Chain conformation of polyacrylonitrile:

a comparison of model scattering and radial
distribution functions with experimental
wide-angle X-ray scattering results
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Scattering and radial distribution functions were obtained for commercial polyacrylonitrile homopolymer
in the solid state using wide-angle X-ray scattering. For three kinds of single chains with increasing
conformational flexibility, namely («) the planar zigzag chain, () a PCILO (perturbed configuration
interaction with localized orbitals) chain based on quantum-chemical conformational energy calculations
with the PCILO method and (y) the restricted-rotation chain, model functions in real and reciprocal space
have been calculated and compared with the experimental curves. While (x) can be ruled out, the
experimental findings are intermediate between (f) and (y) with a tendency to (y). This suggests that
energetically favourable single-chain conformations are somewhat distorted by interchain interactions.
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INTRODUCTION

Since the classical X-ray work of Bohn, Schaefgen and
Statton in 1961%, the chain conformation of polyacrylo-
nitrile (PAN) has been a topic of much attention (see
e.g. ref. 2 and references cited therein). Although several
attempts have been made, agreement about unit-cell
dimensions or even space group has not been reached
(see ref. 3 for a compilation of proposed unit-cell models).
This is mainly due to the very limited number of spots
in the diffraction pattern of PAN, which is again probably
caused by the lack of stereoregularity in conventional
(radically polymerized) PAN*, thus hindering the growth
of crystalline regions of sufficient order.

In the present work, the radial distribution function
(RDF) method®, a typical technique for the character-
ization of amorphous low-molecular-weight substances
and amorphous polymers®’, has been applied to eluci-
date the chain conformation in solid commercial PAN
homopolymer.

Scattering functions for three kinds of single-chain
models with strongly different conformational charac-
teristics have been calculated. The degree of conforma-
tional freedom is increased from (a), the planar zigzag
conformation, via (f), a PCILO (perturbed configuration
interaction with localized orbitals) chain based on
quantum-chemical conformational energy calculations
for acrylonitrile diads with the PCILO method, to (y), a
chain for which the internal rotation is only restricted
by van der Waals hard-sphere repulsion of atoms
(restricted-rotation chain).

Measurements have been performed on commercial
PAN homopolymer powder (radically polymerized in
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solution) with Mo K, radiation and for the first time
RDFs for PAN have been calculated. Comparing model
and experimental functions in real and reciprocal space,
conclusions are drawn about the chain conformation of
PAN in the solid state.

EXPERIMENTAL

Measurements have been performed on a commercial
PAN homopolymer powder radically polymerized in
solution (average molecular weight M, = 1.2 x 10%),
using a horizontal diffractometer in symmetrical trans-
mission geometry according to ref. 8. The incident Mo K,
radiation (wavelength A =0.07107 nm) was monochro-
matized by a flat LiF crystal and the diffracted beam
(including Compton scattering) was detected by a
scintillation counter, discriminating the 4/2 component
by a pulse-height analyser. An aluminium frame of 3 mm
thickness, covered by 12 um thick polyester foils, was
used as the sample holder.

Within 200 angular positions between Bragg angles of
0=1° and 60.7° and with a step width of A6 =0.3°,
scattering was detected by accumulating several 50-point
runs at the higher angles, each run having a counting
time per point of 5 min. The resulting five ranges on the
s = (4n/) sin 0 scale, together with their total measuring
time and their total number of counts at the end of each
range, are shown in Table 1. The highest absolute
statistical error of the scattering function si(s) (cf.
equation (4)) is reached at 154 nm ! and amounts to 2.5
electron units per average atom and nanometre. The
entire curve has been constructed by smoothly linking
the ranges after scaling the intensities with factors
computed for five-point overlapping regions and differing
from unity by no more than 2%.
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Table 1 Angular ranges (s scale), total counting time and total number of counts for the measured PAN raw intensity

s (nm™1) 0.3-90 90-109 109-126 126-141 141-154
t,or (min) 5 25 60 120 60
No* 6.7 x 10* 2.7 % 108 6.6 x 10° 1.5 x 10° 1.1 x 10
“At the wide-angle side of each range
Parasitic scattering was measured separately with an T N
empty holder arrangement and a statistical accuracy
better than N~ /2 =0.05. 20}
T 10b

ANALYSIS OF DATA £
The raw scattering data of the sample were corrected I’j 0
according to the formula: ‘» U

