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Polyacrylonitrile (PAN) is soluble in dimethyl sulfoxide (DMSO) and the resulting solution
can gel by various mechanisms. The effects of temperature and water on the thermorevers-
ible gelation of PAN have attracted much attention because of their importance in the fiber
formation and film casting. Rheological tests were employed in this study to examine the
gelation behavior and determine the gel point temperature of PAN-DMSO solution. Calori-
metric studies of PAN-DMSO gels were conducted through Differential Scanning Calorim-
etry and no crystallization was discovered in these gels prepared at low temperature. X-ray
diffraction of different PAN gels indicated that in the absence of water, gels resulted from
PAN-DMSO solution by decreasing temperature were not crystallizable. In contrast, water-
induced gelation led to crystallization of PAN gel. The water content in the formed gel is

Crystallization

responsible for its crystallinity and average crystallite size.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Physical gelation is the process of polymer chain cross-
linking which reversibly transforms a polymer solution
into a gel. The crosslinks of the network have a physical
origin and therefore are sensitive to variations of tempera-
ture, PH, stress, etc. The term “physical gel” introduced by
De Gennes [1] is often used to imply the thermoreversibil-
ity, the case with many such systems.

Polyacrylonitrile (PAN) exhibits thermoreversible gela-
tion in various solutions [2]. The formation mechanisms
of PAN gel have been extensively studied. Most commonly,
reduced solvency, caused by either temperature reduction
or addition of a poorer solvent into an otherwise well dis-
solved solution can give rise to the gelation of PAN solu-
tions. However, it is still very difficult to fully understand
the microscopic gelation behavior of PAN solution, i.e.,
what acts as the junction points or junction regions of
PAN gel. As is well known, the main characteristics of
PAN is the presence of a permanent dipole in the monomer
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unit caused by the bulky CN group with strong polarity.
Labudzinska and Ziabicki concluded that the associated
strong dipole-dipole forces between the macromolecules
in PAN-DMF solution is responsible to formation of some-
what stable junction points and thus to gelation [3].
According to Ziabicki [2] and Beckmann [4], there were
no differences between the X-ray diffraction patterns of
PAN-DMF solutions and PAN-DMF gels. Other studies,
however, reported that gelation was caused by a nucle-
ation process of small crystallites and the junction points
of PAN gel network were generated by crystallization
[5,6]. Bashir used propylene carbonate (PC) as a solvent
for PAN and found the X-ray patterns showed the presence
of crystallites in PAN-PC gels [7,8]. These gels are particu-
larly intriguing in that the junctions may be composed of
crystallites in which PC is incorporated, i.e., the junctions
are not the crystallites of pure PAN, but crystallites of a
PAN-PC complex.

Dimethyl sulfoxide (DMSO) is a very popular solvent for
PAN, especially in the spinning of PAN precursor fiber. The
gelation behavior of PAN-DMSO solution and the possibil-
ity of the existence of small crystallites as crosslinking
points in PAN-DMSO gel are important, because they affect
significantly the process of fiber formation or film casting.
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Fig. 1. (a) Schematic diagram of the mould used for making PAN films. (b) Schematic diagram showing the appearance of a PAN film.

The present paper focuses on the thermoreversible gela-
tion of PAN-DMSO solution induced by decreased temper-
ature or addition of nonsolvent (water) as well as the
crystallization of PAN in different states (solution, or gels
caused by different mechanisms). Concentrated PAN-
DMSO solutions and PAN gels were subjected to rheologi-
cal tests, Differential Scanning Calorimetry (DSC) and
X-ray diffraction (XRD). Experimental results revealed the
characteristics of gelation and crystallization of PAN.

2. Experimental
2.1. Materials

PAN copolymer (Acrylonitrile:Itaconic acid = 98:2) was
polymerized in our laboratory with a viscosity-average
molecular weight M, = 7.8 x 10* g mol~!. DMSO (analyti-
cally pure) was purchased from Shanghai Wulian Chemical
Industry Co. Ltd., and deionized water was used in the
study.

2.2. Preparation of PAN-DMSO solutions and gels

A certain amount of PAN copolymer was dispersed in a
three-neck bottle, respectively in DMSO and in a mixture
of DMSO and deionized water. The resulting slurry was left
swollen at 50 °C for 2 h first, and at 60 °C for another 2 h,
while stirred constantly by an electric paddle stirrer. Sub-
sequently, it was stirred again at 70 °C for 6 h to produce
a homogeneous viscous solution with 20 wt% PAN. Two
such PAN solutions (without and with 4 wt% water) were
deaerated in a vacuum drying oven at 70 °C and then kept
at this temperature for 18 h before film making for
experiments.

