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ABSTRACT: The trans/gauche ratio of backbone bonds in atactic poly(acrylonitrile) (aPAN) was
characterized by several two-dimensional solid-state NMR experiments, using 15% 3CH,-carbon labeled
aPAN. An estimate of the conformational ratio was obtained from a double-quantum filtered NMR
experiment, which correlates the **C—*3C internuclear vector of two adjacent *CH; groups with their
13C chemical shift anisotropies. The orientation of the chemical shift tensor was determined in auxiliary
experiments. The backbone conformation of two successive bonds was characterized by double-quantum
NMR spectroscopy, which correlates the orientation-dependent *3C chemical shifts of two adjacent *CH,
segments. The experiments were performed with and without *3C—13C dipolar decoupling. From the three
two-dimensional NMR spectra that were obtained, the trans/gauche ratio of aPAN was determined as
90%:10% (+10%). This value is compatible with the previously reported experimental density and wide-
angle X-ray diffraction patterns of aPAN. The high trans content is also consistent with the single CH,

resonance line observed under magic-angle spinning.

1. Introduction

The elucidation of the microscopic structure of solid
polymers is one of the important goals in polymer sci-
ence, since the establishment of the relationships be-
tween structure and properties is crucial for the design
of novel materials. The crystal structures of many poly-
mers have been determined by wide-angle X-ray diffrac-
tion (WAXD), but some of them are still controversial
because the crystalline state is chemically (configura-
tionally) and/or physically (conformationally) disordered.!

Commercial poly(acrylonitrile) (PAN) is produced by
radical polymerization, and the tacticity is atactic.2=4
Due to the configurational disorder, most atactic vinyl
polymers with bulky side groups, for example poly-
(styrene), poly(methyl methacrylate), poly(vinyl acetate),
and related systems, cannot crystallize and remain
amorphous. In contrast, poly(vinyl alcohol), poly(vinyl
chloride), and poly(vinyl fluoride) have relatively small
side groups and are able to crystallize.>> Atactic poly-
(acrylonitrile) (aPAN) is also a crystallizable polymer,
despite its larger C=N side group. The crystal structure
is, however, disordered due to the configurational
disorder and is not well understood.6-36

WAXD patterns of oriented aPAN fibers show two
relatively sharp reflections along the equator, indicating
laterally ordered chain packing with a nearest chain-
to-chain distance of 6.0 A.69.11.2028 |n contrast, only
diffuse patterns appear along the meridian and in the
guadrants. Several models of the crystal structure have
been proposed to explain the WAXD patterns. Bohn et
al.? suggested that aPAN is a laterally ordered polymer
with little or no longitudinal order. Lindenmeyer and
Hosemann!! proposed the theory of paracrystals in order
to explain the WAXD patterns of solution-grown single
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crystals of aPAN. Liu and Ruland®® suggested the
existence of about one kink per 10 monomer units in a
planar trans zigzag conformation, while Rizzo et al.28
searched for possible low-energy conformations without
invoking a kink formation, using a conformational
analysis of energetically optimized model chains. They
proposed a model in which torsion angles are close to
180° in racemo dyads and deviate significantly from
180° in meso dyads. All these crystal-structure models
relyonlyonthe WAXD patternsanddensitymeasurements.%32-34
Additional microscopic experimental data that can shed
light on the backbone conformation of aPAN are neces-
sary to reveal the crystal structure of aPAN.

Recent developments of solid-state NMR techniques
enable us to analyze torsion angles and their distribu-
tions in unoriented organic solids. For instance, a two-
dimensional chemical shift anisotropy (2D CSA) spin-
diffusion technique has offered detailed information on
local structures, and its potential has been demon-
strated by structure determination of not only crystal-
line but also glassy materials.3”~50 However, the trans
state or parallel segments, which frequently appear in
the conformation of polymers, often cannot be detected
by this technique because their signals are hidden by
the diagonal ridge in the 2D spectrum. Thus, quantita-
tive analyses of torsion angle distributions are impos-
sible by this technique. Our 2D double-quantum spec-
troscopy (DOQSY) technique®—57 can solve this problem,
since it can detect all relative orientations, including
parallel segments and the trans state. Therefore, the
trans/gauche ratio in polymers can be quantified.5455.57

In this article, the trans/gauche ratio in aPAN is
analyzed. For this purpose, we apply three different
solid-state NMR techniques to a 15% !3CH,-carbon-
labeled aPAN (13CH,-aPAN) sample, as shown in Figure
1. The first is a double-quantum-filtered 2D experiment
correlating the 13C—13C dipolar interaction with the 13C
CSA (DQF-CC/CSA experiment). This probes the direc-
tion of the 13C—13C internuclear vector in the principal-
axes system (PAS) of the CSA and thus provides the
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Figure 1. Pulse sequences and schematic representations of (a) the DQ-filtered CC/CSA experiment with fully decoupled detection,
(b) the DOQSY experiment without *C—23C dipolar decoupling (DQ/CSA+CC spectrum), and (c) the DOQSY experiment with
13C—13C dipolar decoupling in the detection period (DQ/CSA spectrum).

