3030 Macromolecules 1993, 26, 3030-3036
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ABSTRACT: Usingan X-ray fiber diffractometer, 2D intensity distributions of homopolymer polyacrylonitrile
(PAN) fibers are measured in reciprocal space in the plane containing the fiber axis. The equatorial intensity
distributions show four relatively sharp reflections and three diffuse maxima. The sharp reflections correspond
toa pseudohexagonal 2D lattice of intermolecular packing. The diffuse maxima are due tothe Lauescattering
of a rotational disorder in this lattice. The off-equatorial intensity distribution is mainly determined by
intramolecular scattering. A comparison with calculated 2D intensity distributions for various conformations
of short PAN chain segments reveals that the predominant conformation is planar zigzag. 2D correlation
functions obtained by Fourier transformation of the intensity distribution corroborate this interpretation.
To reconcile the results of the WAXS studies with tacticity measurements using 13C NMR, the continuity
of the zigzag conformation is considered to be interrupted by defects (kinks) related to sterically unfavorable
sequences of CN groups. No evidence is found for the existence of a two-phase structure with ordered and

disordered domains.

1. Introduction

Polyacrylonitrile (PAN) fibers are widely used as textile
and reinforcement fibers as well as precursors for carbon
fibers. There have been a number of structural studies on
PAN fibers,’-1° but a clear picture of the intramolecular
and intermolecular structure is still missing. Since tech-
nical PAN is an atactic polymer, molecular conformation
and packing is expected to be imperfect. The normal beam
WAXS fiber pattern of a well-oriented PAN fiber shows
on the equator a rather strong and relatively sharp
reflection with a Bragg spacing d ~ 5.2 A, a diffuse
maximum with d =~ 3.3 A, and a weak but relatively sharp
reflection with d ~ 3 A. All off-equatorial reflections are
diffuse. The diffuse equatorial maximum withd ~ 3.3 A
is interpreted by various authors!!-!3 as an “amorphous
halo”, and its intensity relative to the sharp reflections is
used to determine an amorphous content. The concept
of ordered and disordered domains existing in PAN fibers
seems to be supported by the temporary appearance of a
meridional maximum in the SAXS during heat treatment
of PAN fibers in the range of 200-300 °C.1418 This
meridional SAXS maximum is, however, absent in the
pristine fiber.

The aim of the present work is to use improved methods
of WAXS measurement and evaluation to obtain more
detailed information on the fiber structure. In the
Theoretical Section, specific problems encountered in the
evaluation of disordered fiber structures are treated. The
results of this treatment are used together with information
obtained from molecular modeling to evaluate the exper-
imental data.

2. Theoretical Section

For the evaluation of the experimental data we use a
simplified model for the structure and the packing of the
PAN chains. In analogy to the WAXS of polycrystalline
materials, we consider the WAXS to be the sum of the
contributions of representative structural units (RSU). In
the RSU, the chains are considered to be oriented with
their principal axes parallel to the main axis of the RSU.
The packing is taken to be pseudohexagonal; i.e., the
distances between the chain axes form an imperfect 2D
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hexagonal lattice in which the chains are rotated randomly
about their axis. Finally, the average contribution of a
RSU to the total WAXS is represented by the cylindrical
average of its intensity distribution in reciprocal space
about its principal axis. Finite preferred orientation can
be produced by defining the intensity distribution of a
RSU in polar coordinates and introducing axial orientation
distributions of finite width with the help of integral
transforms or developments into series of Legendre
polynomials.19

The average RSU contains N chains of length L;. The
latter parameter is considered to be a coherence length of
the chain conformation within the RSU and is, in general,
much smaller than the total length of a chain. The
intensity Iy of a RSU is given by

Iy = N(UFW ) 3y = [((Fap) ) o/2D) +
[P PDAZER, ()

where Fy is the structure factor of a chain, { ) is the
average over all chains in a RSU, ( ), is the average over
all orientations about the main axis of a chain or of the
RSU, D is a general disorder function taking into account
the effect of thermal motion and displacement disorder
on the interchain distances, and Zp is the 2D lattice factor
of the pseudohexagonal packing of the chains. Equation
1 represents a special case of substitutional disorder.

