrylic acid) moieties in the copolymers were varied by controlling the feeding pattern of the
monomers during free radical copolymerization. These copolymers were then converted into fine
fibers of the same dimensions. The monomer distribution in the four copolymers was estimated
using quantitative carbon 13C nuclear magnetic resonance (NMR) and related to the mechanical
and pH response properties of the resultant fibers. The pH response of the fibers with similar
composition increased dramatically as the block length of the AAc moiety was increased, while
the mechanical properties increased as a direct function of the block length of the AN moieties.

The fiber’s response at pH 10 in terms of the change in length increased by ∼four times
while its response rate increased by ∼50 times with the increase in block length of the AAc
moiety. On the other hand, the tensile properties and retractive stress increased by ∼four times
with the increase in the block length of the AN moiety.

1. Introduction

pH responsive polymers undergo dramatic changes in their
properties with small variations of pH [1–3]. Such
polymers undergo fast changes in their microstructure from
a hydrophobic to a hydrophilic state (collapsed to expanded
structure) due to ionization of monomer moieties at a particular
pH. With this ability to change phase with the surrounding
environment, these polymers are able to open up new areas
of application in drug delivery [4], tissue engineering [5, 6],
separation processes [7], biosensors [8], actuators [9] and in
robotics as artificial muscles [10, 11]. These polymers are
often modified by copolymerizing their ionizable monomer

1 Authors to whom any correspondence should be addressed.

(such as acrylic acid, itaconic acid, methylmethacrylate,
etc) with other suitable monomer moieties such as N-
isopropyl acrylamide [12–15], N,N ′-methylenebisacrylamide,
N-isopropylmaleamic acid [16] to impart a dual response of
both pH and temperature, or acrylonitrile to impart structural
integrity to a swollen gel [17–20]. IPNs of acrylonitrile
with chitosan and that of acrylonitrile with acrylic acid are
a few examples. In such copolymers, the extent of the pH
response depends on the composition of copolymers. For
higher pH response, a larger percentage of ionizable monomer
is incorporated in the copolymer which simultaneously reduces
the other desirable properties.

Recently, we reported an approach [21] for making
pH responsive fibers based on a physically crosslinked
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structure, which retained its strength to a great extent on
swelling. Copolymers of acrylic acid and acrylonitrile were
synthesized using regulated dosing of monomers by free
radical polymerization. These copolymers when converted into
fine fibers, showed excellent mechanical properties as well
as pH response without the need of chemical crosslinks. It
was suggested that fibers from such copolymers could form
segregated domains of acrylonitrile (AN) and acrylic acid
(AAc), where acrylonitrile domains would act as physical
crosslinks and connect chains to allow transfer of the stresses
along the fiber axis, while acrylic acid domains would swell
and deswell to give the desirable pH response. The number
and size of AN domains could be altered by varying the AN
content of the copolymer [22]. With increasing amount of
AN, the mechanical properties of the fibers were found to
improve, however, there was a simultaneous decrease of the
pH response.

In the present paper, an attempt has been made to
investigate the effect of distribution of monomer moieties
on the properties of copolymer with fixed comonomer
composition. Since the formation of domains of AN and
AAc had a great influence on the properties of the resultant
fiber [21], it was hoped that their domain size, which would
depend on monomer distribution in the polymer, might also
have a direct bearing on the magnitude of the properties. In
order to establish this relationship, a series of copolymers
of acrylonitrile (AN) and acrylic acid (AAc) having acrylic
acid content of ∼30 mol% but with varying distribution
of comonomer moieties was synthesized using free radical
polymerization and the effect of the distribution pattern on the
response and mechanical properties of the resultant fibers was
investigated.

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 the initiator α,α′-
azobisisobutyronitrile (AIBN) from G S Chemical Testing Lab
and Allied Industries, New Delhi. Solvents diethyl ether
and N,N ′ 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