torsion angle of one backbone bond attached to the
13CH, group as shown in Figure 1. To simplify the
spectrum, the 13C—13C dipolar interaction in the detec-
tion period is decoupled by a multiple-pulse sequence.>3
A DQ filter is applied in order to suppress the large,
undesirable isolated-spin signals, which appear in the
2D spectrum at w; = 0. Second, a 2D DOQSY experi-
ment, which correlates the sum of two chemical shift
frequencies (double-quantum (DQ) coherence) with the
individual frequencies (single-quantum (SQ) coherence),
provides information on the torsion angles of the two
successive bonds between two labeled 3CHs sites. This
experiment is performed in two variants: (i) with 13C—
13C dipolar decoupling during the t, acquisition period
(DQ/CSA experiment) and (ii) without 3C—13C dipolar
decoupling during acquisition, so that the line shape in
w> reflects both the CSA and the dipolar coupling (DQ/
CSA+CC experiment). Third, a one-dimensional (1D)
13C spectrum under magic angle spinning (MAS) and
IH dipolar decoupling is recorded to examine the
conformation-dependent isotropic chemical shifts based
on the y-gauche effect. Finally, the results are compared
with previous experiments and with models of aPAN.
The measurement of precise trans torsion angles and
their distributions for trans—trans meso and racemo
dyads will be discussed in our following article.58

2. Experimental Section

2.1. Samples. A powdered aPAN sample labeled with 15%
of 13CH, carbon was prepared by slurry radical polymerization
of acrylonitrile (AN) in aqueous solution with a REDOX
catalyst.>® The two-necked round-bottomed flask with 20 mL
of deaerated distilled water, 0.375 mL of 13CH,-labeled AN,
and 2.125 mL of unlabeled AN equipped with a stirrer, a
rubber septum, and a reflux condenser was placed into a water
bath at 55 °C. Nitrogen (N.) gas flow was applied from the
top of the condenser. A solution of 1 mL of water containing
0.2 mL of 0.1 N H2SO, and 0.06 mg of (NH4)Fe(SO,)2:6H,0
was added through the septum. After the contents of the flask
reached 55 °C (~30 min), 1.25 mL of water containing 5 mg of
K3S,0s and 1.25 mL of water containing 25 mg of NaHSO3

were added quickly through the septum. The reaction contin-
ued for 1 h under stirring. The as-polymerized white aPAN
was washed by an excess amount of water, followed by drying
under vacuum for 1 day. The dried powder sample was
annealed at 100 °C for 3 min under N, gas flow. A yield of
66% was obtained. In this polymerization, AN was not
distilled, to avoid loss of labeled AN. We confirmed by WAXD
as well as 3C and *H solution NMR experiments that aPAN
samples polymerized from distilled and undistilled AN showed
no differences. It is also stated in ref 59 that a distillation is
not necessary for the polymerization of aPAN.

2.2. Sample Characterization. The intrinsic viscosity (in
dimethylformamide) at 60 °C was 1.54 dL g ! and cor-
responded to a viscosity-average molecular weight of 1.2 x 105,
calculated by an intrinsic viscosity—molecular weight relation,
[7] = 3.35 x 10*M,272.6061 The triad tacticity measured by
solution ¥C NMR was mm:mr:rr = 29:50:21 from CH (o)
carbon resonance lines. WAXD patterns for the powdered
aPAN samples gave a relatively sharp main reflection at 26
= 17.0 £ 0.2° with a full width at half-maximum (fwhm) of
1.6° and a small reflection at around 29.4°. These reflections
correspond to £ = 0.19 and 0.33 A~ (Miller indices of (100)
and (110), respectively), indicating that our sample is laterally
packed in a pseudohexagonal form with a smallest interchain
distance of a = b = ~6.0 A. A broad reflection centered at
around 26 ~ 26° was also observed. These WAXD observations
are in agreement with the most commonly reported poly-
morph.6,9,11,20,28

2.3. NMR Measurements. The solid-state NMR experi-
ments were performed on a Bruker DSX-300 spectrometer in
a magnetic field of 7.0 T. The sample was inserted as a
cylindrical block into the 4.5 mm coil of a stationary Bruker
double-resonance probe. Pulse sequences used in this paper
are shown in Figures 1 and 2. Typical experimental param-
eters for 2D experiments are as follows. The *H and 3C 90°
pulse lengths were 2.6 and 2.2 us, respectively. A cross-
polarization time of 1 ms was used except for the experiment
correlating the *H—'H dipolar coupling with the CSA (HH/
CSA experiment). A recycle delay of 3—6 s, a z-filter before
detection of 0.5 ms, and an acquisition time of 5.12 ms were
used. The window 7 in the Hahn—solid—Hahn echo® was 20—
24 us. The dwell time during detection was 20 us except for
the fully decoupled experiments. *H decoupling fields yBi/2x
of 140—160 kHz were used. All the experiments were carried
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Figure 2. Pulse sequences and schematic representations of
the relevant couplings in (a) the HH/CSA experiment and (b)
the CH/CSA experiment, which are used for determining the
orientation of the CH, *3C chemical shift tensor.
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out at ambient temperature. Cosine data sets were measured
off resonance in w; and processed to yield purely absorptive,
nonquadrature spectra. Further parameters are given for each
experiment below.