The importance to consider the average over N separate
from the average over  is seen in the case where we
consider the backbone of a PAN chain to remain in the
planar zigzag conformation within a length L3 while the
orientation of the CN groups is statistical (see Figure 1a).
The average scattering intensity of such a chain is given
by

FP Ny = nLIFPY )y = F ) ) )C +
(KF)PYIZad @

where n is the number of monomers per chain, { ), the
average over all monomers, F, the structure factor of a
monomer, C the correlation function of the CN group
positions, and Zy, the 1D lattice factor of the sequence of
monomers along the chain. Furthermore

KAFa W) off = [(F o)) JAZ g 3
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Figure 1. Molecular models for the chain conformation in
PAN: (a) atactic with planar zigzag, (b) syndiotactic, (c) isotactic.

Inserting eqs 2 and 3 into eq 1, we obtain

Iy = Nn(((F )y = ((Fo) ) )C + NC(F ) )y -
KCF o) P DNZ3 A + WCF ) o2 DUZ6 Y N2

Ifthe chains in the pseudohexagonal packing are shifted
randomly with respect to each other parallel to the main
axis, the intermolecular interferences are concentrated on
the equator; i.e., the intensity distribution I in the vicinity
of the equator is given by

L = ING(Fo) )y = |((Fo),) D) +
[<(Fo) ) D2 M Zpgel” (4)

where |Z)0? is the region of |Z34? in the vicinity of the
equator. The off-equatorial intensity distribution is then
determined by the intramolecular scattering N ({(|Fui?) n)y
alone.

If is of interest to note that the first term on the right-
hand side of eq 4 is nonzero only if the average over n does
not include the average over ¢, i.e., if the statistical
sequence of the orientation of the CN groups along the
chain does not produce a random twist of the backbone.

The explicit forms of the functions used for the
calculation are as follows:

(<F012>n)¢ = 01(|F01|2>¢ + CzdFoz'Z),p
(KFo a2y = (lerFoy + 02F02|2)¢
|(<F0)n>\bl2 = ley(For)y + 02<F02)¢l2 = |(Fo1)\p|2 = |(F02)¢,|2

(|(F0),,|2)‘, - (Fo)n)dz = ¢1co(|Fo; - F02|2)¢

where c; is the concentration of the CN group orientation
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i (1 or 2) and Fy; is the structure factor of the monomer
of type i. Considering Markov chain statistics of first
order,20.2! we obtain for infinitely long chains

- 1-p*
1+ p? - 2p cos 27a,s,

with
p=p;y+pp-1

where p;; is the probability that the CN group orientation
i is followed by the orientation j (Markov chain of first
order). If p = 0, then there is no correlation (Bernoullian
statistics); if -1 < p < 0, then alternating sequences are
preferred; if 0 < p <1, then sequences of equal orientation
are preferred. aj is the repeat distance of the backbone
structure, and s; the component of the reciprocal space
vector 8 = (1, 82, §3) in the direction of the principal axis
in an orthogonal system of coordinates (s = |s| = 2 sin-
(0/N)), 812 = (8,2 + 529)1/2

<m2)¢ = Z;f,kao(%rr}kSm) COS(2ﬂ'ijs3)
J=1 k=1

m

(F), = Zf]J0(21rr]slz) exp(2miz;s;)
1

Jj=

where m is the number of atoms in the monomer unit, f;
is the atomic scattering factor of atom J, Jy is the Bessel
function of the first kind of order 0, and (x}, y;, z;) are the
coordinates of the atom j.

Tip = [(xj' xk)z + (yj _yh)2]1/2

r,= [(xj - xo)2 + (yj _yo)2]1/2

where (xo, yo) are the coordinates of the axis of rotation
for the average over ¢.

1-H
1+ H? - 2H cos(27a,s,)

2 =n

H = exp[-(2n%0,%s,>+2a,/L,)]
where o3 is the variance of as. Accordingly

L
Z P=p—
e ag(1 + x°Ly%s,%)
Inorder to take into account the finite length of the chains
and the variance of a; in C, we replace the statistics
parameter p by pesr = pH.

D= exp(—kslzz)

where k = 472(u?) and u is the displacement of the chain
axis from its ideal position in the 2D lattice.