2.2.1. Copolymers with varying segment lengths (AA30B,
AA30BI, and AA30BII). Free radical copolymerization was
carried out in a four-neck reactor in toluene at 65 ± 1 ◦C under
nitrogen atmosphere. The final acrylic acid (AAc) content in
the feed was kept at 30 mol% for all the three copolymers
AA30B, AA30BI, AA30BII; however, the amount of each dose
as well as the time of dosing was varied. 200 g of toluene
was taken in the reaction flask and degassed for 30 min. The
initiator AIBN 0.06 g (0.057 mol%) was dissolved in 25.28 g
of acrylonitrile (AN) 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 (AAc). The
more reactive comonomer AAc (14.71 g of AA) was degassed
and added in small equally divided doses over a period of time.
For the copolymer AA30B, AAc was added in equally divided
16 doses of 0.92 g each (a dose in every 10 min) to the reaction
mixture over a period of 2 h 30 min with constant stirring. For
AA30BI, acrylic acid (14.71 g) was added in equally divided
12 doses of 1.22 g each (a dose in every 15 min) over a period
of 1 h 45 min. Similarly, for AA30BII acrylic acid was added
in equally divided eight doses of 1.83 g each (a dose in every
20 min) over a period of 1 h 15 min.

The reaction was allowed to continue for an additional
30 min for all the three copolymers. The reaction mixture
was cooled and then precipitated in excess diethyl ether to get
a white product. The product was washed three times with
excess diethyl ether to remove traces of unreacted monomers
and toluene. The presence of any 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 ◦C for 1 h. Gravimetric yield of the copolymers was
37%, 35% and 37%, respectively, for AA30B, AA30BI and
AA30BII.

2.2.2. Random copolymer AA30R. The random copolymer
of acrylic acid (AAc) and acrylonitrile (AN) 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

2.3.1. Intrinsic viscosity. The intrinsic viscosity of the co-
polymers was determined in DMF using an Ubbelohde
viscometer in a constant temperature bath at 30 ± 0.1 ◦C.
Viscosity average molecular weight was determined using the
Mark–Houwink relation [η] = K Mα with α = 0.75 and K =
20.9 × 10−5 dl g−1 [23] given for copolymers of acrylonitrile
and acrylic acid.

2.3.2. Determination of copolymer composition and sequence
length by 13C-NMR spectra. The quantitative 13C-NMR
spectra of the copolymers were recorded under the standard
conditions at 80 ◦C in DMSO-d6 on a Bruker DPX-300 MHz
Spectrophotometer. 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 quantitative 13C NMR spectra of AA30B,
AA30BI, AA30BII (block copolymer) and AA30R (random
copolymer) in DMSO-d6 are shown in figures 2, 3, 4 and 5,
respectively. In the copolymers, the spectral region around
∂40–∂20 ppm was assigned to aliphatic carbon resonance.
The methine (–CH) signals of the acrylic acid (B) unit
appeared around ∂40 ppm and the methine (–CH) signals
of the acrylonitrile (A) unit appeared around ∂30–∂20 in
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the copolymers. The carbonyl and nitrile carbon resonances
are around ∂174–∂177 and ∂119–∂123 ppm, respectively.
The overall comonomer compositions of all the copolymers
including AA30R were analyzed from quantitative 13C NMR
spectra using the following formula:

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 quantitative 13C NMR.

The block length of the two monomers in the copolymers
was determined by evaluating the triads obtained for the
above two carbons as per the reported approach in the
literature [24–26]. The expanded 13C NMR spectra of the
nitrile (–CN) and carbonyl (–CO) carbon resonances of the
poly(acrylonitrile (A)-b-acrylic acid (B)) are shown as insets
in figures 2–5. The analysis was based on the splitting of peaks
resulting from the monomer distribution effects only. In the
nitrile (A) region, only two peaks were visible in AA30B. The
addition of the acrylic acid (B) to the triad causes a downfield
shift in the position of acrylonitrile carbonyl (A) in AAB. The
signals around ∂119–∂120 and ∂120–∂121 ppm were assigned
to AAA and BAA triads, respectively.

In the carbonyl carbon (B) region, the resonance of the
signals was around ∂174.0–∂174.7, ∂174.8–∂175.6, ∂175.7–
∂176.4 ppm. These change with the copolymer composition
and can be assigned to ABA, BBA and BBB triad sequence,
respectively. These triad fractions were obtained as normalized
areas of the respective resonance signals.

2.3.3. 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

A dope solution of 33 wt% was 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 at 30 ◦C. The extruded fibers were drawn to a draw ratio
of 2.0 before the coagulation was complete. The coagulated
fibers were dried under a taut condition in air at 30 ◦C.