In our previous and forthcoming studies of semicrystalline
polymers,5162 a T, or Ty, filter is applied if the crystalline
component is to be studied selectively. For all the experiments
in this paper, however, we measured all the components in
aPAN, without using any filters for the selection of certain
morphological components. The relaxation time filtering was
avoided because the phase structure of aPAN is not yet well
understood, as will be discussed below and in this series of
papers.53

2.3.1. 2D HH/CSA and CH/CSA Experiments. At first,
the chemical shift tensor orientation of the *3CH, carbon should
be determined experimentally, since this CSA is used for
torsion angle determination in the following experiments. The
chemical shift tensor orientation of the *3CH, carbon can be
determined from a 2D HH/CSA experiment and a 2D experi-
ment correlating the 3C—H dipolar couplings with the CSA
(CH/CSA experiment) of 13CH,-aPAN. Pulse sequences for
these experiments are shown in Figure 2. For the HH/CSA
experiment, a contact time for CP of 24 us was used to select
an isolated *H—H dipolar coupling of tH—3C—H sites. Twelve
slices with increments of 5 us were acquired with 256 scans
for each t; slice. For the CH/CSA experiment, a *H 90° pulse
length of 2.2 us was used during MREV-8 homonuclear
decoupling.54%> The echo delay t. (see Figure 2) was set to 1
ms. Twenty-four slices with increments of 22.2 us were
acquired with 384 scans per t; slice. Total acquisition times
for these experiments were 3—7 h.

The following principles permit to understand the informa-
tion contained in an HH/CSA spectrum; detailed descriptions
of the technique are given in refs 66—70. The orientation-
dependent homonuclear dipolar frequency is given by

ol = 1.55'5%(3 cos?6 — 1) )

with

ol = —hy—3=2nx 120 kHz )

1
4 M (ru/A)3

Here, 6 is the angle between the H—H internuclear vector and
the static magnetic field By, and ry, is the distance between
these two protons. This equation shows that the strongest
dipolar interaction is obtained when 6 = 0°, and the weakest
interaction is obtained when 6 = 54.7° (magic angle). A local
maximum in the magnitude is obtained when 6 = 90°. In a
CSA spectrum, a resonance line appears at the chemical shift
principal value o,, When the direction of the nth principal axis
of the chemical shift tensor ¢ is parallel to Bo. Thus, from 2D
HH/CSA spectra, the polar coordinates (a, ) of the inter-
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nuclear H—H vector in the PAS of the chemical shift tensor
can be determined. The largest line width in the w; dimension
is obtained for the CSA tensor direction parallel to the H—H
vector, the smallest when the two directions make an angle
of 54.7°, which is also half of the bond angle of a sp3-hybridized
carbon.

Similarly, in the w; dimension of a CH/CSA spectrum, the
CH heteronuclear dipolar frequency is given by the D,, element
of the dipolar interaction tensor in the laboratory frame for a
C—H system:”®

- %D =0 1(3 cos? 6 — 1) 3)
with
o = ——h”s—z « 30 kHz )
r|s (ris/A)

where 6 is the angle between the C—H internuclear vector and
By and ris is the C—H bond length. During MREV-8 homo-
nuclear decoupling in Figure 2b, the S (*3C) spin in a C—H
group evolves under the heteronuclear dipolar interaction
given by eqs 3 and 4 producing an NMR signal of

s(t) = cos(wst) = '/, exp(iwgt) + ', exp(—iwgt)  (5)
Therefore, the spectrum for a given 6 consists of a doublet at
+og(0) and —w(8), such that the splitting is 2w(5(#). For a
CHy; group, there are two C—H bonds: C—H” and C—HB. The
time signal then becomes

s(t) = cos(wp® 1) cos(wy® t) = 11, cos{(wp @ + wF @)t} +
', cos{(wp ™ — wp )t} (6)

In this case, it is convenient to consider, and diagonalize, the
“element dipolar tensors” DS = DA + DB (sum) and DP = DA
— DB (difference). For the “sum tensor” DS, the DS;; principal
axis is parallel to the H—H internuclear vector, the DS,, axis
along the H—C—H bisector, and the DS;3; axis perpendicular
to the H—C—H plane.”=7° The 2D CH/CSA spectrum for a CH;
group correlates the PAS of the C—H; dipolar sum tensor with
that of the chemical shift tensor through the Euler angles (o,
B',v'"). The 3C chemical shift tensor orientation is determined
by this experiment, since the C—H, dipolar sum tensor in the
CH; group is well-known as described above.

