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ABSTRACT: The dynamic mechanical properties of poly(acrylonitrile)s (PANs) with NMR triad isotac-
ticities ranging from 0.25 to 0.68 and drawn to a draw ratio (DR) of 1-60 were measured at 0.5-110 Hz
in the temperature range of -150 to 200 °C to study the effects of stereoregularity and DR on the relaxation
behavior in PAN. Four kinds of relaxations were observed: R and Rc relaxations at around 150 °C, a âc

relaxation at around 100 °C, and a γ one at around 25 °C were observed as tan δ peaks measured at 3.5
Hz depending on the stereoregularity and DR. The magnitudes of the loss modulus E′′ and tan δ peaks
were sensitive to the isotacticity, DR, and thermal history of the samples. These results confirm the
previous assignments of the R and âc relaxations in at-PAN to the molecular motions in amorphous and
paracrystalline phases, respectively, and they are also applicable to both iso- and at-PANs. Furthermore,
the observed effects of the stereoregularity and DR on the relaxation behavior, crystallinity, and chain
conformations studied by wide-angle X-ray diffraction suggested more details about the origins of these
relaxations. The âc and γ relaxations are predominantly ascribed to the segmental motions of helical
sequences and planar zigzag sequences, respectively, both in paracrystalline phases. The lower tail of
the loss peak due to the γ relaxation is likely ascribed to the local mode motions of conformationally
disordered sequences. It is noted, however, that an ultradrawn at-PAN fiber with a DR of 60 exhibited
a sharp tan δ peak at around 150 °C (Rc relaxation) that was associated with a sudden decrease in the
storage modulus E′ and a DSC endothermic peak. Therefore, both the molecular motion in amorphous
regions of PANs (R relaxation) and that associated with the first-order thermal transition in paracrystalline
phases of an ultradrawn at-PAN fiber (Rc relaxation) contribute to the relaxation at around 150 °C.

Introduction

Poly(acrylonitrile) (PAN) is an unusual polymer in
that even atactic PAN (at-PAN) can crystallize. Al-
though many articles have been published on the crystal
structure,1-7 phase structure,3,8,9 chain conformation,10-12

and molecular dynamics of at-PAN fibers,13-23 ambigu-
ities still remain, primarily due to the insufficient
information about their chain conformation and mor-
phologies. Wide-angle X-ray diffraction (WAXD) pat-
terns of at-PAN fibers generally show only two or three
discrete reflections on the equator and a few diffuse
scatterings on the meridian and diagonals, revealing
that the configurationally disordered chains generate
significant disorder in the crystals. Most recent ar-
ticles11,23-25 have reported that this polymer takes a
hexagonal or orthorhombic chain packing with no order
along the chain axis (paracrystal).14,26

Another reason that ambiguities still remain is re-
lated to the fact that at-PAN shows no melting in bulk,27

and it was difficult to prepare wide varieties of mor-
phologies that might allow the correlation of each of the
properties to its specific morphological origin. Further-
more, the fact that some of the fibers previously used
were copolymers of acrylonitrile containing a small
percentage of comonomers13,18,22 or had heterotactic
linkages such as chain branching19 might also lead to
the confusion.

The relaxations and/or thermal transitions in PAN
have also been extensively studied by several tech-
niques, including dynamic mechanical analyses
(DMA),15,17-19,21,23,28 dielectric measurements,16,20 infra-
red absorption spectroscopy,29 and WAXD at elevated
temperatures14,22,24,30 as summarized in Table 1. Some
articles have reported only the âc relaxation at around
85-110 °C.13,14,16,20 Others observed one more relaxation
(R relaxation) at 140-160 °C15,17-19,21-23 in addition to
the âc relaxation. Commonly, the relaxations at lower
and higher temperatures have been assigned to the
molecular motions in paracrystalline phases and in
amorphous regions (glass transition), respectively. The
relaxation at around room temperature (γ relaxation)
has seldom been mentioned. Our recent studies on
ultradrawn at-PAN revealed the existence of a first-
order crystal/crystal transition (Rc relaxation) at around
150 °C.24,28 This thermally reversible transition was
observed only in ultradrawn fibers. No further details
of the effects of stereoregularity and DR on these
relaxations and/or thermal transitions in PAN have
been reported.