1 0)—al (0 e—(ut)s/cosﬂ e[(ut)s—(m)r]/cosf) inl

oo g) < Uil = al(0)c =] 0 " 0

(1 + BO)[1 + 1.935 cos” B(cos* 6 — 1)]

with -20+
(ut)y= —In(t;)  (ut) = —In(z) 2) e~

and s[nm]

B =0.0775(p/g cm™3)"2/0,,, (3)

The factor a in equation (1) scales the parasitic scattering
to the primary beam level of the sample measurement,
and the square bracketed term in the denominator is the
polarization factor for the LiF crystal ((2 0 0) plane).
The remaining term in the denominator with B from
equation (3) is a rough estimate for multiple scattering,
based on the Monte Carlo simulations of Pitkiinen®'°.
In equation (2) t, and 7; are the measured transmissions
of sample and foils, respectively, the latter being in fact
unity for our thin foils.

In si(s), I°°7(0) has been smoothly extrapolated to
s =0 below 8 = 1.9°, assuming a parabolic shape and an
appropriate 1°°"(0 = 0) level. The experimental values at
6 =1° 1.3° and 1.6° had to be omitted due to primary
beam effects. Coherent theoretical structure-independent
intensities I°°® have been calculated with the analytical
fit for the atomic scattering factors f; (i = C, N, H) given
in the International Tables (ref. 11, p. 99 (and p. 149 for
dispersion corrections)), while the incoherent scattering
I has been treated according to Hajdu and Palinkas!?
using a fit proposed by Hajdu®>.

Now the scattering function can be defined as'*:

cIcorr(s) _ Icoh(s) — Iim:(s)
(T xuf))?

with mole fractions x; (xc = xy = 3/7, x5 = 1/7 for PAN)
and the normalization factor c¢, bringing experimental
and theoretical intensities on the same scale, namely
electron units squared per average atom. The factor ¢
has been determined both by fitting the high-angle
regions and by the method of Krogh-Moe and Nor-
man'>-'® An optimization of the sample’s transmission
7, has been performed by a procedure similar to that
proposed by Ergun'’. Lowering the measured transmis-
sion factor by 4%, agreement between the two normaliza-
tion factors of 0.03% was obtained in the present case.

The resulting unsmoothed scattering function and its

(4)

si(s)=s

Figure 1 Experimental scattering function si(s) for commercial PAN
homopolymer
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Figure 2 Fourier sine transform G(r) of the function in Figure I

Fourier sine transform:

G(r)= Ej si(s) sin(sr)ds (5
TJo

are shown in Figures 1 and 2, respectively. For compar-

ison with model curves (cf. Figure 10), the experimental

data have been smoothed (running averages) and

corrected for erroneous long-wave s oscillations'8.

SINGLE-CHAIN MODELS

Planar zigzag chain (o)

The first model considered here corresponds to the
all-trans planar zigzag conformation. The only random
element for that kind of chain is the tacticity of having
the nitrile group below or above the plane defined by the
backbone. For PAN, radically polymerized in solution,
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n.m.r. investigations show* that the tacticity is governed
by Bernoullian statistics with equal probability of events
‘above’ or ‘below’. This fact must be taken into account
also for the other PAN model chains (f) and (y), because
the tacticity is determined by the polymerization process.

PCILO chain (f)

The second model is based on recent quantum-
chemical conformational energy calculations for acrylo-
nitrile diads (2,4-dicyanopentane) carried out with the
PCILO method!®. The local minima found for the
meso- (Figure 3a) and the racemic (Figure 3b) diads are
shown in Tables 2 and 3, together with energy differences
to the trans conformations, for which the angles ¢, and
¢, (Figure 3), counted positive for right-hand rotations,
are zero. Molecular symmetry produces further minima
m; and 7; at ¢,(m) = —d,(m,), ¢,(m;)= —¢(m;) and
¢1(7) = (1), ¢(%) = ¢, (r,), which have the same energy
as m; and r, respectively.

For generating longer PCILO chains, first a tacticity
sequence T'(n),n=1,...,n,,,, has been generated with
T(n)=0 or 1 if the nth monomer is determined to be
added in meso- or racemic position with probabilities of
0.5 (cf. subsection (x) above) and arbitrarily fixed
T(1)=0. Then n,,, monomers have been linked in
appropriate PCILO minimum positions, taking into
account steric hindrance by van der Waals radii R; with
Rc(main chain) = 0.15 nm, Re(nitrile group) = 0.145 nm,
Ry =0.095 nm and Ry =0.13 nm (cf. ref. 20).