A mould (made of PMMA) with a U-shaped lower part
and a T-shaped upper part (Fig. 1a) was employed to pro-
duce PAN films of 2 cmx1 cmx0.1 cm (Fig. 1b). The resul-
tant films were then cooled in a freeze dryer at —10 °C for
48 h and two sheets of PAN gels were obtained.

The second type of gel sample was prepared by immers-
ing the above-formed PAN film (made from the solution
without water) in deionized water at room temperature
(25°C) for 5min. When removed from the water, it
weighed 0.227 g and was translucent (Fig. 2). As soon as
the nascent gel was tested by X-ray diffraction, it was
placed in a drying oven to facilitate the evaporation of

water in it. After drying for given time, the gel was taken
out and weighed 0.093 g. When the gel was finally dried
to the constant weight, it stabilized at 0.052 g.

2.3. Rheological measurements

The dynamic rheological measurements were con-
ducted using an advanced Solution and Melt Rotation Rhe-
ometer ARES-RFS (TA, US) equipped with two parallel
plates. The temperature control was done with a thermo-
static bath within 0.1 °C of the preset value. The parallel
plate on which samples (PAN solutions) were placed was
25 mm in diameter and the sample thickness was 2 mm.
A thin layer of paraffin oil was applied to protect the sam-
ple from dehydration or evaporation and thus minimize
the testing errors. Strain scanning at different tempera-
tures in both sol and gel states of the samples and over
the oscillation frequencies from 0.1 to 10 Hz to detect the
linear viscoelastic region of the samples. 1% was chosen
as the set strain amplitude in the tests.

The traces of the storage modulus G’ during the cooling
and heating processes for the two PAN solutions were
studied. The temperature scanning from 70 °C to 38 °C
was carried out, immediately followed by a reversed scan-
ning from 38 °C back to 70 °C. Both the cooling rate and the
heating rate are 1 °C/min.

Fig. 2. The photograph of PAN nascent gel containing a large amount of
water.
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A frequency scanning from 100rad/s to 0.5rad/s at
eight given temperatures (70 °C-42 °C, with interval of
4 °C) was also conducted to detect the gel point tempera-
tures of the two PAN solutions. Then five temperatures cor-
responding to the sol state, sol-gel transition and gel state
were chosen to perform frequency scanning from 100 rad/s
to 0.1 rad/s for the solution without water. The storage
modulus G, loss modulus G” and the loss tangent tané
were obtained. Before the test at each temperature, the
samples were kept at that temperature for 3 min to elimi-
nate the effect of the thermal history.

2.4. Thermal analysis

Calorimetric studies were carefully conducted using Q-
100 differential scanning calorimeter (TA, US) equipped
with a thermal analysis data station. 9.6 mg of two PAN
gels freshly made at low temperature was placed in a
sealed aluminum pan, while an empty aluminum pan
was used as a reference. After the gels were maintained
at room temperature for 3 min, a heating process from
room temperature to 80 °C was performed at the heating
rate of 5 °C/min and the DSC traces were recorded. Baseline
calibration was done before each test.

2.5. X-ray diffraction (XRD)

To investigate the crystallization as well as to calculate
the crystallinity and crystal size of varied PAN samples, X-
ray diffraction of either films or powdered specimens was
conducted on a D/max-2500PC X-ray diffractometer (Riga-
ku, Japan) with nickel-filtered Cu Ko radiation. The radial
scans on the samples were performed from 26 =5-60°.
The data were collected at 0.02° intervals with counting
for 0.12 s at each step.

The crystallinity was estimated by Eq. (1):
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W% = =—"——— 1
0 Z Ia + Z IC ( )
where W is the crystallinity; I. the diffracted intensity of
the crystalline region and I, the diffracted intensity of the
amorphous region. The average crystallite size was esti-
mated by the Scherrer equation:
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where L. is the average crystal size; f is the full width at
half maximum intensity at 20 = 17°; K is the Scherrer con-
stant, here 0.89; and / = 1.54 A is the wavelength of the X-
ray used.

3. Results and discussion
3.1. Rheological behavior of PAN-DMSO solution

Thermal-induced gelation is the most common gelation
mechanism for PAN solutions. For instance, within a few
hours at 0 °C, PAN-DMSO solution will lose its flowability
and turn into elastic gel. This PAN gel is thermoreversible,
which can be seen from the rheological measurement of
the storage modulus G'. The gelation temperature Tg,, is de-
fined as the temperature at which the polymer solution be-
gins to gel. Among various methods for detecting T,
rheological tests are convenient and effective [9,10]. It
was suggested that the method based on the temperature
dependence of the loss tangent tané at different oscillation
frequencies was feasible for determining Ty, i.€., Ty is the
temperature at which tané becomes frequency indepen-
dent, i.e., all curves at different oscillation frequencies con-
verge at this point [11,12].