Recently, Rizzo et al.,11 Hu et al.,31 and Liu et al.3
predicted that isotactic PAN (iso-PAN) takes a 31 helical
chain conformation whereas syndiotactic PAN prefers
a planar zigzag conformation, as shown by computer
simulations. To our knowledge, the only available
information on the effect of stereoregularity on the
relaxations in PAN has been reported by Joh.19 He
reported only R relaxation in iso-PAN at around 150 °C* To whom correspondence should be addressed.
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at 110 Hz, which was ascribed to the micro-Brownian
motion in amorphous regions. However, it is important
to remark that the WAXD patterns of his PAN recorded
before and after annealing at 160 °C revealed that the
PAN was amorphous. Although no detailed information
on the microstructure was provided, he assumed that
the amorphousness of his PAN was probably due to the
multiple branchings of chains.

Recently, a series of well-characterized isotactic PANs
with a 13C NMR isotactic triad (mm) fraction of 0.25-
0.6825,30 became available to us. Furthermore, we have
shown that both at- and iso-PAN’s of high molecular
weights could be ultradrawn to draw ratios (DR) over
50 by a two-stage drawing under controlled condi-
tions.24,25,30 Such highly drawn PAN fibers exhibited
extreme structure and properties including a high
crystalline chain orientation function, fc, of 0.996-0.997
and high moduli of 28-32 GPa approaching the uncer-
tain X-ray crystal modulus of at-PAN.32

The availability of well-characterized PANs with
different stereoregularities and their draw ratio series
including an ultradrawn morphology for both at- and
iso-PANs stimulated us to study the effects of these
variables on the relaxation behavior of PAN. In this
paper, thus, we discuss the effects of stereoregularity
(and hence chain conformation) and draw ratio (and
hence morphology and conformation) on the dynamic
mechanical properties for a series of PAN fibers with
different isotacticities to improve our understanding of
the complex relaxation characteristics of PAN.

Experimental Section
Samples. The four PANs used were homopolymers and had

different isotactic triad fractions, mm ) 0.25, 0.48, 0.58, and
0.68, as determined by 13C NMR.33 At-PAN (mm ) 0.25) was
prepared by suspension polymerization of acrylonitrile (AN).
Iso-PAN-1 (mm ) 0.48) and iso-PAN-2 (mm ) 0.58) were
prepared by polymerization of AN with organometallic com-
pounds. Iso-PAN-3, having the highest isotacticity (mm )

0.68), was synthesized by γ-irradiation polymerization of AN
within a urea canal complex at Asahi Chemical Co. Ltd.

The viscosity-average molecular weights (Mv) of PAN samples
with different stereoregularities were calculated by the Mark-
Houwink equation [η] ) KmMv

R, where the limiting viscosity
number [η] of PAN was measured in DMSO at 25 °C. The
values of constants Km and R for PANs with different stereo-
regularities were previously determined by Kamide et al.34 and
Nakano.35 Briefly, they determined the parameters Km and R
for sharp molecular weight fractions of PAN prepared using
radical initiators and fractions of PAN synthesized by γ-ir-
radiation polymerization of AN within a urea canal complex
as follows:

In the calculations of Mv, we estimated the parameters of Km

and R for PAN with triad isotacticities ranging from 0.25 to
0.68, assuming that they vary linearly with the triad isotac-
ticity. The characteristics of these PANs are summarized in
Table 2.

Polymer solutions with concentrations of 2 or 5 wt % were
prepared by dissolving PAN in N,N′-dimethylformamide at 100
°C. The hot solutions were then transferred into stainless steel
trays and quenched at 0 °C for 2 h to make gel. The wet gel
films were extracted with methanol and then dried at room
temperature in vacuo to constant weights.

Drawing. A two-stage draw technique was used to achieve
a high DR.24,25,30 The first-stage draw was made by solid-state
coextrusion through a conical brass die at 125 °C and an
extrusion draw ratio (EDR) of 16. The coextruded films were
further drawn by a tensile force at constant temperatures of
100-200 °C in an air oven equipped with an Orientec Tensilon
tensile tester RTC-1210 at constant cross-head speeds. The
total draw ratio (DRt), after the two-stage draw, is defined by
DRt ) (first-stage EDR) × (second-stage DR).

Measurements. DMA measurements were made on an
Orientec Rheovibron DDV-II-EP viscoelastometer operated at

Table 1. Relaxation Temperatures for PAN Previously Reported by Several Researchers

authors methods
draw
ratioa

annealing
temp (°C)

polymer
typeb R (°C)d âc (°C)d γ (°C)d freq (Hz)

Howard13 expansion 1 at-homo, co 87(g)e

Bohn et al.14 WAXD 4-9 at-homo 87(c)f

Andrews et al.15 DMA 1 at-homo 140(g) 87(g)
Hayakawa et al.16 dielectric 1 90-130 (co) 85(c) 100-106