The minima used to link the monomers were m,, m,,
r, and r, because of their highest probability at room
temperature (Boltzmann statistics). The minima m, and
m, had to be included to avoid steric hindrance of longer
meso sequences.

dipole moment

net atomic charge
o lone pair | ,

{-1489}

i) (@) (.0018)

Figure 3 Acrylonitrile diads in (a) meso- (meso-2,4-dicyanopentane)
and (b) racemic (racemic 2,4-dicyanopentane) forms'®
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Table 2 PCILO calculated local conformational energy minima for
meso-2,4-dicyanopentane and energy differences relative to the trans
conformation according to ref. 19

Abbrevia-
Conformation® tion (¢, ¢,) (deg) AE (kJ mol™1)
(g™ t), m, (—825, =217.5) —28.5
(g71)- m, (—111, —17) —-11.0
tg~ my (—8, —107) -7.0
9 97)+ m, (=102, —87) -20
9 g97)- ms (—133, —119) 1.5

“Notation from ref. 19

Table 3 Same as Table 2 for racemic 2,4-dicyanopentane

Abbrevia-
Conformation® tion (91, @) (deg) AE (kJ mol™1)
(er)_ r (—32.5, -32.5) -20.3
9 g r (—87.5, —87.5) —162
gt ry (117, 20) 23
gtgt re (106, 106) 73

“Notation from ref. 19

Table 4 Probability for conformation %, in the PCILO chain if %, _,
is given, T(n+1)=0 and ¥} T(n') =even

'gn—l
&, my my my L1 r
m, 0 0 1 1 0
m, 1 0 0 0 0
r 1 1 1 1 1

Table 5 Probability for conformation £, in the PCILO chain if %, _,
is given, T(n+ 1)=1 and ¥"72, T(n')=even

'-@n—l
R, m, my my L1 p)
m, 0 0 12 12 0
i, 1 0 1/2 1/2 0
r 1 1 5/6 5/6 1
r, 0 0 1/6 1/6 0

An unhindered growth in the range of interest is
guaranteed by consideration of the rules given in Tables
4 and 5. These tables determine the probability that the
nth monomer is linked in conformation £, if the
conformation of the (n — 1)st monomer is 4%,_,; and the
tacticity of the (n+1)st one is T(n+1). A further
parameter is ¥ T(n'), n=1,...,n— 1, the number of
racemic diads up to n— 1. If this parameter is odd, m;
and m; must be exchanged, for both %, and £, _,. The
minimum m, (m,) was used, whenever this was sterically
possible. The fractions 1/2 and 5/6, 1/6 occur due to the
equal energy of m; and m; (when both are sterically
allowed) and the ratio of Boltzmann exponentials of r,
and r, of 0.2 at room temperature.

A perspective drawing of a 12-monomer chain, gener-
ated according to the rules given above and with
conformation m,rym mym 1M m,m,r,, together with
front (above), top (below) and side (left) views, is shown
in Figure 4. One unit on the frames around the
projections corresponds to 0.01 nm.
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Figure 4 Perspective drawing of a PCILO chain with front (above), top (below) and side (left) views (one unit corresponds

to 0.01 nm)

It should be noted that the PCILO calculations predict
an attraction of adjacent nitrile groups, in contrast to
what one would think?!. This is due to an increase of
nitrogen electronegativity, stabilizing the molecule in the
minimum positions through an additional electrostatic
energy contribution!®.

Restricted-rotation chain (y)

The highest degree of disorder is considered in the
third kind of model chain, the restricted-rotation chain.
With fixed bond lengths and bond angles, all torsional
angles along the backbone are allowed with equal
probability. Only those are excluded for which any two
non-bonded atomic centres have distances less than the
sum of the van der Waals radii (see above subsection
(8)) of the atoms.

MODEL FUNCTIONS

For the three kinds of model chains described above,
reduced radial distribution functions 4nr?[p(r) — p,]
were calculated according to the method proposed by

Waring et al.??, employing several chain lengths and
averaging procedures. The parameters involved in the
Waring method have been chosen tg be o, = 0.003 nm,
o, =001, 63**5 = 0.003 nm and ¢5**S = 0.08. Scattering
functions were obtained through inversion of equation
(5) with s, = co:

max

si(s) =f G(r) sin(sr) dr (6)
0

with G(r) =4nr[p(r) — po]. In fact, the upper limit of
integration can be written as infinity, because G(r) was
always (except once) effectively zero above the value
actually chosen (2 nm in most cases). For reasons to be
discussed later, emphasis is put on scattering functions
and only these will be considered in this section.