(1Zpf, = N ; Z %Ihk(slz_shk)
2wA 3T 0SEZh S

where Ay = a,231/2/2 is the surface of the 2D unit cell, a;
is the average distance between the chain axes, (hk) is the
index of the 2D reciprocal lattice, my;, is the multiplicity
(Mmoo = 1, mpo = mpp = 6, mpp = 12), spx = 2 (W2 + k2 +
hk)1/2/(a;V/3) is the absolute value of the reciprocal space
vector sy, and I, are normalized line profiles with the
integral width Bp,.
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Figure 2. Calculated intramolecular scattering for an atactic
chain of PAN with a planar zigzag conformation and Bernoullian

statistics with ¢; = ¢, = 0.5 and L; = 10 A.
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Figure 3. Calculated intramolecular scatteriné for an atactic
chain of PAN with a planar zigzag conformation and first-order
Ig.'iarkov chain statistics with ¢, = ¢, = 0.5, p = 0.5, and L3 = 10

-10 -05 00 05 10

Figure4. Calculated intramolecular scattering for asyndiotactic
chain of PAN with a planar zigzag conformation.

Figures 2-5 show a comparison of calculated intramo-
lecular intensity distributions (isointensity contour plots)
in the plane (sj2, §3) corresponding to the range in s
accessible to a fiber diffractometer using Cu radiation.
Figures 2-4 correspond to PAN chains with a planar zigzag
conformation of the backbone, ¢; = ¢; = 0.5 and p = 0,
-0.5, and -1, respectively. Figure 5 corresponds to an
isotactic PAN chain with a 3/1 helix conformation (see
Figure 1c). The diagrams show that a clear distinction is
possible between the planar zigzag and the 3/1 helix as
well as between Bernoullian statistics (p = 0) and Markov
statistics (p < 0) in the case of a planar zigzag. For the
calculations, the parameters L; and o3 were taken to be
10 A and 0, respectively.

Figure 6 shows the intensity along the equator corre-
sponding to chain structures with a planar zigzag con-
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Figure 5. Calculated intramolecular scattering for an isotactic
chain of PAN with a 3/1 helix conformation.
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Figure6. Calculated equatorial scattering for a pseudohexagonal
packing of PAN chains with a planar zigzag conformation and
rotational disorder. Solid line: total intensity. Dotted line:
diffuse disorder scattering produced by the term ([(Fo).?), -
[({Fo)n)yl? in eq 4.

formation of the backbone and ¢; = ¢; = 0.5. Since the
intensity distribution on the equator is determined by the
projection of the RSU onto a plane perpendicular to the
principal axis, there is no difference between a strictly
alternating sequence and a statistical one as long as the
planar zigzag conformation is preserved. The parameters
used for the calculation are a; = 6.00 A, By, = (0.004 + 0.2
sne?) A-1, B = 0, and Cauchy-type line profiles. The
summation over hk was such that 0 < sy, < 1.3 AL to
ensure that the contribution of the tails of higher order
maxima was properly taken into account. The axis of
rotation of the chains was considered to be defined by the
centers of the carbon atoms in the backbone to which the
CN groups are linked. A variation of the position of the
axis of rotation leads to changes in the shape and position
of the first diffuse maximum. Inspectionof Figure6reveals
that the intensity distribution on the equator is composed
of sharp and diffuse maxima. The former, produced by
the lattice factor |Zp?, decrease strongly in intensity due
to the structure factor |((Fg),)yfevenif D = 1. Thelatter,
produced by the term [{Fo) 1|2}y — [{ (Fo)n)yf2, show a rather
intense maximum at s;2 ~ 0.3 A-! and two maxima of
lower intensity at 5,2 ~ 0.66 and 0.93 A-l. This demon-
strates that the diffuse equatorial maximum with a Bragg
spacing of about 3.3 A is not a proof for the existence of
a two-phase system of ordered and disordered domains.
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Figure 7. Schematical represenﬁtion of the scattering geometry.