2.5. Heat treatment of the as-spun fibers

The dried fibers were heat-treated in an air oven at a
temperature of 120 ◦C for 2 h to allow phase segregation and
domain formation in the fibers. The fibers were placed in a taut
condition in a wooden frame and fixed at both ends to avoid
shrinkage during annealing.

2.6. Fiber morphology

2.6.1. Thermal shrinkage above the 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 a silicone oil bath at 100 and 130 ◦C. The
final length (FL) of the fiber was determined after 10 min.
The shrinkage percentage was calculated using the following
relation.

Shrinkage% = IL − FL

IL
× 100.

2.7. X-ray diffraction

WAXD patterns of the fibers were recorded by the X’ Pert PRO
machine of PANalytical between 2� of 10◦ and 35◦ in the
reflection mode and Cu Kα radiation (λ = 1.54 Å) as the x-
ray source. The fiber were cut into small pieces and placed in
a powder sample stage for spectroscopy.

2.8. Mechanical properties

The tensile strength of the fibers was recorded on an Instron
tensile testing instrument (model no. 4202) at a crosshead
speed of 10 mm min−1. The fibers were conditioned by
repeated swelling and deswelling for three cycles and then
tested in both swollen and deswollen conditions. The diameter
of the fiber was measured using a Leica 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 three cycles
of swelling and deswelling before carrying out the following
measurements (except for the cyclability test).

2.9.1. Equilibrium swelling. The equilibrium swelling be-
havior 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 Leica 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.

2.9.2. Rate of transition. For determining the rate of tran-
sition, 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 the swelling
cycle was measured for fibers at a pH of 10, while the rate of
deswelling was evaluated at a pH of 2.

2.9.3. Cyclability. The drawn-heat-set fibers (without cond-
itioning) were placed on a glass slide in a slack condition
and the glass slide along with the 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 pH, the samples were kept till equilibrium
was reached. The reversibility of the transition was evaluated
for several swelling–deswelling cycles.
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Figure 1. Proposed structure of the copolymers and fiber: (a) chemical structure of AA30R, (b) schematic of fiber morphology of AA30R,
(c) chemical structure of AA30B, (d) schematic of fiber morphology consisting of domain morphology.

2.9.4. 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 the
form of several metal rings weighing 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 discussions

3.1. Synthesis of pH sensitive copolymers

Using the approach adopted in our earlier studies, the block
lengths of both AN (acrylonitrile) and AAc (acrylic acid)
moieties were varied by controlling the feeding pattern
of the more reactive monomer AAc (reactivity ratio of
2.502) in a reaction mixture containing the less reactive
monomer acrylonitrile (reactivity ratio 0.495) during the
polymerization. Acrylic acid was added in small doses
separated by prespecified time intervals (arrived at after
several experimental trials and subsequent characterization of
resulting copolymers). The three block copolymers—AA30B,
AA30BI and AA30BII—were synthesized by increasing the
time interval between the two subsequent doses of AAc from
10 min to 15 min to 20 min and the quantity of each dose from
0.92 g to 1.22 g to 1.83 g, respectively. It was hoped that by
varying the amount of dose and the length of interval between
the two doses of more reactive monomer (AAc), the relative
concentration of monomers may be suitably altered to give
more favorable conditions to a particular monomer to increase

Table 1. Viscosity average molecular weight and composition of
copolymers.

Composition (AA mol%)

Copolymer
Molecular weight
(Mv) (g mol−1) By acidimetry By 13C NMR

AA30R 3.04 × 105 35.45 37.15
AA30B 3.2 × 105 33.00 34.56
AA30BI 3.0 × 105 31.25 33.18
AA30BII 3.1 × 105 36.48 37.83

its block length. However, there was also a concern about
the formation of homopolymers if the dose and the length of
interval between doses were increased beyond a certain limit.

A copolymer AA30R with a near random architecture
was also polymerized by adding acrylic acid continuously
at a very slow rate into the polymerization medium. This
allowed compensation for the higher reactivity of the acrylic
acid monomer with its lower concentration compared to
acrylonitrile concentration at any time inside the reactor. The
schematic structures of the copolymers are shown in figure 1.

3.2. Architecture of the copolymers

The composition of the copolymers as obtained from
quantitative 13C spectra is summarized in table 1. The
compositions were also confirmed by acidimetric titration. The
comonomer compositions of the four copolymers were found
to be very similar and around 30 mol% AAc.

Block length distributions of the monomer moieties
were determined by analyzing the triad composition of both
carbonyl and nitrile carbons from these NMR spectra.