Okajima et al.17 DMA 4-16 108 at-homo 160(c) 109(g) 80(?) 3.5-110
Minami et al.18 DMA 1-7 130 at-homo, co 160(g) 110(c) 110
Joh19 DMA 1 180 iso-homoc 160(g) 110(c) 110
Gupta et al.20 dielectric 1 - at-homo 110(g) 102-105

Cho et al.21 DMA 1-8 120-160 at-homo 144(g) 103(c) 1-100
Rizzo et al.22 DMA, WAXD 2-14 140 at-homo, co 140(g) 100(c) 10
Bashir et al.23 DMA 1-10 at-homo 140(g) 90(c) 25(?) 1
our previous works28,29 DMA, WAXD, DSC 1 at-PAN 157(g) 104(c) 3.5

50-150 at-PAN 150(c/c)g 98(c) 25(c) 3.5
a Draw ratio of 1 corresponds to an undrawn sample. b Homo ) homopolymer; co ) copolymer. c Isotactic and amorphous PAN with

chain branching. d Relaxation temperature. e (g) ) relaxation associated with the glass transition in amorphous regions. f (c) ) relaxation
associated with the molecular motion in crystalline regions. g (c/c) ) crystal/crystal thermal transition.

Table 2. Characteristics of iso- and at-PAN Samples

gel film EDR ) 16 DRt ) 60
triad tacticity

sample Mv mm mr rr Ea (GPa)
density
(g/cm3) E (GPa) fc

b
density
(g/cm3) E (GPa) fc

density
(g/cm3)

iso-PAN-1 1.4 × 106 0.48 0.36 0.16 1.9 1.125 19.8 0.961 1.189 28.2 0.995 1.190
iso-PAN-2 3.5 × 106 0.58 0.29 0.13 2.4 1.109 20.5 0.963 1.189 31.5 0.996 1.192
iso-PAN-3 5.2 × 105 0.68 0.22 0.10 1.8 1.123 20.6 0.970 1.183 28.5 0.995 1.184
at-PAN 2.3 × 106 0.25 0.51 0.24 2.1 1.152 16.4 0.972 1.166 23.7 0.996 1.173

a Tensile modulus at room temperature. b Crystalline chain orientation function.

Km ) 0.153 and R ) 0.60 for PAN with mm ) 0.27
(mmmm ) 0.077)

Km ) 0.204 and R ) 0.58 for PAN with mm ) 0.52
(mmmm ) 0.39)
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frequencies of 3.5, 11, 35, and 110 Hz in the temperature range
of -150 to 200 °C. The effects of stereoregularity and DR on
the variations of the dynamic storage modulus (E′), loss
modulus (E′′), and loss tangent (tan δ) with temperature were
measured at the lowest frequency of 3.5 Hz. The activation
energies for the γ and âc relaxations observed as the tan δ
peaks at ∼25 and ∼100 °C, respectively, could be determined
from the measurements on the viscoelastometer operated at
frequencies of 3.5, 11, 35, and 110 Hz. However, the tan δ peak
at around 150 °C due to the R relaxation, which was observed
only in the as-prepared gels and at the lowest frequency of
3.5 Hz, merged into the strong âc peak at around 100 °C for
the measurements at higher frequencies. To determine the
activation energy of this R relaxation, therefore, the tan δ peak
was measured at lower frequencies of 0.5, 1, 4.9, and 9.8 Hz
on a Toyo Seiki Rheolograph Solid operated at a heating rate
of 1 °C/min.

Wide-angle X-ray diffraction (WAXD) profiles of drawn films
were recorded with Ni-filtered Cu KR radiation generated at
40 kV and 150 mA on a Rigaku Rotaflex RU-200 rotating
anode X-ray generator equipped with a diffractometer. High
resolution was necessary to detail the diffraction patterns at
around 2θ ) 17° on the equator. The intensity was collected
by step scans at 0.02° intervals in 2θ. The reflection profiles
were measured by a symmetrical transmission mode. Line
collimators of 0.05 mm (first), 0.15 mm (second), and 0.15 mm
(third) were used for the measurements.

Differential scanning calorimetry (DSC) measurements were
performed on a Seiko Denshi DSC-220C differential scanning
calorimeter at a heating rate of 10 °C/min under a N2 gas flow.
The sample size for the measurements was 0.5-2 mg. The
transition temperature and heat of transition were calibrated
using an indium standard. The densities of samples were
measured at 30 ( 0.1 °C in a density gradient column consisted
of mixtures of n-heptane and carbon tetrachloride.