3. Experimental Section

The PAN fibers investigated in the present study are technical
PAN homopolymer fibers (<0.7% methyl acrylate) produced by
Hoechst (Dolanit). As-spun (“unrelaxed”) fibers have initial
tensile moduli E of about 17~20 GPa, tensile strengths og of
about 0.8-1 GPa, and extensions at break e of about 8-10%.
Fibers treated in hot steam (“relaxed”) show a reduced initial
tensile modulus (about 7-10 GPa) and tensile strength (about
0.5-0.7 GPa) but increased extension at break (about 15~17%).
Samples of an unrelaxed and a highly relaxed fiber were chosen
for the WAXS studies.

Using 1*C NMR for determining the tacticity of the fibers, the
triad frequencies 27% mm, 50% mr, and 23% rr were obtained.
This corresponds to a Bernoullian statistics with a small
preference for the m diad; i.e., the fibers have a randomly atactic
structure.

X-ray studies of preferred orientation and order-disorder
phenomena in fibers require precise measurements of scaftering
intensities over large regions in reciprocal space. Due to the
cylindrical symmetry of the samples, only a planar section in
reciprocal space containing the cylinder axis needs to be
investigated. For the present studies, the scattering geometry
shown in Figure 7 has been chosen which is similar to an
experimental setup described in an earlier paper.?? §;and S are
unit vectors defining the direction of the primary and the scattered
beam, respectively. By definition, the difference between 8 and
8, is As, where A is the X-ray wavelength. In order to increase
the intensity yield and to simplify absorption corrections, a great
number of fibers are mounted parallel on a frame with a
homogeneous coverage. The frame is fixed on a sample holder
in such a way that the plane formed by the parallel fibers is
perpendicular to the plane defined by S and S, and parallel to
8. The latter condition is maintained by the usual 8/2f ratio
between the movements of the sample holder and the counter.
The frame can be rotated within the plane formed by the parallel
fibers; the angle of rotation is ¢. The rotation is transmitted by
conical gears to an axis through the center of the diffractometer
and can be set by hand or by a synchronous motor. Varying 8
and keeping ¢ fixed, measurements are made along straight lines
passing through the origin of reciprocal space. For fixed § and
varying ¢ the measurements follow concentric circles in reciprocal
space withtheradiuss. Thissettingis used for the determination
of orientation distriutions and for measurements of the spherical
average of the intensity distribution of afiber. Inthe latter case,
the intensity I(s,¢) is multiplied with |sin ¢| before summing the
data fora complete cyclein ¢.22 For measurements of undistorted
2D intensity distributions in reciprocal space, a special computer
program was used which calculates § and ¢ values corresponding
to a rectangular raster in s;2 = s sin ¢ and s; = s cos ¢, controls
the angular settings by synchronous motors, and collects the
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Figure 8. 2D intensity distribution for an unrelaxed PAN fiber.
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Figure 9. 2D intensity distribution for a relaxed PAN fiber.

intensity data. Further treatment of the data includes correction
for absorption, polarization, and Compton scattering.

A curved monochromator between the sample and counter is
used to reduce the divergence of the scattering and to attenuate
the Compton scattering.

4. Results and Discussion

4.1. 2D Intensity Distributions. Figures8and9show
experimental 2D intensity distributions (isointensity con-
tour plots) of an unrelaxed and a relaxed PAN fiber,
respectively, corrected for polarization and absorption.
These plots have been computed from intensity data
measured on a square raster of (siz, s3) values with As
=0.01 A-1. A qualitative comparison of the experimental
intensity distributions outside of the equator with Figures
2-5 exhibits a strong similarity with the patterns given in
Figures 3 and 4, corresponding to the intramolecular
scattering of a PAN chain with planar zigzag conformation
and a preference for syndiotactic sequences. No resem-
blance appears to exist between the experimental patterns
and that of Figure 5 (3/1 helix of isotactic sequences; see
Figure 1), whereas Figure 2 shows similarities in the
intensity distribution near the meridian. The meridional
maximum at s3 ~ 0.8 A-! of the experimental intensity
distributions corresponds to a repeat distance a3 of 2.525
(unrelaxed) and 2.509 A (relaxed) in the projection of the
structure onto the fiber axis. This is in accordance with
a planar zigzag conformation as the predominant con-
formation of the chains. From the width of this meridional
maximum, a coherence length of L ~ 14 A is obtained for