The relative fractions of various A (nitrile) and B
(carbonyl) centered triads were obtained for the copolymer
by integrating the area from the resonance signals. The
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Figure 2. 13C NMR spectrum of (a) random copolymer AA30R in DMSO-d6, (b) the expanded carbonyl carbon region and (c) the expanded
nitrile carbon region.

Figure 3. 13C NMR spectrum of (a) block copolymer AA30B in DMSO-d6, (b) the expanded carbonyl carbon region and (c) the expanded
nitrile carbon region.

variation in composition of the triads in the nitrile (AAA, BAB)
and carbonyl region (BBB, ABA) for the four copolymers is
summarized in figure 6.

From the values of AA30B, AA30BI and AA30BII, it
may be inferred that though the copolymers do not have a
pure block type structure, they have enriched segments of A
and B, and therefore, their structure may be considered near
to a block type. This is also evident from the fact that there
is no BAB component in the nitrile region. This implies
that the approach of controlled dosing used in the experiment

was effective in producing copolymers with separate enriched
segments of acrylonitrile and acrylic acid moieties. On the
other hand, the spectrum of AA30R shows the presence of all
six types of triads in considerable amounts. Therefore, AA30R
can be safely considered to be a copolymer with a high degree
of randomness compared to the AA30B.

If triad fraction of BBB (blocks of acrylic acid) is
considered, the blocky character of the copolymers was found
to steadily increase from copolymer AA30R to AA30B to
AA30BI to AA30BII. At the same time the fraction of ABA
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Figure 4. 13C NMR spectrum of (a) random copolymer AA30BI in DMSO-d6, (b) the expanded carbonyl carbon region and (c) the expanded
nitrile carbon region.

Figure 5. 13C NMR spectrum of (a) random copolymer AA30BII in DMSO-d6, (b) the expanded carbonyl carbon region and (c) the expanded
nitrile carbon region.

decreased substantially in the same order and its composition
was much smaller in comparison to BBB and BBA. On the
other hand, the triad fraction of AAA (blocks of acrylonitrile)
increased from AA30R to AA30B to AA30BI but decreased
for AA30BII, while BAB decreased dramatically and became
zero for all block copolymers. AA30B, AA30BI had definite
blocky character with respect to both AN and AAc moieties,
and the lengths of block could be altered systematically.
However, in AA30BII, though the blocky character of the

acrylic acid moiety (depicted by an increased BBB fraction)
increased further, but there was a significant interruption
in blocky character of acrylonitrile moieties (depicted by a
reduction in AAA fraction and a simultaneous increase in BAA
fraction).

From the above results, it may be inferred that a series
of copolymers could be successfully obtained that had varying
block lengths of the two monomer moieties but at the same
time similar composition. These copolymers were then used to
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Figure 6. Triad composition of the copolymers (AA30R-AA30BII)
in the nitrile (A) and carbonyl (B) region.

investigate the effect of the above structure on the properties of
the resultant pH sensitive fibers.

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 a coagulation bath and subsequently
washed with water. In order to facilitate the formation of
domains, the spun fibers were annealed in a taut condition at
120 ◦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 ◦C) and cyclization of the adjacent
acrylonitrile groups, which occurs at >220 ◦C [27, 28]. An
attempt was made to keep the diameter of fibers from all the
copolymers uniform at 120±3 μm so that their properties may
be directly compared.

3.4. Fiber morphology

3.4.1. Thermal shrinkage above the glass transition. Thermal
shrinkage in a fiber is indicative of the degree of stability of
the morphological structure. The drawn and heat-set fibers
produced from block copolymer AA30B had significantly
lower shrinkage percentage compared to the fibers from
random copolymer AA30R at the indicated temperatures
(table 2). The shrinkage further decreased in AA30BI which
had higher block length of AN in the copolymer. The lower
shrinkage in block copolymer fibers possibly indicates that on
drawing and annealing, the block segments of acrylic acid and
acrylonitrile in the copolymer could phase separate and form
domains resulting in a fiber structure that was more stable. This
was evident from the decrease in thermal shrinkage of the fibers
with increase in the average AN block length from AA30R
to AA30BI. Bigger block segments had a positive effect in
stabilizing the domain structure to a better extent. However,
in the case of fibers from AA30BII, the shrinkage% was more
because the block length of AAA was substantially lower

Figure 7. X-ray diffraction of the heat-set pH sensitive fibers
(AA30R, AA30B, AA30BI and AA30BII).