Results and Discussion
Structure of PAN Fibers. Before the discussion on

the relaxation behavior of at- and iso-PAN’s, the struc-
tures of PAN fibers used in this work were character-
ized. Figure 1 shows WAXD photographs of ultradrawn
at-PAN and iso-PAN-3 fibers with a DRt of 60. This iso-
PAN-3 had the highest isotactic triad fraction of 0.68
among those used in this work. Independently of the
stereoregularity, the WAXD photographs showed only
two or three sharp reflections on the equator and diffuse
and weak scatterings on the diagonal and meridian.
This indicates that these PAN fibers had a paracrys-
talline structure in which the chains packed regularly,
but there was no order along the chain axis.

The effect of stereoregularity was reflected on the
strong equatorial scattering at around 2θ ) 17°. Figure
2 shows the equatorial reflections at around 2θ ) 17°
for a series of ultradrawn fibers with a DRt of 60 and
an isotactic triad fraction ranging from mm ) 0.25 to
0.68. The at-PAN (mm ) 0.25) showed two peaks corre-
sponding to the (200) and (110) reflections of an orthor-
hombic chain packing with unit cell constants of a )
1.03 and b ) 0.61 nm.25 In contrast, all three iso-PANs
with mm ) 0.48-0.68 exhibited a single sharp peak
corresponding to the (120, 200) reflection of an orthor-
hombic chain packing with a ) 1.03 and b ) 1.22
nm.30,35 These results confirm that the highly drawn
PAN fibers used in this work had a paracrystalline
structure in which the chains are packed regularly with
no order along the chain axis independently of the
stereoregularity.

The WAXD studies showed that both at- and iso-PAN
chains are arranged in an orthorhombic array24,36 with
no order along the chain axis independently of the
stereoregularities. However, the chain conformation in

paracrystalline phases is significantly affected by the
stereoregularity of PANs. Hu et al.31 and Rizzo et al.11

have shown that the X-ray meridional scatterings of
PAN fibers are related to the chain conformation of PAN
crystals. Figure 3 shows WAXD diffractometer scans
along the meridian in the 2θ range of 30°-45° (Cu KR)
for ultradrawn at- and iso-PAN fibers with a DRt ) 60.
The scattering pattern of the at-PAN fiber shows a fairly
strong peak at 2θ = 36.3° and a weak one at 2θ = 40°,
which corresponds to the d-spacings of ∼0.25 and ∼0.23

Figure 1. WAXD photographs of ultradrawn at- and iso-
PAN-3 fibers with a DRt of 60. Note that the breadths of the
equatorial reflections are significantly broader in at-PAN than
in iso-PAN-3.

Figure 2. WAXD equatorial scans at around 2θ ) 17° for
ultradrawn at-PAN (a), iso-PAN-1 (b), iso-PAN-2 (c), and iso-
PAN-3 (d) fibers with a DRt of 60.
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nm, respectively. The 2θ value at higher angle was
determined by the curve fitting. According to the model
calculations combined with the observed WAXD pat-
terns,3,7,11,31 these scattering peaks were assigned to
scatterings from the planar zigzag (syndiotactic and
short isotactic) sequences and the 31 helical (long
isotactic) ones, respectively. Consistent with these
predictions, the intensity of the meridional scattering
at around 2θ = 40° assigned to the helical sequences
increased whereas that around 2θ = 36° ascribed to the
planar zigzag sequences decreased with an increasing
isotactic fraction, as seen in Figure 3. Thus, the iso-
PAN-3 fiber having a mm of 0.68 mainly consisted of
helical sequences with a small amount of planar zigzag
sequences (Figure 3).

The structure and properties of PAN fibers were also
affected by the sample DRt. Upon drawing of the gel
films, the crystalline chain orientation function (fc),
sample density, and tensile modulus (Table 2) increased
rapidly with the DRt and approached constant values
at higher DRt > 30-100 for both at- and iso-PANs, as
discussed previously.24,25,30 The ultradrawn PAN fibers
used in this work exhibited an extreme fc of 0.995-0.996
and a tensile modulus of 23.7-31.5 GPa approaching
the still uncertain crystal modulus of PAN,32 as shown
in Table 2. These facts suggest that the morphology of
as-prepared gel films can be expressed by an amorphous
and crystalline two-phase structure, whereas that of
highly drawn fibers is better approximated by a single-
phase paracrystalline structure independently of the
stereoregularity of PANs. Furthermore, upon drawing
of at-PAN, the amount of planar zigzag sequences sig-
nificantly increased with increasing DRt, and an ul-
tradrawn at-PAN fiber with a DRt of 60 predominantly
consisted of planar zigzag sequences although a signifi-
cant amount of helical sequences was still present. Such
an ultradrawn at-PAN fiber exhibited a crystal/crystal
reversible transition at around 145 °C, as determined
by DSC and WAXD at elevated temperatures.24,28

To examine the effect of stereoregularity on the
thermal transition, DSC measurements were made for
a series of ultradrawn PANs with a DRt of 60 and are

shown in Figure 4. The thermograms for an at-PAN gel
film and a fiber with a lower EDR of 16 are also included
to show the effect of DRt. A fairly sharp endothermic
peak was observed at 142 °C only for the highly drawn
at-PAN fiber, and no such transition was observed in
the highly drawn iso-PAN fibers and the at-PAN
samples with lower DRt’s.