Planar zigzag chain (a)

In Figure 5 are shown model scattering functions si(s)
for planar zigzag chains of variable length. Curve (a)
belongs to a single acrylonitrile monomer, while (b), (c)
and (d) are averaged scattering functions for diads, triads
and tetrads, respectively. For each of these chain lengths,

POLYMER, 1991, Volume 32, Number 9 1569
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G functions for all possible tacticity sequences have been
calculated, added, rescaled and transformed. Curve (e)
originates from a single planar zigzag chain comprising
120 monomers (120-ad). It is the only one for which the
upper limit of Fourier integration was not effectively
infinity, so that si(s) is affected by truncation.

Already for the diads (curve (b)) three peaks between
s=70 and 110 nm~! occur, which turn out to be typical
for the trans sequences (curves (c), (d) and (e)). With
increasing chain length, peaks evolve at 30, 40 and
150 nm ™!,

PCILO chain (f)

Also for the PCILO chain, short sequences have been
investigated employing an averaging procedure. For the
calculation of averaged scattering functions for diads,
triads and tetrads, some sequences of 10000 random
conformations have been generated according to the rules
given in Tables 4 and 5. Then it was found which diads,
triads and tetrads occur in these sequences and how often
they appear. There are six, 15 and 37 different diads,
triads and tetrads, the most frequently occurring three,

l(oc)

si(s)[arbitrary units]

i
0 40 80 120 160
s [nm-1]
Figure 5 Model scattering functions for planar zigzag conformations

(«): (a) monomer; (b), (c) and (d) averaged diads, triads and tetrads;
(e) single chain comprising 120 monomers (120-ad)
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0 40 80 120 160

si(s) [arbitrary units]

s [nm]

Figure 6 Model scattering functions for PCILO chains (f):
(a) monomer; (b), (c) and (d) averaged diads, triads and tetrads

five and seven of which give 90, 69 and 37% of the total
number (= 10000). The remaining three, 10 and 30 diads,
triads and tetrads occur with a frequency of less than
4.5% each. Similar to the planar zigzag case (),
scattering functions of the most frequently occurring
diads, triads and tetrads have been calculated using
weights found in the 10 000 sequence leading to the curves
(b), (c) and (d) in Figure 6. For completeness the
monomer scattering (a) has been included.

As in the case («), peaks at 30, 40 and 150 nm ™! evolve,
but in a slightly different manner. There are only two
peaks in the region between 70 and 110 nm~?, rather
exactly at 80 and 100 nm~!. The peak at 130 nm™" is
slightly shifted left and a shoulder develops on the right
side, which is more pronounced for longer sequences, as
shown in Figure 7. Here the scattering functions of an
arbitrarily chosen 12-ad (curve (a)), an averaged one for
ten 12-ads (curve (b)) and a 120-ad (curve (c)) are
depicted. There is not much difference between the three,
indicating that most features of the PCILO chain that
can become visible in si(s) curves up to 160 nm~! are
indeed brought out and statistical fluctuations have
almost cancelled already for the 12-ad. This has been
confirmed also for other 12- and 120-ads, not shown here.
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Figure 7 Model scattering functions for PCILO chains (f): (a) 12-ad;
(b) averaged 12-ads; and (c) 120-ad
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Figure 8 Model scattering function for restricted-rotation chain (y)

Restricted-rotation chain (y)

As should be expected for the restricted-rotation chain,
the statistical fluctuations are strong, i.e. scattering
functions for different rather short random chains look
different. Because chain length was limited for computa-
tional reasons, 25 si(s) curves for randomly generated
120-ads have been averaged, resulting in the scattering
function of Figure 8. An average of 20 curves is visually
indistinguishable from Figure 8, so that 25 120-ads is
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considered to be sufficient to compensate for the too short
chains.

DISCUSSION

First the situation in r space will be discussed with the
help of Figure 9. In this figure, the experimental G(r)
(below) from Figure 2 is compared with model curves of
averaged trans tetrads (a), PCILO tetrads (8) and the
restricted-rotation chain (y) from Figure 8. These model
G(r) functions were calculated from the model si(s)
functions truncated at the experimental s_,,, in contrast
to («'), the trans- tetrad function directly calculated from
the model.