Water is a strong cohesive solvent due to the strong
intermolecular forces caused by hydrogen bonds. It pro-
motes the aggregation of PAN solution [13] as through
forming hydrogen bonds with the solvent molecules,
which weakens the interactions between PAN molecular
chains and the solvent. The aggregation then produces or
causes physical crosslinking initiation points for the sys-
tem to gel.

Through cooling and heating the two PAN-DMSO solu-
tions, with and without water, the thermoreversibility of
PAN gel was observed. In Fig. 3, the storage modulus G
grows with decreased temperature and the sol-gel transi-
tion starts below a certain temperature, represented by a
rapid growth of G'. When the solutions are heated from a
low temperature (gel-sol transition), G' decreases follow-
ing a trace similar to that when the solutions are cooled.
Nevertheless, the storage modulus in this case is slightly
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Fig. 3. G’ versus temperature in both cooling and heating process for 20 wt% PAN-DMSO solutions: (a) without water and (b) with 4 wt% water.
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Fig. 4. tané versus temperature obtained from the frequency scanning tests for PAN-DMSO solutions: (a) without water and (b) with 4 wt% water at
selected oscillation frequencies of M—0.63 rad/s, ®—2.5 rad/s, A—6.3 rad/s, O—25 rad/s, A—63 rad/s.

larger than that of the cooling process, likely due to the en-
ergy difference between the phase change processes, and
the addition of water seeming to diminish the difference.

The results of the frequency scanning tests for the two
20 wt% PAN-DMSO solutions are shown in Fig. 4. We can
see that the five curves of tans at different frequencies
cross over at a point, which is considered to be the critical
gel point Ty It is noticeable that the gel point Tg in-
creases, and the loss tangent tand decreases when the
solution contains water. Water favors the aggregation of
PAN molecules in solution so as to promote the thermal-
induced gelation of PAN solution. Alternatively, the addi-
tion of water worsened the solvency of DMSO and thus
facilitated the crosslink of PAN molecular chains for gela-
tion. tand is a measure of the viscous/elastic ratio for the
solution. At a given temperature, the PAN solution with
water exhibits a more gel-like (elastic) behavior and the
tané is therefore depressed. We also find that the tan¢ val-
ues are around 1.15 in both cases. According to Eq. (3) [14-
16], the n value which characterizes the nature, especially
the crosslinking density of gel structure [17-19] is 0.544.
Generally, a lower value of n implies the formation of a
more elastic gel [20]. Low relaxation exponents n (between
0.1 and 0.25) are characteristic for crystallizing polymers
[21]. From the n value of our system, we can expect PAN/
DMSO gels with little crystallinity and moderate density
of crosslinks.

tansé = G"(w) /G (w) = tan(n - w/2) (3)

Moreover, the gel point T, of the solution containing
4 wt% water is at 62.6 °C, much higher than that of the
solution without water, 46.2 °C. That is, while reducing
temperature alone can result in gelation of PAN-DMSO
solution, the existence of water however significantly
accelerates the thermal-induced gelation. On the other
hand, water doesn’t change the crosslinking density of
PAN/DMSO gel, as the n value implies.

Fig. 5 shows the changes of dynamic moduli with the
oscillation frequency at five selected temperatures, for
the 20 wt% PAN-DMSO solution without water. In all the
five plots, both G’ and G” fall with decreased frequency.

Of course all materials can behave as either liquid or solid,
depending upon the timescale [22]. At high frequencies,
the solution behaves more like an elastic solid. By contrast,
it gradually becomes viscous fluid when the frequency de-
creases, as indicated by the reduction in both G’ and G". In
plots (a) and (b) corresponding to temperatures above gel
point Tg, the solution is in sol state and the viscous mod-
ulus G” is larger than the elastic modulus G’ over the whole
frequency range. G' and G” show steeper slopes at lower
frequencies. When the temperature reaches 45 °C which
is in the vicinity of the gel point, both G’ and G’ become
very close regardless of the frequency. The gelation of the
solution proceeds when the temperature is further re-
duced. G’ shows a plateau over low-frequency in Fig. 5e,
which seems to signify a lack of viscoelastic relaxation.