Effect of Stereoregularity on the Relaxations.
Gel films of PAN exhibited similar relaxation behavior
independently of their stereoregularities. However, the
effect of stereoregularity became significant upon draw-
ing of these gel films. Figure 5 shows the effect of
isotacticity on the temperature dependences of the E′,
E′′, and tan δ for at-PAN, iso-PAN-1, and iso-PAN-3
fibers with an EDR of 16 measured at 3.5 Hz in the
temperature range of -150 to 200 °C. At a low temper-
ature, the E′ was comparable for all samples and
decreased slowly with the temperature up to ∼50 °C.
Above this temperature, the E′ decreased rapidly with
the temperature, suggesting the onset of large-scale
segmental motion. This decrease in E′ is slightly more
rapid for the iso-PANs than for the at-PAN. A tan δ
peak at 100 °C (âc relaxation), corresponding to an E′′
peak at around 85 °C, was observed in all of the PAN
samples. However, the shape and magnitude of these
peaks were sensitive to the isotacticity of PANs. The
tan δ peak as well as the E′′ peak became sharper and
stronger with increasing isotacticity of the samples,
suggesting that this loss peak is primarily associated
with the molecular motion of isotactic sequences and,
hence, with the helical sequences of PAN chains as
discussed above based on the WAXD meridional scat-
terings (Figure 3). This âc relaxation, which was associ-
ated with a significant decrease in the E′, is ascribed to
the molecular motion in paracrystalline phases as will
be discussed later based on the effect of draw ratio on
the relaxation behavior (Figure 8) combined with that
on the fiber structure.

In addition to the âc relaxation, a broad E′′ peak (or
tan δ peak) was observed at ∼25 °C (γ relaxation) and
extended down to -150 °C. The E′ decreased only slowly
with increasing temperature in the range below 50 °C
(Figure 5), and the ultradrawn fibers having a single-
phase paracrystalline structure also exhibited this
relaxation. These facts suggest that the γ relaxation is
associated with local mode motions in paracrystalline
phases. In contrast to the âc relaxation at a higher
temperature, the magnitude of the E′′ and tan δ peaks

Figure 3. WAXD meridional scans at around 2θ ) 40° for
ultradrawn at-PAN (a), iso-PAN-1 (b), and iso-PAN-3 (c) fibers
with a DRt of 60. Note that the peaks at 2θ ) 36.3° and ∼40°
are ascribed to the scatterings from planar zigzag and helical
sequences, respectively.

Figure 4. DSC thermograms for ultradrawn at-PAN and iso-
PAN-3 fibers with a DRt of 60. The thermograms of at-PAN
fibers with lower DRs were also included to show the effect of
DR.
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of the γ relaxation decreased with increasing isotactic-
ity, suggesting that the syndiotactic and/or syndiotactic-
rich sequences of PAN chains predominantly contribute
to this γ relaxation. As discussed above, the WAXD
study showed that these sequences take a planar zigzag
chain conformation (Figure 3). It is also noted that
although the ultradrawn iso-PAN-3 fiber with a DRt of
60 showed only weak WAXD meridional scattering at
around 2θ ) 36.3° (Figure 3), suggesting the existence
of a small amount of planar zigzag sequences, this fiber
also exhibited a weaker but clear E′′ peak as a low-
temperature shoulder of the âc peak at 85 °C. Further-
more, the γ relaxation occurred through a wide tem-
perature range (-150 to 50 °C) and associated with only
a small decrease in the E′. These facts suggest that
although this γ peak is primarily associated with the
molecular motion of syndiotactic and/or syndiotactic-rich
sequences, which take a planar zigzag chain conforma-
tion, the local mode motions of conformationally disor-
dered sequences may also contribute to the γ relaxation.