“both types of fibers. If the diffuse off-meridional max-

imum with the approximate coordinates s;2 = 0.2 A-! and
s3 = 0.2 A1l is considered to be an intramolecular
interference, the distribution of the CN group orientation
along the chain should have a preference for syndiotactic
sequences (r diads). This is in contradiction to the results
of the 13C NMR which show clearly a Bernoullian statistics
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Figure 10. 2D atomic correlation function for an unrelaxed PAN
fiber.

of the m and r diads. On the other hand, if the diffuse
off-meridional maximum is supposed to be an intermo-
lecular interference, there should be a preferred positional
correlation between adjacent chains parallel to the chain
axes with a periodicity of about two monomer units. Such
a periodicity in the positional correlation implies a
corresponding periodicity in the structure of the chains
which is again in contradiction with the NMR results.

4.2. Fourier Transformation of the 2D Intensity
Distributions. Sincethe 2D intensity distributions have
been measured with reasonable accuracy, a Fourier
transformation of the data to obtain the 2D atomic
correlation function P(rys,r3) of the structure?®* is expected
to produce further information on the molecular confor-
mation and the packing. Due to the cylindrical symmetry
of the intensity distribution in reciprocal space, this
transformation is given by

P(rigry) = 2"£12L331Jat(312’53) Jo(2mr15819) X
co8(27rgs,) dsyo dsg + (p,,), (B)
where
I = I-I,
¥ NP

Iinc is the incoherent (Compton) scattering, Ny is the
number of atoms in the irradiated volume of the sample,
and (f*) is the number average of the square of the atomic
scattering factor.

inc
1

(Par)y = (0),(Z/ZP) (6)

where {p),is the average electron density and Z the number
of electrons per atom. For the computation of I, the
attenuation of the Compton scattering due to the mono-
chromator has to be taken into account.?’ Due to the
monochromatization of the scattered radiation, the Comp-
ton scattering was nearly completely suppressed at higher
values of s.

Contour plots of P(ris,rs) ~ (pat)y are shown in Figures
10 and 11 corresponding to the unrelaxed and the relaxed
PAN fibers, respectively. Solid lines correspond to positive
values and dotted lines to negative values. Cut-off ripples
have been effectively suppressed by multiplying I,; with
a smoothing function of the type exp(-as®) with a = 0.9
and n = 10. Since sm.g is 1.0 A-1, the resolution of details
in the correlation function is approximately 0.8 A due to
the cut-off error. This means that a number of intramo-
lecular distances are at least partially superposed. Fur-
thermore, it has to be taken into account that the
correlation functions of the experimental data are affected
by the orientation distribution of the chain axes with
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Figure 11. 2D atomic correlation function for a relaxed PAN
fiber.

respect to the fiber axis which results in a supplementary
broadening in ¢. From the orientation distributions of
the main equatorial reflections we obtain widths of about
14° for the unrelaxed and about 28° for the relaxed fiber.
The following features are observable:

1. In the vicinity of the fiber axis, a series of maxima
is visible which can be associated with the C—C distances
of the backbone of the planar zigzag conformation. Using
the positions of seven peaks for a linear fitting, we obtain
an averaie value of a3 = 2.573 A for the unrelaxed and a;
= 2.530 A for the relaxed fiber.

2. Inthedirection perpendicular to the fiber axis, there
are two peaks which can be related to partially superposed
C-H, C-C, and C-N distances perpendicular to the chain
axis as expected for the planar zigzag conformation.

3. The maxima with the coordinates rj; ~ 3.4 A and
r3 = 1.4 A visible for both types of fibers and the maximum
atri; ~ 3.7 Aand r; ~ 3.5 A visible only for the unrelaxed
fiber can be correlated to.distances between the carbon
atom of the CHj; group and the nitrogen atom of the same
and of the adjacent monomer unit, respectively.

4, Forboth types of fibers, there are broad distributions
of intérmolecular distances at 75 =~ 6.4 A extending parallel
to the fiber axis. These distributions do not show any
significant modulations in the direction of the fiber axis.
The streak connecting these distributions to maxima in
the vicinity of the fiber axis appears to be produced by the
orientation distribution of the chain axes.