2.3.2. 2D DQF-CC/CSA and DQ/CSA(+CC) Experi-
ments. 2D DQF-CC/CSA and DQ/CSA(+CC) experiments on
13CH,-aPAN were carried out to determine the trans/gauche
ratio in aPAN. Pulse sequences for these experiments are
shown in Figure 1. DQ excitation and reconversion delays of
o = 0.4 ms (tpg corresponds to 2z in our previous
papers®1:53-5557) ‘were used in these experiments. The 3C
frequency was switched 4.5 kHz off-resonance during the
evolution time t; in order to separate the DQ signals from SQ
and zero quantum artifacts.”* Each switching time was 6—12
us. All the pulses were applied on resonance, i.e., at a
frequency near the center of the CSA spectrum. For fully
decoupled detection, a *3C 90° pulse length of 2.4 us was used,
and 80 data points with an effective dwell time of 40 us were
sampled. In the DQF-CC/CSA experiment, 16 t; slices with
increments of 417.6 us were acquired with 640 scans per slice.
In DQ/CSA(+CC) experiments, 80 t; slices with increments of
20 us were acquired with 256 scans per slice. Total acquisition
times for these three spectra were 17 h (DQF-CC/CSA), 23 h
(DQ/CSA+CC), and 34 h (DQ/CSA).

3. Background

3.1. Designation of Torsion Angles. In this paper,
we follow the IUPAC designation for torsion angles.”?
Torsion angles are defined in the range —180° < y <
180°. Conformations with torsion angles within £30°
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from £180° (trans), +120° (anticlinal), +60° (gauche),
and 0° (cis) are indicated by the symbols T, A, G, and
C, respectively. This designation is different from Flory’s
where the torsion angle of trans is defined as 0°.7374 In
the case of vinyl polymers, two gauche conformations
with backbone torsion angles of +60° and —60° give
different conformations. To distinguish these conforma-
tions, we follow the designation described originally in
refs 1 and 72—75 and used in our previous paper.5® The
symbol G corresponds to the conformation with the
three bulky substituents, namely the CN group and the
two main chain “continuations”, close to each other. This
G conformation is assigned a torsion angle of ca. —60°.
(This agrees with ref 75 but is opposite in sign compared
to ref 55, which is in turn more consistent with the
polystyrene literature.) The symbol G corresponds to the
conformation with the opposite sign, +60°. The G
conformation is more unfavorable than G due to larger
steric hindrance. The conformations of GG and GG
sequences are also unfavorable due to steric crowding,
the so-called “pentane effect”.475

Similarly, other torsion angles of opposite signs are
also used to designate sterically inequivalent conforma-
tions; for instance, +120° and —120° are sterically
different and termed A and A. Furthermore, we will
refer to the torsion angles of £160°, £140°, £100°, and
+20° as T'/T', A'/A’, A"/A", and C'/C', respectively.

3.2. Effect of Molecular Reorientations. To ex-
amine the contribution of molecular reorientation, ad-
ditional 2D CSA exchange experiments were carried out
on a ®N-labeled aPAN sample. The 1N CSA is a good
probe for main-chain dynamics. No off-diagonal signals
are observed with a mixing time of 5 ms at 20 °C. This
confirms that the contribution of motion is negligibly
small for the 2D DQF and DOQSY experiments, since
the total time of DQ reconversion and z-filter periods,
0.9 ms, is even shorter than 5 ms. The detailed inves-
tigation of the dynamics of aPAN will be published later
in this series of papers.%3

3.3. Statistics of 13C Labeling and Long-Distance
Correlations. In 2D DOQSY spectra, only the signals
of 13C spin pairs are desirable, while single 13C spins
and sequences of three or more 13C spins produce
unwanted backgrounds or artifacts. Unlike in doubly
labeled samples,51:535462 13C’s are statistically distrib-
uted in the present case, which produces various spin
sequences with different number of 13C’s. Thus, we
should minimize the effects of isolated 13C spins and of
three-spin (and longer) sequences. The detailed treat-
ment of the statistics of 13C-labeled sites and effects of
longer spin sequences have been described in our
previous paper,> so only some modifications are dis-
cussed here.

For the pulse sequences of 2D DQ/CSA+CC and DQ/
CSA, the radio-frequency jump is applied before and
after the DQ evolution as described above (see Figure
1).7* Switching the frequency off-resonance in w; permits
a complete separation of the DQ spectrum from zero-
guantum and single-quantum artifacts, while all the
pulses are applied on-resonance. Thus, the crucial
artifacts that we should consider are due to DQ coher-
ences of three or more spins. The fraction of isolated
sequences of n spins is calculated as®®

r() = nx" (1 — %) ()

where x is the fraction of labeled sites. Thus, the ratio
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of the fraction of isolated sequences of three or more
spins to the fraction of isolated spin pairs is given by

0 2
n;rn(x) 1- nZ‘rn(x) ¥(3 — 24
= = 8)
r(X) r(X) 2(1 — x)*

For small x, this reduces to ~1.5x. The 2CH,-labeling
level of 15% chosen here is lower than in our previous
work on atactic polystyrene (aPS),% where a 24% 13CH,-
labeled polymer was used. By reducing the labeled
percentage from 24% to 15%, the fraction of sequences
of three or more spins relative to that of isolated spin
pairs is reduced significantly, from 0.52 to 0.28. While
a detailed discussion of the multispin DQ patterns is
beyond the scope of this paper, it is worth noting that
the undesirable DQ coherences that involve three or
more spins significantly give relatively small,5® nega-
tive’® signals, in particular at short rpg. In fact, at the
short excitation and reconversion time tpg of 0.4 ms,
three-spin systems behave as independent pairs of two-
spin systems to a good approximation.>® The effect of
four or more spins is expected to be negligible.