Effect of Draw Ratio on the Relaxations. Figure
6 shows the E′, E′′, and tan δ for a draw ratio series of
iso-PAN-3 with the highest isotacticity of 0.68. The gel
film, which was brittle, was carefully fixed to the sample
holders of a Rheovibron viscoelastometer. Nevertheless,
it often broke upon cooling to low temperatures. There-
fore, measurements on gel films were limited to the
temperatures above -50 °C. The dynamic Young’s
modulus E′ increased markedly with the DRt in the
whole range of temperatures studied, as shown in

Figure 6a. It decreased slowly up to ∼50 °C and then
more rapidly with increasing temperature due to the
onset of significant molecular motions. The drawn fibers
show two E′′ peaks (Figure 6b): a sharp peak at around
85 °C (âc relaxation) and a broad one at around 25 °C
(γ relaxation) observed as a shoulder of the sharp peak
and extended down to -150 °C. The shapes and tem-
peratures of these loss peaks were not significantly
affected by the DR for the highly isotactic PAN. In
addition to these two relaxations in drawn samples, the
tan δ vs temperature curve of the gel film in Figure 6c
clearly shows the existence of a tan δ peak at around
150 °C. The magnitude of this peak decreased upon
drawing (Figure 6c) or annealing. Figure 7 shows three
curves for an iso-PAN-3 gel film recorded by repeating
the cyclic measurements from -50 to 200 °C. The tan δ
curves in Figure 7c show that, although the shape and
magnitude of the sharp tan δ peak at around 100 °C
were not significantly affected, the magnitude of the tan
δ peak at around 150 °C decreased significantly due to
annealing when the measurements were repeated.
These results confirm that this tan δ peak at around
150 °C is ascribed to the R relaxation associated with
the molecular motion in disordered noncrystalline re-
gions, as previously discussed on at-PAN.18,21-23

The relaxation behavior of at-PAN has been exten-
sively studied.13-23 However, the samples used in previ-

Figure 5. Dynamic storage modulus (E′) (a), loss modulus
(E′′) (b), and loss tangent (tan δ) (c) vs temperature for a series
of PAN fibers with an EDR of 16, measured in the draw
direction at 3.5 Hz in the temperature range of -150-200 °C:
(b) iso-PAN-3 fiber; (1) iso-PAN-1 fiber; and (O) at-PAN fiber. Figure 6. Dynamic storage modulus (E′) (a), loss modulus

(E′′) (b), and loss tangent (tan δ) (c) vs temperature for a DR
series of iso-PAN-3 with a DRt ) 1-60 measured in the draw
direction at 3.5 Hz: (4) a gel film; (0) a fiber with an EDR of
16, and (b) a highly drawn fiber with a DRt of 60.
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ous studies were limited to unoriented gel films and
fibers with a low DR < 20. Figure 8 shows the E′, E′′,
and tan δ as a function of the temperature for a series
of drawn at-PAN fibers. Again, the measurements on
gel films were limited to the temperatures above -50
°C. The data of an ultradrawn and extremely oriented
(fc ) 0.996) at-PAN fiber with a DRt of 60 are also
included. Such an ultradrawn PAN fiber was not avail-
able until recently. The effect of DRt on the dynamic
mechanical behavior was more complex in at-PAN than
in iso-PAN. Although the shapes of loss peaks and their
temperatures were not significantly affected by the DR
in iso-PAN, they were markedly affected by the DR in
at-PAN, reflecting the conformational change upon
drawing for at-PAN. In addition, an ultradrawn at-PAN
fiber exhibited a sharp tan δ peak associated with a
sharp drop in E′ at around 150 °C that has different
structural origin from the R relaxation that occurs at
around 150 °C and is ascribed to the molecular motion
in amorphous regions. To avoid confusion, thus, we will
first discuss the R, âc, and γ relaxations found in a gel
film and a fiber with an EDR of 16 and then the unique
relaxation in an ultradrawn fiber.

The tan δ vs temperature curves for a gel film of at-
PAN measured at 3.5 Hz also exhibited a strong peak
at around 100 °C and two weak peaks at around 150
and 25 °C that were associated with the âc, R, and γ

relaxations, respectively, as observed in an iso-PAN-3
gel film. The at-PAN fiber with an EDR of 16 also
showed three relaxations at temperatures comparable
to those found in the gel film. However, the magnitude
and shape of the tan δ peaks were significantly altered
upon drawing. The magnitude of the tan δ peaks due
to the R (∼150 °C) and âc relaxations (∼100 °C) de-
creased whereas that of the γ relaxation (∼25 °C)
significantly increased upon drawing. The decrease in
the magnitude of the tan δ peak due to the R relaxation
upon drawing was caused by the increase in the crystal-
linity, as revealed by the density increase shown in
Table 2.