Thus, the results of the Fourier transformation confirm
the interpretation of the intensity distributions concerning
the most probable conformation of the chain structure. In
addition, they give further evidence for a random trans-
lation of adjacent chains parallel to the chain axes, i.e., no
specific positional correlations between atoms located in
different chains except the parallelism of the chain axes.

4.3. Equatorial Intensity Distributions. The in-
tensity distribution on the equator for the unrelaxed fiber
is shown in Figure 12 in a semilog plot of s151(s12,0). The
multiplication with s;2 compensates the decrease of the
intensity due to the finite preferred orientation. For the
relaxed fiber, a very similar curve is obtained. In both
cases, four relatively sharp reflections and three diffuse
maxima are observed. The positions of the sharp reflec-
tions correspond to the indices (10), (11), (20), and (21)
of a 2D hexagonal lattice with the lattice constant a; =
6.044 A for the unrelaxed and 6.039 A for the relaxed fiber.
No evidence for the existence of an orthorhombic lat-
tice2478.10 (e.g., splitting of reflections) can be observed.
A semiquantitative evaluation of the widths of the
reflections as functions of the position leads to a lattice
size parameter of about 180 A for the unrelaxed and 100
Afor therelaxed fiber. The positions of the diffuse maxima
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Figure 12. Equatorial intensity distribution of an unrelaxed
PAN fiber.

are at s;2 = 0.30, 0.61, and 0.95 A-! in both cases. A
comparison of Figure 12 with Figure 6 shows clearly the
strong resemblance between the theoretically predicted
and the experimentally observed curves. Furthermore,
the orientation distribution of the diffuse maximum at
0.30 A-! was found to be essentially the same as that of
the (10) and the (11) reflections. Thus, the interpretation
of the diffuse maximum at s;2 = 0.30 A-! as being due to
therotational disorder in the packing of the chains appears
to be justified. No evidence for a two-phase system of
ordered and disordered domains has been detected. In
any case, an interpretation of the maximum at s;5 = 0.30
A-1in terms of an amorphous halo would imply that the
intermolecular distances in the disordered domains are
about 37% shorter than those in the ordered domains,
which is highly unlikely.

4.4, Molecular Modeling. If we consider the basic
structure of PAN fibers to consist of a homogeneously
disordered pseudohexagonal packing of chains with a
planar zigzag cnformation, two problems have to be solved.
First, the theoretical density for such a fiber structure
calculated on the basis of the unit cell dimensions obtained
from the X-ray diffraction data is 1.10 g/cm?, whereas the
experimental value of the density is 1.17-1.22 g/cm3.
Second, we have to explain why the 2D intensity distri-
butions contain interference maxima which can be related
to Markov statistics of the orientation of the CN groups
with a preference for syndiotactic sequences, whereas the
results of the 13*C NMR show definitely that PAN is atactic
with a Bernoullian statistics of the r and m sequences.

Both problems can be solved if we assume that the planar
zigzag conformation is discontinuous; i.e., it is interrupted
at irregular intervals by kinks. Models for such kinks are
given in Figure 13. We assume that short isotactic
sequence can be accommodated in the planar zigzag
conformation in spite of the unfavorable dipole interaction
between adjacent CN groups. However, the stability of
the planar zigzag conformation will be very low for longer
isotactic sequences. On the other hand, the 3/1 helix
conformation requires rather long isotactic sequences to
become stable and it cannot accommodate syndiotactic
sequences. Theenergy of interactioninisotacticsequences
with a planar zigzag conformation can be effectively
reduced by kink formation. A kink of the type tg*tgt
does not change the general orientation of the chain but
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Figure 13. Zigzag chain of PAN with kinks atisotactic sequences.

leads to an increase of the number of monomer units per
chain length in the projection onto the chain axis. A simple
calculation shows that the difference between the theo-
retical and the experimental value of the density could be
explained by about 1 kink per 10 monomer units. In this
case, the average coherence length of the planar zigzag
conformation would correspond roughly to the L; value of
14 A derived from the 2D intensity distributions. Since
the kink formation eliminates isotactic sequences, the
remaining chain sections with zigzag conformation contain
more syndiotactic sequences than predicted by the Ber-
noullian statistics. This would explain the existence of
interference maxima related to an enhanced occurrence
of syndiotactic sequences observed in the 2D intensity
distributions.