Table 2. Thermal shrinkage of pH sensitive fibers.

Temperature of silicone bath

Fiber from copolymer 100 ◦C 130 ◦C

AA30R 5.7% 16.18%
AA30B 2.7% 12.50%
AA30BI 1.2% 8.25%
AA30BII 3.4% 13.2%

due to frequent interruptions from the acrylic acid moieties
(i.e. more BBA fraction).

3.4.2. X-ray diffraction. X-ray diffraction study of fibers
from both the homopolymers of PAN (polyacrylonitrile) and
PAAc (polyacrylic acid) was carried out. The fiber of PAN
homopolymer showed two distinct peaks at 2θ = 17◦ and
29◦. The homopolymer of PAAc showed a weak peak at
2θ = 22◦. The x-ray diffraction spectra of fibers from
copolymers are given in figure 7. The spectrum of fiber from
AA30R shows a broad peak indicative of poor order in the
fiber. However, in the case of fibers from block copolymer
AA30B, a small but definite increase in the intensity at 2θ =
17◦ was observed which indicated the presence of ordered
domains of polyacrylonitrile. It was observed that as the
average block length of AN moieties in the copolymer was
increased, the intensity and sharpness of the peaks at 2θ = 17◦
and 29◦ improved, indicating the formation of larger domains
of AN (as in case of AA30BI). On the other hand, because
of relatively smaller blocky lengths, AAB30II showed broader
peaks compared to AA30BI.

3.4.3. Mechanical properties. Figures 8 and 9 show the
stress–strain curves for fibers from AA30R, AA30B, AA30BI
and AA30BII to depict the effect of comonomer distribution
(segment/block length) on the mechanical properties of the
fibers in swollen and deswollen conditions, respectively. As
expected, all the fibers showed higher extension and lower
tenacity in the swollen state compared to the deswollen state.
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Figure 8. Stress–strain curves of the pH sensitive fibers in the
swollen state.

Figure 9. Stress–strain curves of the pH sensitive fibers in the
deswollen state.

The mechanical properties of fibers improved significantly
with the increasing block length of AN in the copolymers. The
breaking stress increased significantly in fibers from AA30R to
AA30B by about 300% and to AA30BI by over 500% in the
swollen condition and by 250% and 300%, respectively, in the
deswollen condition.

It is known that a fiber gets its strength from two factors—
one, the number of chains that can participate in bearing
the stress, and second, the capacity of the chains to transfer
stress from one chain to another. The second factor is more
important in a pH responsive fiber because under swollen
conditions, the chains tend to push apart and load sharing is
compromised. Only if the molecular chains are well connected
to each other, through crystallization or crosslinking, are the
mechanical properties expected to be high. In the present
case, AN moieties are strength-imparting segments. When
acrylonitrile moieties segregate from acrylic acid moieties
and form domains, they are able to transfer stress among
different chains. Higher average block length of AN moieties
is expected to form bigger domains with stronger physical
bonding among chains.

Table 3. Mechanical properties of pH sensitive fibers.

Breaking force (MPa)

Fiber from
copolymer

Retractive force during
deswelling (MPa)

During swollen
conditions

After
deswelling

AA30R 0.13 3.91 22.72
AA30B 0.36 16.84 72.04
AA30BI 0.46 20.76 83.32
AA30BII 0.25 10.47 62.39

This reasoning was further supported by the fact that
the mechanical properties improved only up to fibers from
AA30BI. In fibers from AA30BII, where the AN block length
was smaller than AA30BI, the mechanical properties were also
found to be accordingly lower.

One of the most important mechanical aspects of a pH
responsive structure is its 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 3 compares the maximum retractable stress along with
the mechanical properties of the various fibers. Clearly, the
fiber from AA30B could retract under an opposing stress that
was higher by about 276% compared to that in fibers from
AA30R. A further increase of 130% was obtained in fibers
from AA30BI. The results signify the improvement obtained
by controlling the chemical architecture and, subsequently, the
physical morphology of the fibers. As expected, the fibers from
AA30BII had lower retractive stresses, again because of poorer
connectivity among chains.