However, both the decrease in the magnitude of the
tan δ peak for the âc relaxation and the increase in
that for the γ relaxation upon drawing of at-PAN are
related with the conformational changes in paracrys-
talline regions as observed by WAXD.25 The meridional
WAXD patterns of a draw ratio series of at-PAN re-
vealed that the amount of helical sequences decreased
and that of planar zigzag sequences increased upon
drawing. Such effects of drawing on the relaxation
behavior and chain conformation in paracrystalline
regions of at-PAN are consistent with the assignment
of the âc relaxation to the molecular motion which was
predominantly associated with helical sequences, as
discussed above based on the effect of isotacticity on the
magnitude of the tan δ peak for the âc relaxation (Figure
5). In addition, the tan δ peak temperature for the âc
relaxation slightly shifted lower with increasing DR

Figure 7. Dynamic storage modulus (E′) (a), loss modulus
(E′′) (b), and loss tangent (tan δ) (c) vs temperature for a gel
film of iso-PAN-3. The measurements from -50 up to 200 °C
were repeated three times. Note that the magnitude of the
tan δ peak decreased due to annealing when the measure-
ments were repeated. (4) First, (b) second, and (0) third
measurements.

Figure 8. Dynamic storage modulus (E′) (a), loss modulus
(E′′) (b), and loss tangent (tan δ) (c) vs temperature for a DR
series of at-PAN fibers: (4) a gel film; (0) a fiber with an EDR
of 16; (b) a highly drawn fiber with a DRt of 60.
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(Figure 8), reflecting the conformational changes upon
drawing.

The γ relaxation observed as a broad E′′ loss peak at
around 25 °C and extended down to a low temperature
of -150 °C was ascribed primarily to the local mode
motions of syndiotactic and syndiotactic-rich, planar
zigzag sequences because the magnitude of the E′′ peak
increased with decreasing isotacticity (Figure 5). Fur-
thermore, at-PAN showed a significant increase in the
magnitude of the tan δ peak due to the γ relaxation with
increasing DR as shown in Figure 8, reflecting the
increase of planar zigzag sequences with increasing
DR.25 The ultradrawn fiber with a DR of 60 had an
extreme morphology, which was better approximated by
a single-phase, paracrystalline structure in which a
planar zigzag conformation was major (Figure 3a). This
extreme fiber exhibited the strongest tan δ peak due to
the γ relaxation, suggesting that this relaxation is
primarily associated with the local mode motions of
planar zigzag sequences in paracrystalline phases. It
is noted, however, that the tan δ peak had a broad tail
down to -150 °C. This suggests that the local mode
motions of a wide variety of conformationally disordered
sequences might be gradually initiated over the wide
range of temperature and contributed to the lower
temperature side of the γ relaxation.

Finally, the dynamic mechanical behavior of an
ultradrawn at-PAN fiber with a DRt of 60 is compared
with those of a gel film and a drawn fiber with an EDR
of 16. As shown in Figure 4, the ultradrawn fiber
exhibited a DSC endothermic peak at 142 °C, which was
ascribed to the first-order crystal/crystal transition from
an orthorhombic to a hexagonal chain packing observed
at around 150 °C by WAXD at elevated temperatures.25

Corresponding to this transition, the E′ decreased
suddenly at 150 °C, the E′′ showed a small peak, and
the tan δ exhibited a sharp and strong peak at 150 °C
(Figure 8). Thus, the relaxations at around 150 °C in
at-PAN have two different origins due to the R and Rc
relaxations depending on the DR. The former is associ-
ated with the micro-Brownian motion of disordered
amorphous regions, which was clearly found in gel films
of both the iso- and at-PANs. The latter is associated
with the crystal/crystal first-order transition found only
in ultradrawn at-PAN fibers with an extreme morphol-
ogy showing high chain orientation (fc ) 0.996) and a
high modulus approaching the still uncertain X-ray
crystal modulus.32 Furthermore, the amount of the
planar zigzag sequences increased with increasing DR
for at-PAN fibers.25 Although the ultradrawn at-PAN
fiber consists predominantly of highly oriented planar
zigzag sequences, it still has a significant amount of
helical sequences as shown by the scattering around 2θ
) 40° in the WAXD in Figure 3. These results, combined
with a sharp drop in the dynamic modulus E′ at 150
°C, suggest that this first-order transition may be
associated with the molecular motion of planar zigzag
sequences in the paracrystalline phases of ultradrawn
at-PAN fibers with an extreme morphology. More

details on this first-order transition are currently under
investigation.