Due to their low concentration and statistical distri-
bution, a direct observation of kink structures in X-ray
scattering cannot be expected. Molecular modeling of a
densely packed ensemble of atactic PAN chains would be
desirable for the investigation of the conformation of the
chains under the influence of intramolecular and inter-
molecular interactions. However, the complexity of such
calculations exceeds; at least at present, our computational
possibilities. To obtaininformation on the intramolecular
interaction alone, we have carried out dynamic molecular
modeling calculations using the program SYBYL on a
single atactic PAN chain containing 50 monomer units.
Starting from a planar zigzag conformation, various
semistable conformations can be obtained by increasing
the thermal mobility. If the temperature is too high, we
obtain random-coil conformations.

At moderate temperatures, chain conformations as
shown in Figure 14 are observed. If we assume that akink
is formed under the influence of intermolecular interac-
tions in the parallel stacking of chains at those positions
where there is a change of the direction of the backbone
in the single chain, we obtain approximately the expected
concentration of kinks discussed above.

4.5. Kinks and Mechanical Properties. The concept
of kinks has a consequence for the mechanical properties
of PAN fibers. If the chain conformation would be a
continuous planar zigzag (as predicted for syndiotactic
PAN) and the preferred orientation would be sufficiently
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Figure 14. Molecular modeling of a single atactic PAN chain
with moderate thermal mobility.
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Figure 15. (a) Theoretical and (b) experimental stress—strain

curves for an unrelaxed PAN fiber.

high, the fibers would have initial tensile moduli compa-
rable to those of ultrahigh modulus polyethylene or poly-
(p-phenyleneterephthalamide). The measured tensile
moduli are, however, about 1 order of magnitude lower.
In order to investigate the possible influence of kinks on
the stress—strain behavior of PAN fibers, the deformation
of single chains with kinks has been calculated using an
MMS3 program. The change of the energy as a function
of the increase of the end-to-end distance of an atactic
chain consisting of 10 monomer units and 1 kink was used,
together with the number of chains per cross section
derived from X-ray data, to calculate a theoretical stress—
strain curve.

Although the approximations used in this calculation
are rather crude, the result shows a strong resemblance to
the experimental stress—strain curve for the unrelaxed
PAN fiber as can be seen in Figure 15. The initial tensile
modulus is found to be about 1/, of that of an ideal
syndiotactic chain. The intermediate decrease and final
increase of the modulus with increasing strain is due to
a torsion of the kink. The steep increase of the stress at
about 8% strain corresponds to the elimination of the
kink and is very close to the experimental value of the
extension at break of the unrelaxed fiber.

If kinks have an influence on the mechanical properties
in the way discussed here, a decrease of the kink con-
centration would result in a substantial increase of the
initial tensile modulus. Thesynthesis of pure syndiotactic
PAN hasso far not been successful. However, any method
of synthesis which increases statistically the amount of
syndiotactic sequences would presumably lead to a de-
crease of the formation of kinks and, consequently, to an
increase of the initial modulus and the tensile strength
" but also to a decrease of the extension at break.

Macromolecules, Vol. 26, No. 12, 1993

5. Conclusions

The results of the present study can be summarized as
follows:

1. The conformation of the PAN chains is predomi-
nantly planar zigzag with a finite persistence along the
chain.

2. The finite persistence can be explained by kinks
related to the occurrence of isotactic sequences. The
concept of kinks is in accordance with the density and, at
least qualitatively, with the stress—strain behavior of the
fibers.

3. The packing of the chains is pseudohexagonal. No
positional correlations except the parallel arrangement
exist between adjacent chains.

4. Therotational disorder about the chain axes produces
adiffuse scattering maximum in the equatorial scattering.
This maximum has been interpreted hitherto as an
“amorphous” halo and used for the evaluation of the
“crystallinity” of PAN. No evidence for the existence of
a two-phase system was found in our studies.

The theoretical treatment of the rotational disorder in
the parallel packing of rodlike chains and the appearance
of diffuse scattering maxima together with sharp reflec-
tions should be of general interest for the evaluation of
the scattering of rigid-rod polymer structures.
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