W
\ﬂ[\/\(\._/\ TAN (i

> ]
-—
—_]

G(r) [arbitrary units]

P

—

4
<

l\ N\W\,\/VJW”\ exp
V W

n Q. n i L

0 ! %5 1
r [nm)

Figure 9 Model ((«')—(y)) and experimental (exp.) G(r) functions: («)
averaged trans tetrads without truncation effect; («) averaged trans
tetrads; (f) averaged PCILO tetrads; (y) restricted-rotation chain
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The three peaks at 0.11, 0.15 and 0.25 nm in all the
functions are due to C—H nearest-neighbour (0.109 nm),
C=N nitrile group (0.116 nm), C-C nearest-neighbour
(0.154 nm) and C-C next-nearest-neighbour (0.252 nm)
distances. There is a broadening and a slight shift to the
right for the 0.25 nm peak in the PCILO chain curve (f),
which is caused by repeated nearest-neighbour nitrile
group distances greater than 0.25 nm.

Two reasons can be mentioned for the incomplete
match of peak-height ratios. First, the erroneous features
visible below 0.1 nm in the experimental curve can also
influence the higher r region and produce termination
peaks under the real peaks. Secondly, the subtraction
procedure for shape scattering involved in the Waring
method?? may not be fully satisfactory in this r range.
The sharp peak at 0.2 nm is affected by truncation, as
indicated by curve («') or by comparison with G(r) of a
dumped experimental si(s).

Between 0.25 and 0.45 nm only model (y) matches the
experimental curve with some certainty. Above that range

N/\V/\VA\/ |
- /\ /\ A /\f’

W\//\V
T
MK

0 l 4.0 % T ®
s [nm-1]

sils) [arbitrary units)

Figure 10 Model ({«)—(y)) and experimental (exp.) si(s) functions: (a)
averaged trans tetrads; (f) averaged PCILO tetrads; (y) restricted-
rotation chain
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no agreement is found and the correlations above 0.8 nm
die out for the chains with statistical conformations (y)
and (B). A Fourier transformation of the experimental
si(s) curve truncated at 28 nm ™!, thus comprising only
the two relatively sharp peaks at 12 and 20 nm !, shows
that the broad peak between 0.6 and 0.8 nm and most
other features above 0.8 nm in the experimental G(r) are
mainly due to these chain packing peaks??®, not being of
particular interest in the present work. But already the
range between 0.3 and 0.6 nm can be slightly influenced
by interchain distances because the transform of the sharp
chain packing peaks spreads over the whole r range
considered (up to r,,, = 3 nm).

The situation in s space is the opposite. Long-wave s
oscillations are produced by the well defined intrachain
distances and, additionally, the experimental curve is not
affected by truncation. In Figure 10 model scattering
functions si(s) for the averaged trans (x) and PCILO (f)
tetrad chains, the restricted-rotation chain (y) and the
corrected experimental curve (exp.) are compared.

Apparently, inter- and intrachain information is more
clearly separated in reciprocal space. Below 30 nm ™! in
the ‘shape scattering range’ of the models, the experi-
mental curve is dominated by the interchain packing
peaks at 12 and 20 nm ™', and no agreement between
model and experiment can be expected. Between 30 and
50 nm~ ! the measured curve is reproduced best by the
PCILO model (), although interchain interferences seem
to have an influence up to 60 nm~'. Note that at least
four acrylonitrile monomers were necessary to produce
in the model function one feature of the experimental
curve, namely the small peak within a broad minimum
around 40 nm ™! (cf. Figure 6). This does not appear with
the same clearness for the much more flexible restricted-
rotation chain, indicating that in the sample the chains
are more rigid and have some kind of conformational
persistence length of at least four monomers (about
0.6-0.8 nm, cf. Figure 4).

Above 60 nm~! the experimental curve is matched
quite well by the restricted-rotation chain scattering
function, except above 140 nm ~! where the latter almost
remains constant and the former, unambiguously
ascends, similar to the PCILO curve. This agreement
suggests that the energetically favourable single-chain
conformations are somewhat distorted by interchain
interactions, thus restricting the conformational correla-
tion length to not much more than four monomers.

The trans tetrad function () is clearly ruled out as an
approximation for the experimental curve, as well as the
functions for shorter trans sequences (Figure 5).

CONCLUSIONS

The following picture is in accord with the experimental
findings obtained in the present work. Energetically
favourable single-chain conformations are characterized
by an effective attraction of adjacent nitrile groups.
Strong interchain interactions distort these conforma-
tions but do not suffice to cancel all conformational
regularity. There remains a coupling of conformations
with a correlation length of about four monomers
(0.6-0.8 nm). The stiffness of the chain is greater than in
the restricted-rotation case. The planar zigzag conforma-
tion is not preferred in the investigated PAN sample.
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