3.4. Intermolecular Correlation. In our experi-
ments, intermolecular 13C—13C correlations might be
suspected to affect the spectrum, since all the chains
are 15% 13C-labeled. Fortunately, the intramolecular
2.52 A distance between 13C sites separated by two
bonds is significantly shorter than the intermolecular
chain-to-chain distance of 6.0 A in aPAN;6:2.11.20.28 thjs
distance is indeed relevant since the methylene groups
will be located near the centers of the chains. Therefore,
we can neglect intermolecular 3C—13C correlations and
can observe intramolecular ¥C—13C correlations selec-
tively. Within the relatively short DQ excitation time
of tpg = 0.4 ms, the DQ excitation efficiency of inter-
molecular couplings is only ~1% of that of a 2.52 A two-
bond coupling.5®

4. Results and Discussion

4.1. Determination of the CSA Tensor Orienta-
tion from HH/CSA and CH/CSA Spectra. Figure 3a
shows the experimental HH/CSA spectrum of the
methylene groups in 23CH,-aPAN. It provides informa-
tion on the 13C chemical shift tensor orientation with
respect to the chemical bonds, by specifying the orienta-
tion of the H—H internuclear vector relative to the 13C
chemical shift PAS.

In the HH/CSA spectrum of Figure 3a, the widest
resonance lines in w; are obtained at the left edge of
the spectrum in the second dimension, w,; = o11. This
result indicates that the H—H vector is almost along
the oy axis. The local maximum in the w; width at o33
suggests that the o33 direction is perpendicular to the
H—H vector. The narrowest resonance lines in w; are
obtained between o3, and o33 for the HH/CSA experi-
ment. This feature is the same as for the CH, carbon in
polyethylene (PE), whose o; axis is along the H—H
internuclear vector, the oy, axis along the H—C—H
bisector, and the o33 axis perpendicular to the H—C—H
plane.68:69.77.78

Figure 4a displays the CH/CSA spectrum of 13CH,-
aPAN, which correlates the chemical shift tensor ori-
entation with the directions of the C—H bonds. The
spectrum in Figure 4a is dominated by a narrow peak
at w, = o022, near the center of the spectrum. This
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Figure 3. 2D 'H—'H dipolar/*3C chemical shift anisotropy
spectra of 3CH,-aPAN (HH/CSA spectra). (a) Experimental
spectrum. (b)—(f) Simulated spectra with different chemical
shift tensor orientations. The polar coordinates of the H—H
internuclear vector in the PAS of the CSA (see Figure 2a) are
given in each figure. The fixed parameters were g;; = 50.5
ppm, 022 = 34.5 ppm, 033 = 16.5 ppm, rcy = 1.09 A, and OH—
C—H = 109.5°. Gaussian broadenings with full widths at half-
height of 9 kHz and 6 ppm were applied in the w; and w;
dimensions, respectively. Fifteen contour lines were plotted
between 6.5% and 97% of the maximum intensity.

(d (0", 90°,0)

(a) Expt. (b) (0°,0°,07) (c) (0°,0°,90°)

Py N

g g

£ 8

=

<

3 S
Oy On O3 ~Su 9» G33 O On O O Os

60 40 20 60 40 20 60 40 20 60 40 20

o, ( CS. A) ppm ppm

(e) (90°,90°,90°)  (f) (80°,90°,0%) (g) 07,0°,30%) (h) (80°,30°,90°)

Oy Op O Oy Op» Omn Oy Op Oz —9n On On
60 40 20 ppm60 40 20 60 40 20 ppm 60 40 20

Figure 4. 2D 8C—!H dipolar/*3C chemical shift anisotropy
spectra of *CH,-aPAN (CH/CSA spectra). (a) Experimental
spectrum. (b)—(h) Simulated spectra with different chemical
shift tensor orientations. The Euler angles that specify the
relative orientation of the PAS of the dipolar sum tensor (see
text) and the PAS of the CSA are given in each figure. The
fixed CSA and bonding parameters were the same as listed in
the caption of Figure 3. Gaussian broadenings with full widths
at half-height of 3 kHz and 7 ppm were applied in the w; and
w, dimensions, respectively. Twenty-eight contour lines were
plotted between 6.9% and 99.8% of the maximum intensity.

indicates that the direction of the central chemical shift
principal value, o2, is along the DS,; principal axis of
the dipolar sum tensor, that is, along the H-C—H
bisector. It is also seen that two nearly straight, mirror
symmetric ridges run from o011 to o33, indicating that
the dipolar sum tensor PAS and the chemical shift PAS
are essentially parallel. Additional broadened intensity
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appears from o11 to 022 and the central intensity (at w;
= 0) at 033. This pattern originates from the “difference
tensor” DP, whose DP;; and DPg3 principal axes are
disposed symmetrically £45° from the H—C—H bisector,
while the DP,, axis is perpendicular to the H—-C—H
plane.6”=70 Thus, the direction of o33 is found to be along
DP,,, that is, perpendicular to the H—C—H plane. This
also confirms the above assignment of the chemical shift
tensor orientation.