3.4.4. Evaluation of transition properties. The pH sensitive
fibers 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. Therefore in acidic pH, the acrylic acid
segments in the polymer chains 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 polymer chains are fully ionized, the acrylic
acid domains swell and the fiber expands both in length and
diameter.

The volumetric equilibrium swelling and times of change
for swelling and deswelling in the free conditions for all fibers
are shown in table 4. These values were obtained for the fibers
when swollen in slack conditions. The fibers from AA30B
achieved equilibrium swelling in 50 min with a volumetric
change of about 1508%; whereas the fibers from AA30R took
almost 58 min for the equilibrium swelling of 775%. As the
block lengths of acrylic acid moieties were increased from
AA30B to AA30BI and AA30BII, the equilibrium swelling
increased to 6700% for AA30BI and 8800% for AA30BII.
It was interesting to note that for nearly the same amount
of AAc content in all the copolymers, the swelling ratio
changed dramatically with change in the block length of the
AAc moieties. The longer lengths of AAc segments were
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Table 4. Equilibrium swelling/deswelling of pH sensitive fibers under stress free conditions.

pH 10 pH 2

Fiber from
copolymer

Change in
diameter (%)

Change in
length (%)

Volumetric
swelling (%)

Time of equilibrium
swelling (min)

Volumetric
deswelling (%)

Time of equilibrium
deswelling (min)

AA30R 255 119 775 58 125.23 16
AA30B 318 143.75 1508 50 101.59 7
AA30BI 545 228 6775 20 101 0.83 (50 s)
AA30BII 642 260 8800 12 101 0.50 (30 s)

Table 5. Rate of swelling and deswelling of pH sensitive fibers in the linear region of the transition curve.

Copolymer

Regression coefficient (linear
portion of curve indicated in
terms of % of final swelling)

Rate of
swelling

Regression coefficient (linear
portion of curve indicated in
terms of % of final swelling)

Rate of
deswelling

AA30R 0.957 (78%) 0.25 0.994 (43%) 3.23
AA30B 0.984 (83%) 1.15 0.948 (73%) 6.82
AA30BI 0.974 (92%) 6.90 0.953 (92.44%) 47.79
AA30BII 0.983 (94%) 12.04 0.898 (93.26%) 87.24

Figure 10. Rate of transition (swelling) of pH sensitive fibers
(AA30R AA30B, AA30BI and AA30BII) under a stress of
0.05 MPa.

expected to give fewer but larger domains of AAc. The
presence of larger domains of AAc in the fibers gave higher
equilibrium swelling in significantly shorter times (only 12 min
in AA30BII).

Also, the rate at which fibers reached the equilibrium
deswelling increased with increase in the block length of the
acrylic acid units in the copolymers from AA30B to AA30BII.
The time of equilibrium deswelling decreased from 7 min in
the case of AA30B to 50 s in the case of AA30BI and 30 s in
AA30BII.

The fibers did not swell at a uniform rate. The swelling
was faster initially and then slowed down considerably as the
swelling or deswelling equilibria were reached. In order to
investigate the rate of change during the initial linear part of
the swelling or deswelling curve, the changes in length of
fibers were observed at the desired pH in vertical form under
the application of a small tensile force of 0.05 MPa. The
change in length with time during swelling and deswelling
for all fibers is given in figures 10 and 11. Clearly, the

Figure 11. Rate of deswelling of the pH sensitive fibers (AA30R
AA30B, AA30BI and AA30BII) under a stress of 0.05 MPa.

rate of change was significantly higher for fibers from block
copolymers. The higher the block length of AAc (depicted
by AAA triad fraction), the faster and larger was the change.
Rates of swelling and deswelling were determined by fitting
the best fit line in the linear part of the curves starting from
the origin. The values of regression coefficient along with the
extent of change that was fitted in a straight line are given in
table 5. Also, the table gives the rate of length change for all
fibers. The rate of change increased from 0.25% min−1 in
fibers from AA30R to 12% min−1 in those from AA30BII, a
jump of 5000%.

The rate of diffusion of water in and out of the fiber
is dependent on diffusivity (m2 s−1) of the fiber matrix and
the path of diffusion. This in turn determines the rate of
transition of the pH responsive fiber. Since the chemical
composition and path of diffusion for all fibers is similar
(having similar diameter, 120 ± 3 μm), the change in response
time indicates that the diffusion coefficients of the fibers are
changing significantly with the change in their morphology.
It appears that the formation of domains of AAc moieties in

9
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fibers from block copolymers is helping in the faster diffusion
of the swelling media (in this case water). As the triad fraction
of BBB (indicative of block length of acrylic acid moieties)
increased, the diffusion rate was found to increase significantly.
This is a very significant result because there is a limit to which
the diffusion path may be reduced by reducing the diameter
or increasing the porosity of the responsive fibers for faster
response.