The changes of loss tangent tand with oscillation fre-
quency for the same solution are depicted in Fig. 6. The va-
lue of tan é increases with temperature, which is even more
obvious in the low temperature region. At 45 °C near the
gel point T, tand is almost constant despite the fre-
quency. At the temperatures below 45 °C, the solution be-
comes more elastic than viscous (tané <1) and a lower
temperature is more favorable for gelation because of a
greater degree of supercooling. Another phenomenon is
that tané decreases with increased frequency before the
gelation occurs whereas increases as the solution gels.
When the solution is in sol state, there is not enough time
for the rearrangement of PAN molecules at high frequen-
cies, which makes the solution solid-like. When the solu-
tion transforms to a somewhat stable gel, the number of
crosslink points reduces as the frequency increases, due
to the stronger shearing and more active micro-Brownian
motion of PAN molecular chains.

3.2. Thermal behavior of PAN-DMSO gel

As PAN-DMSO gel is thermoreversible, endotherm or
exotherm of certain degree is thus expected when the
DSC measurement is performed. In general, pure PAN pow-
der does not exhibit a melting endotherm when heated. In-
stead, an intense exotherm is observed at about 320 °C
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Fig. 5. G, G” versus oscillation frequency for the 20 wt% PAN-DMSO solution without water at (a) 65 °C, (b) 55 °C, (c) 45 °C, (d) 30 °C, and (e) 15 °C.

[23]. For PAN-DMSO solution, no obvious exotherms were
detected in a cooling process from 70 °C down to room
temperature. However, a heating process from room tem-
perature up to 80 °C resulted in an endothermic peak for
the two 20wtk PAN-DMSO gels formed at low
temperature.

The thermogram in Fig. 7 shows two DSC curves of
the PAN-DMSO gels, each with an endotherm peak.
The enthalpy of the endothermic transition can be esti-
mated from the area under the peak. For the PAN-
DMSO gel without water, the peak temperature is
55.18°C and the dissolution (or melting) enthalpy
Hge1=0.264]/g, ie., Hpan=1.32]/g. For the PAN-DMSO

gel with 4 wt% water, they are 57.2°C and 0.332]/g
(Hpan = 1.651 ]/g), respectively. Beevers [24] calculated
the heat of fusion per structural unit of a completely
crystalline PAN, which is 4.5-4.8 kj/mol, i.e., 84.9-
90.57 J/g. On the assumption that the monomer unit of
PAN describes the structure unit of an ideal PAN crystal,
and the junctions are crystallites or crystal nuclei, the
degree of crystallinity estimated of the PAN-DMSO gel
is only less than 2%. It is thus highly possible that the
gelation of PAN-DMSO solution is not caused by crystal-
lization, whether there is water in it or not. This can
also be verified by the absence of exothermic peak
when the solution is cooled.
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Fig. 7. DSC thermograms for PAN gels obtained by quenching the 20 wt%
PAN-DMSO solutions without water and with 4 wt% water at —10 °C for
48 h.

Liquid-liquid phase separation is one of the gelation
mechanisms [8]. In this case, the macroseparation may
be hindered by kinetic impediments and only local micro-
separation is allowed to occur. If the separating phases are
connected (e.g. by dipole-dipole force between nitrile
groups), a gel is then formed. Water can lead to liquid-li-
quid phase separation and thus promote the gelation of
PAN-DMSO solution. The dissolution enthalpy of the
PAN-DMSO gel with 4 wt% water is larger than that of
the gel without water, likely due to its relatively higher
polydispersity [25]. The dissolution temperature range of
the two gels is comparable to their own gel point T deter-
mined in rheological tests, confirming the thermorevers-
ibility of PAN-DMSO gel. However, though there is
significant difference between the gel points of the two
solutions, the two gels have similar structure and intermo-
lecular forces, which is concluded from the slight change in
the peak temperature.

3.3. X-ray diffraction of PAN gels

The study of the crystal morphology of PAN, in both
powder and gel forms, has been the subject of many inves-
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Fig. 8. X-ray diffractogram of PAN-DMSO gel prepared by cooling PAN-
DMSO solution at 25 °C sufficiently.

tigations [7,26]. Solutions of PAN in some solvents, e.g. di-
methyl formamide (DMF), dimethyl acetamide (DMAc) and
DMSO can give rise to gel formation. Gelation from these
PAN solutions is nonetheless slow and is affected by the
presence of water.