To verify this analysis, simulated spectra for these
experiments are shown in Figure 3b—f and Figure 4b—
h. In Figure 3, the orientation is specified in terms of
only two Euler angles (o, ) as described above, because
a y-rotation of the PAS of the chemical shift tensor
around the H—H vector does not change their orienta-
tional relation. Figure 3b corresponds to the same
chemical shift tensor orientation as in PE. In parts ¢
and d of Figure 3, the directions of (011, 022) and of (011,
o33), respectively, are interchanged relative to Figure
3b. The resulting patterns are clearly different from the
experimental spectrum. The interchange of (022, 033), of
(011, 033), and of (011, 022) from parts b, ¢, and d of Figure
3, respectively, gives the same spectrum of the corre-
sponding original spectrum. Figure 3e,f indicates that
rotations around the o33 axis by more than +30° result
in significant deviations from the experimental spec-
trum.

Figure 4b shows the simulated CH/CSA spectrum
whose chemical shift tensor orientation is the same as
for PE. In parts c, d, and e of Figure 4, the directions of
(011, 022), Of (011, 033), and of (022, 033), respectively, are
interchanged relative to Figure 4b. In Figure 4f, the
directions of (011, 033) are interchanged relative to Figure
4c. The spectrum whose directions of (011, 0s3) are
interchanged from Figure 4e gives a pattern similar to
the mirror image of Figure 4e (not shown here). This
spectrum and the spectra in (¢)—(f) are clearly different
from the experimental spectrum. Figure 4g,h indicates
that 30° rotations around the o33 and o;; axes give
deviations from the experimental spectrum. An even
clearer difference is observed for a rotation around the
0y, axis. From these two experiments, it is concluded
that the chemical shift tensor orientation is the same
as in polyethylene within uncertainties of +£20°. The
same result was obtained previously for atactic poly-
styrene.5®

It is difficult to determine the chemical shift PAS
directions more accurately, because detailed features of
these 2D HH/CSA and CH/CSA spectra are smeared out
by strong inhomogeneous line broadening. The line
width (fwhm) of 13CH,-aPAN estimated from a 1D CP/
MAS spectrum is 485 Hz (6.4 ppm). This large line
width must be attributed to the disordered local struc-
ture of aPAN, including conformational, configurational,
and packing disorder. The 13C—13C dipolar interactions
may also increase the line width, but the 3C labels are
unavoidable; they are required to make the CH signal
insignificant, which overlaps with the CH, resonance
line. The chemical shift tensor orientation and the
principal values of the CH; carbon in meso and racemo
dyads can be expected to be somewhat different due to
the influence of the C=N side groups.

The spectra show clear indications of different dis-
tributions of the three principal values; in particular, a
stronger inhomogeneous broadening near oi; is ob-
served. To keep the calculation time manageable, in the
simulations the distributions were approximated by
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Figure 5. 2D double-quantum filtered 3C—13C dipolar/**C
chemical shift anisotropy spectra of 13CH,-aPAN with 3C—
13C dipolar decoupling and 7pq = 0.4 ms (DQF-CC/CSA
spectra). (a) Experimental spectrum. (b)—(d) Simulated spectra
with T":G ratios of (b) 90:10; (c) 80:20, and (d) 70:30. In the
simulations, torsion angles of £160° and +£60° were used for
trans and gauche conformations, respectively. Gaussian broad-
enings with full widths at half-height of 4 Hz and 3 ppm were
applied in the w: and w, dimensions, respectively. Fifteen
contour lines were plotted between 11.8% and 94.1% of the
maximum intensity.

three values for each principal value: o;; = 41.5, 50.5,
and 59.5 ppm; 02, = 29.5, 34.5, and 39.5 ppm; and o33
= 14.5, 16.5, and 18.5 ppm. The resulting isotropic
chemical shift is 33.8 + 3.5 ppm.

4.2. Conformation Measurements. 4.2.1. DQF-CC/
CSA Experiment. Figure 5a shows the experimental
DQF-CC/CSA spectrum of ¥CH-aPAN. The ¥3C—-13C
dipolar coupling in the w; dimension is correlated with
the pure CSA in w,. While CC/CSA spectra of 13C-pair
labeled polymers have been measured without a DQ
filter,%6.79.80 for the statistically 12CHy-labeled aPAN a
DQ filter is required to suppress the artifact at w; = 0
that arises from the isolated spins; this undesired sharp
ridge would otherwise dominate the spectrum, prevent
the measurement of small dipolar couplings, and intro-
duce truncation artifacts even for w1 = 0. The total
duration of the DQ filter used was 2tpg = 0.8 ms.

In the spectrum of Figure 5a, the 1¥C—13C dipolar
widths at 011 and o2, are quite similar, and that at o33
is wider than those at 011 and 02,. As explained above,
this indicates that the 3C—13C internuclear vector is
nearly along the o33 direction and perpendicular to o1;
and o, directions (see eq 1). The chemical structure of
aPAN in Figure 1la shows that this geometrical relation
corresponds to a backbone conformation close to trans.