Activation Energies for the Relaxations. To
determine the effects of stereoregularity and DR on the
activation energies for the R, âc, and γ relaxations, the
changes of the peak temperatures for tan δ and/or loss
modulus E′′ were measured as a function of the mea-
surement frequency. Figure 9 shows the logarithm of
frequency, ln f, plotted as a function of the reciprocal of
the peak temperatures, 1/T, in tan δ or E′′ vs temper-
ature curves measured for gel films, fibers with an EDR
16, and ultradrawn fibers of at-PAN and iso-PAN-3. The
activation energies calculated from the slopes of these
straight lines are summarized in Table 3. It is noted
that the activation energies for the R and âc relaxations
in gel films of both iso- and at-PANs were 580-590 (
100 kJ/mol and 360-380 ( 20 kJ/mol, respectively
(Table 3). It is interesting to note that, although the
activation energy for the âc relaxation stayed constant
for iso-PAN independently of the DR, that of at-PAN
slightly decreased upon drawing reflecting the confor-
mational change upon drawing. Although the activation
energy for the γ relaxation in iso-PAN could be not
determined because no clear loss peak was observed,
the activation energy for at-PAN slightly decreased with
increasing DR, reflecting the conformational change
upon drawing.

Conclusion
The effects of stereoregularity and DR on the dynamic

mechanical relaxations in PAN were studied for a series
of well-characterized PAN’s with 13C NMR isotactic
triad fractions ranging from 0.25 to 0.68 and drawn up
to DRs of 60. Three relaxations of R, âc, and γ were
observed depending on the DR in both iso- and at-PANs

Table 3. Activation Energies (kJ/mol) of the Relaxations for Various PAN Samples

at-PAN iso-PAN-3

relaxation gel film EDR ) 16 DRt ) 60 gel film EDR ) 16 DRt ) 60

R (150 °C)a 590 ( 100 580 ( 100
âc (100 °C)a 360 ( 20 290 ( 20 380 ( 20 385 ( 20 385 ( 20
γ (25 °C)b 63 ( 2 81 ( 2

a tan δ peak temperature measured at 3.5 Hz. b E′′ peak temperature measured at 3.5 Hz.

Figure 9. Plot of the logarithm of frequencies (ln f) against
the reciprocal of tan δ peak temperatures (1/T). For the γ
relaxation, the peak temperatures observed in E′′ vs temper-
ature curves were used since no clear tan δ peak corresponding
to the γ relaxation was observed. R relaxation observed in a
gel film for both iso- and at-PANs (2), âc relaxation in at-PAN
with an EDR of 16 (b), in at-PAN gel film (O), and in iso-PAN
with an EDR of 16 (1); γ relaxations in at-PAN with an EDR
of 16 (0) and in at-PAN with a DR of 60 (9).
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at around 150, 100, and 25 °C, respectively, as tan δ
peaks measured at 3.5 Hz. In addition to these relax-
ations, Rc relaxation was observed at 150 °C only in an
ultradrawn at-PAN. The shapes, magnitude, and tem-
peratures of tan δ peaks and the activation energies of
these relaxations were not significantly affected by the
DR in iso-PAN, whereas they were markedly affected
by the DR in at-PAN. These different effects of drawing
on the relaxation behavior in iso- and at-PANs are
ascribed to the fact the chain conformation of iso-PAN
showed no significant change upon drawing, whereas
that of at-PAN changed markedly upon drawing as
found by WAXD. The characteristics of the four relax-
ations are summarized below.

The R relaxation was observed in gel films of both iso-
and at-PANs and was ascribed to the micro-Brownian
motion in amorphous regions, as previously reported.
This relaxation was not significantly affected by the
stereoregularity but diminished upon annealing or
drawing due to the increase in the crystallinity.

The âc relaxation was also observed in both iso- and
at-PANs and was ascribed to the molecular motion in
pracrystalline phases, as previously reported. However,
it was found that the magnitude of the tan δ peak due
to the âc relaxation became larger with increasing
isotacticity and hence helical sequences. Furthermore,
the magnitude decreased upon drawing of at-PAN
because the helical sequences decreased and the planar
zigzag sequences increased upon drawing of at-PAN.
These observations suggest that the âc relaxation re-
flects predominantly the molecular motion of helical
sequences in paracrystalline phases.

The γ relaxation was also observed in both iso- and
at-PANs. However, the magnitude of the E′′ or tan δ
peak increased with decreasing isotacticity (Figure 5)
and/or increasing DR in at-PAN (Figure 8). These facts
suggest that this relaxation is mainly related with the
local mode motions of syndiotactic and short isotactic
sequences, which take a planar zigzag conformation in
paracrystalline phases. The lower tail of this relaxation
extended down to -150 °C is likely ascribed to the local
mode motions of varieties of conformationally disordered
segments.

Finally, the Rc relaxation that was observed at around
150 °C only in an ultradrawn at-PAN is associated with
the molecular motion related with the first-order crystal/
crystal transition. Although the observed effect of DR
on the chain conformation in at-PAN suggests that this
relaxation is likely associated with the molecular motion
of the planar zigzag sequences (syndiotactic or short
isotactic sequences), more details are currently under
study.
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