Wide-angle X-ray diffractograms were employed to
analyze the crystallization of the PAN gels in this study.
A 20 wt% PAN-DMSO solution without water was kept at
25 °C (lower than its gel point Tg) for sufficient time until
it could not flow when the bottle containing it was turned
upside down. Then a piece of this sample was subjected to
XRD and the diffractogram is shown in Fig. 8. It is found
that only an amorphous peak at about 20 =20° exists in
the full range of 20. Another gel sample prepared from
the 20 wt% PAN-DMSO solution with 4 wt% water was also
analyzed and the same result was obtained (not shown).
The X-ray diffractogram of the PAN-DMSO gel (without
water) prepared at even lower temperature is shown in
Fig. 9. We can see that this result also shows little evidence
of crystallinity. It reveals that initial water content in PAN-
DMSO solution exerts no effect on the crystallization of
PAN-DMSO gel made from it, though water affects the
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Fig. 9. X-ray diffractogram of PAN-DMSO gel obtained by quenching the
20 wt% PAN-DMSO solution at —10 °C for 48 h.
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Fig. 10. X-ray diffractogram of PAN nascent gel obtained by coagulating
in distilled water.

gelation of PAN-DMSO solution. In addition, temperature
alone cannot lead to crystallization, i.e., purely thermal-in-
duced gel has almost no crystallinity.

To investigate the water effect on the crystallization of
PAN gel, firstly a nascent gel mentioned in Section 2 was
also subjected to X-ray diffraction. In Fig. 10, there is only
one relatively obvious crystalline peak at 20 =17.1°. The
crystallinity of this gel is 4.06%, calculated by Eq. (1) after
peak fitting. The nascent gel is a water-induced gel in
which a large amount of water is trapped (77.1 wt% water).
Although crystallization exists, the crystallinity is low, due
likely to the presence of water which hinders the molecu-
lar chains from packing closely together in a regular array.

Based on the fact that equatorial reflections were found
only in diffraction patterns of oriented fibers and single
crystals [27-29], most studies have concluded that PAN
has only two-dimensional order with no periodicity along
the chain axis. PAN is therefore called paracrystalline or
laterally ordered polymer. Most commonly, PAN crystals
show two diffraction peaks at around 17° and 29°. Some
used an orthorhombic lattice to describe the crystal struc-
ture of PAN [30,31]. But it turns out to be valid only in the
presence of solvent. For dry PAN, the hexagonal lattice is a
normal one. Bashir reported that the two diffraction peaks

a 10000

8000 A

6000

Intensity (CPS)

4000

2000 4.4
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10 20 30 40 50 60
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were indexed as (010) and (300), respectively, on the ba-
sis of hexagonal packing of PAN molecules [7,32].

The X-ray diffractograms of water-induced PAN gels are
shown in Fig. 11. The gel with a certain amount of water in
it shows two peaks centered at 26 =16.88° and 25.76°,
respectively. The crystallinity is 42.06% and the average
crystallite size is 2.99 nm. Whereas the gel with almost
no water shows two peaks centered at 20=16.74° and
25.28°, respectively, with the crystallinity 54.81% and the
average crystallite size 3.35 nm. It can be seen from these
data that the dried PAN gels possess much higher crystal-
linity than the nascent PAN gel. Both the crystallinity and
the average crystallite size grow with decreased water
content in the gel. The possible cause is that with the evap-
oration of water, PAN molecules gradually aggregate and
pack regularly to form crystallites. Reduced water in the
gel also makes the growth of crystallites easier. Further-
more, the second diffraction peaks of the two PAN gels
deviate a lot from 29°, denoting the distortion and irregu-
larity of the crystal structure. Although the gel in our work
is dry PAN, the hexagonal lattice model does not fit to its
crystallites, which may be caused by factors during the
preparation of the gel.

4. Conclusion

The gelation behaviors of 20 wt% PAN-DMSO solutions
without and with 4 wt% water were investigated through
rheological measurements. The traces of the storage mod-
ulus G’ in cooling and heating processes indicate the gela-
tion of PAN-DMSO solution thermoreversible. The solution
containing water gels at much higher temperature (gel
point) than the one without water. The viscoelastic proper-
ties of the PAN solution at selected temperatures during a
frequency scanning were also involved to further study the
characteristics of gelation. DSC thermograms of the two
PAN-DMSO gels indicated that temperature alone is not
enough to cause crystallization in the gel, and gelation
may be resulted from liquid-liquid phase separation. The
result of X-ray diffraction agreed well with that of the rhe-
ological measurements and the thermal analysis in the re-
spect of the impossibility of crystallization in purely
thermal-induced PAN gel. Besides, water-induced PAN gel

16000

o 120004
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4000 -

T T
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Fig. 11. X-ray diffractograms of PAN gels: (a) containing 44 wt% water and (b) dried to constant weight.
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indeed induces crystallization, and the crystallinity and
average crystallite size increase with decreased water con-
tent in the gel. The crystal structure of dried PAN gel in our
work is distorted and cannot be described by hexagonal
lattice.
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