4.2.2. DQ/CSA Experiment. Figure 6a shows the
experimental DQ/CSA spectrum of 13CH,-aPAN with

(b) 90% T

W, + O
60 ppm

w1 (DQ)
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oo = 0.4 ms. The signal intensity appears along the
diagonal of slope two in the 2D spectrum. This shows
that the dominant backbone conformation is close to
trans. The slope-two diagonal corresponds to the condi-
tion of wa = wp,8! since the spectrum correlates the sum
frequency w, + wyp, of the two dipolar-coupled 13C nuclei
(see Figure 1b) with the single-quantum frequency, w,
or wy, in the wz-dimension.

4.2.3. DQ/CSA+CC Experiment. Figure 7a shows
the experimental DQ/CSA+CC spectrum of 23CH-aPAN
with 7po = 0.4 ms. As in the DQ/CSA spectrum, the
signal intensity appears generally along the diagonal
of slope two, indicating again that the backbone con-
formation is predominantly in a state close to trans. In
this experiment, however, the signal intensity along the
diagonal of slope two is split into doublets of varying
splitting in the w, dimension, due to *¥C—'3C dipolar
couplings with a maximum strength of vp = +470 Hz.
The spectrum is also modulated by the DQ excitation/
reconversion efficiency.5155.57

In cases of directly bonded 13C—13C pairs, such as in
13CH,—13CH; doubly labeled PE or poly(ethylene tere-
phthalate) (PET),51:5354 Jarge 13C—13C dipolar couplings
of up to vp = £3 kHz make it difficult to distinguish
trans and gauche conformations. In those cases, the
13C—-13C dipolar decoupled version of the DQ/CSA
experiment is preferable. In the present case, however,
the dipolar coupled spectrum is worth recording, in
addition to the dipolar decoupled version. The labeled
13C sites of 13CH,-aPAN sample are separated by two
bonds, and the dipolar coupling strength is smaller than
that for directly bonded 3C—'3C in PE and PET.51.5354
This smaller strength of the couplings reduces the
complications they produce, and we can determine the
backbone conformation in aPAN by a 3C—13C dipolar
coupled version of the experiment as already shown for
aPS.5%5 The 13C—13C dipolar coupled version spectrum
exhibits some specific features that are important for
the torsion angle determination. Details will be de-
scribed in the next section.

4.3. Simulations. To extract detailed information on
the backbone conformation from the three experimental
2D DQF and DQ spectra shown above, we compare
them to simulated 2D spectra for various possible
conformations. The chemical shift principal axes direc-
tions were determined by the CH/CSA and HH/CSA

@70% T

o111 022 033

. .011 |0'22 .633 o .
60 40 20 0 60 40 20
Wy = W, (or 0p)

0 60 40 20 ppm

Figure 6. 2D 3C double-quantum/chemical shift anisotropy spectra of 3CH,-aPAN with *C—3C dipolar decoupling, for 7pq =
0.4 ms (DQ/CSA spectra). (a) Experimental spectrum. (b)—(d) Simulated spectra with (b) T'T":T'G = 80:20 (trans content of 90%),
(c) T'T"T'G = 60:40 (trans content of 80%), and (d) T'T":T'G = 40:60 (trans content of 70%). For these simulations, only gauche
conformations in the T'G conformation were considered; any types of GG conformations were not included. For all the simulations,
torsion angles of £160° and +60° were used for trans and gauche conformations, respectively. Gaussian broadenings with full
widths at half-height of 8 and 2 ppm were applied along and perpendicular to the diagonal of slope two, respectively. Seventeen
contour lines were plotted between 15.5% and 98% of the maximum intensity.
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Figure 7. 2D 3C double-quantum/chemical shift anisotropy spectra of 2*CH,-aPAN without *C—3C dipolar decoupling and 7pq
= 0.4 ms (DQ/CSA+CC spectra). (a) Experimental spectrum. (b)—(d) Simulated spectra with (b) T'T":T'G = 80:20 (trans content
of 90%), (c) T'T":T'G = 60:40 (trans content of 80%), and (d) T'T":T'G = 40:60 (trans content of 70%). For these simulations, only
the T'G conformation was considered as the gauche conformation; any types of GG conformations were not included. In all the
simulations, torsion angles of +160° and +60° were used for trans and gauche conformations, respectively. Gaussian broadenings
with full widths at half-height of 6 and 1.4 ppm were applied along and perpendicular to the diagonal of slope two, respectively.
Sixteen contour lines were plotted between 11.6% and 99% of the maximum intensity.
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Figure 8. Simulated 2D double-quantum filtered 3C—'3C
dipolar/*3C chemical shift anisotropy (DQF—CC/CSA) spectra
of 3 CHz-aPAN, with 3C—3C dipolar decoupling during detec-
tion, for various conformations. The torsion angle values are
indicated above each spectrum. Note that in this figure, for
simplicity, T' is used to indicate T' or T', A’ stands for A' or
A', and C' stands for C' or C'. Parameters for simulations and
plotting are the same as in Figure 5.

experiments as discussed above. In the simulations, the
DQ excitation/reconversion modulation and intermedi-
ate 13C—13C dipolar coupling are calculated analyti-
caIIy.51*57~82