Usually, a living skeletal muscle can contract and elongate
about 30% in length with a response time of about 100 ms [30].
The living muscle generates a maximum retractive force
of 4–10 kg cm−2 (0.4–1.0 MPa) [30]. The fibers derived
from specially designed copolymers reported here can show
necessary elongation and contraction with a sufficiently large
retractive stress of 0.46 MPa (for AA30BI) desired for their
application as a robotic muscle. The response time of ionic
gels is normally very high (i.e. a very slow response), however,
using this regulated architecture; it could be brought down
from several hours (0.25% min−1) to 2–3 min (12% min−1)
under low stress levels. This response time may be further
reduced by decreasing the diameter of the fiber from 120 μm
or by increasing the pH above 10 used for swelling. However,
the response time may still be slow in comparison to a living
muscle and may need further tuning of the structure.

3.4.5. Cyclability. The as-spun fibers from AA30B-AA30BII
and AA30R showed higher volumetric swelling in comparison
to the drawn and annealed fibers having domain morphology.
However, the as-spun fibers were not able to withstand repeated
cycling and disintegrated. The fibers on heat-setting at 120 ◦C
were stable to repeated cycling and did not show noticeable
deterioration in strength even after 15 cycles for those obtained
from the blocky copolymers. The cyclic swelling/deswelling
behavior of all the fibers for the first four cycles is shown in
figure 12. During the first two cycles in fibers from AA30R, the
swelling was in the range of ∼342–600%. Subsequently, the
swelling% increased to ∼750%. 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. In
the case of fibers from AA30B, the initial two cycles showed
swelling in the range of ∼850%–1067%, which increased only
to ∼1400–1414% in the subsequent cycles. The annealed
fibers from the copolymers AA30BI and AA30BII exhibited
higher response and excellent reversibility. For the fibers
from copolymer AA30BI, the volumetric swelling increased
to 6700% and for the fibers from AA30BII it was increased to
8800% in the third and fourth cycles.

4. Conclusions

In this paper, the chemical architecture of pH sensitive
copolymers has been shown to have a significant impact
on their transition behavior and mechanical properties.
Copolymers of acrylonitrile and acrylic acid with acrylic acid
feed ratio of 30 mol% were synthesized using controlled feed
free radical polymerization. The average block lengths of the
monomer moieties were varied by changing the dosing rate

Figure 12. Cycles of swelling and deswelling of the pH sensitive
fibers (AA30R AA30B, AA30BI and AA30BII).

and the time interval of dosing of the more reactive monomer-
acrylic acid. These copolymers were then converted to fine
fibers by solution spinning in a DMF-water system, drawn in
a coagulation bath and annealed at 120 ◦C for 2 h to develop
domain morphology. The size of domains appeared to change
with the change in segment lengths from one copolymer to
another, as evident from the changing thermal shrinkage and
x-ray diffraction patterns.

The mechanical properties were found to be a strong
function of the length of acrylonitrile segments (fraction
of AAA triad). The fibers from copolymers with longer
acrylonitrile segments showed better tenacity (a maximum
increase of ∼400%) and higher retractive stresses (a maximum
increase of 350%) possibly because they could make a
well connected polymer network stabilized through larger
AN domains. On the other hand, pH response behavior
was found to be a strong function of the length of acrylic
acid segments (fraction of BBB triad). The fibers made
from copolymers with higher AAc block length showed a
significantly higher swelling ratio (an increase from 775%
in AA30R to 8800% AA30BII) and much faster response
(0.25%–12% min−1) at a similar AAc content. This was
attributed to the formation of larger domains of AAc moieties
that allowed faster diffusion and better opening of the AAc
regions during swelling/deswelling transitions.

From the above results, it may be concluded that both the
mechanical and pH response properties of a copolymer of a
given composition can be simultaneously improved to a great
extent by judiciously changing the distribution of its monomer
moieties. This approach may provide a significant boost
to research into developing artificial muscles from stimuli
sensitive polymers.
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