4.3.1. DQF-CC/CSA Simulation. Figure 8 shows
simulated 2D DQF-CC/CSA spectra for some typical
torsion angles. A strong dependence of the 2D spectra
on the torsion angle is clearly observed, and we can thus
distinguish trans and gauche conformations. Simula-
tions for trans conformations give the largest splitting
in the 13C—13C dimension at w» = o33. In contrast, for
gauche conformations the largest splitting in the 13C—
13C dimension appears around w; = 02,. By comparing
the experimental spectrum with these simulations, the
dominant conformation is found to be trans. Among
trans conformations, a torsion angle of +160° gives a
suitable simulated spectrum. In contrast, the simulated
spectra for anticlinal, gauche, and cis conformations in
Figure 8 are clearly different from the experimental
spectrum.

Figure 5b—d shows simulations with trans contents
of 90%—70%; torsion angles of £160° and +60° were
used for trans and gauche conformations, respectively.
Although the simulation with a trans content of 90%
gives the best fit and that with a trans content of 70%
exhibits smaller intensity at w, = o33, the difference is
not particularly pronounced. Thus, from this experiment
we can only conclude semiquantitatively that the back-
bone conformation of aPAN is predominantly trans.

4.3.2. DQ/CSA Simulation. Figure 9 shows simu-
lated 2D DQ/CSA spectra for some typical conforma-
tions. Here, we can obtain information on two successive
torsion angles since 2D DQ/CSA spectra depend on two
successive torsion angles. As observed in Figure 9, trans
and gauche conformations can be distinguished by this
experiment. In contrast to trans conformations, whose
spectra extend along the diagonal of slope two, gauche
conformations give intensity near the center of the 2D
plane. Some torsion angles, such as (160°, 160°) and
(—160°, —160°), or (60°, 60°) and (—60°, —60°), cannot
be distinguished because they are geometrically equiva-
lent. However, if only one of the signs is changed, from
(160°, 160°) to (160°, —160°), or from (60°, 60°) to (60°,
—60°), the spectra are different. Note that the assign-
ments of parts h and i of Figure 9 to GG/GG and GG,
respectively, are corrected compared to similar simula-
tions in ref 55. Also, while TG and TG yield the same
spectra, the T'G and T'G patterns in Figure 9f,g are
slightly different. Consistent with the 2D DQF-CC/CSA
experiment, simulations with torsion angles of (+160°,
+160°) for the trans—trans conformations give the best
agreement with the experimental spectrum.

Figure 6b—d shows simulations with trans contents
of 90%—70%, with torsion angles of (+160°, £160°) and
(160°, 60°) for trans—trans and trans—gauche confor-
mations, respectively. The simulation with a trans
content of 90% gives the best fit, while the simulated
spectrum with a trans content of 70% is wider than the
experimental spectrum. Therefore, we can conclude that
the trans content in aPAN is 90% (+10%).

4.3.3. DQ/CSA+CC Simulation. Figure 10 shows
simulated 2D DQ/CSA+CC spectra. The torsion angles
are the same as in the corresponding spectra in Figure
9, and the torsion angle symmetry properties are also
identical. The spectral patterns are now affected by the
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Figure 9. Simulated 2D 3C double-quantum/chemical shift anisotropy spectra of 3CH,-aPAN with 3C—13C dipolar decoupling
(DQ/CSA spectra) for various conformations. The two successive torsion angle values are indicated above each spectrum. Parameters

for simulation and plotting are the same as in Figure 6.

13C—-18C dipolar coupling as described above. In this
experiment, spectra of (£180°, +180°) and (+160°,
+160°) can be distinguished more clearly from the
presence or absence of a central maximum near w; =
o33. From the comparison of the experimental and
simulated DQ/CSA+CC spectra, it is confirmed that a
torsion angle of (+160°, +160°) is the most suitable
angle for simulating the trans conformation in this
experiment.

Figure 7b—d shows simulations with trans contents
of 90%—70%. In the simulations, torsion angles of
(+£160°, £160°) and (160°, 60°) were used for trans—
trans and trans—gauche conformations, respectively. As
before, the simulated spectrum with a trans content of
70% is wider than the experimental spectrum, and we
confirm that the trans content in aPAN is 90% (+10%).

4.3.4. Summary of the Simulations. From the
above three experiments, we can conclude that the
conformational statistics in aPAN are trans:gauche =
90:10 (£10). The spectra also suggest that the torsion
angle of the trans conformation deviates by 20° from
the ideal 180° torsion angle. Such a deviation could be
due to steric hindrance or electric dipole repulsion of
—C=N groups in meso dyads of aPAN. However, as
discussed above, the precise chemical shift tensor
orientation cannot be determined for the CH, carbon of
aPAN. Deviations of the chemical shift tensor orienta-
tion from that used for the above simulations will give
a similar effect as deviations of the torsion angles. In
fact, the chemical shift tensor orientation is expected
to depend on the local configuration. The torsion angle
of the gauche conformation is expected to deviate from
the “ideal” value of +£60° used here.”* However, the
deviations are too small to be resolved in the present

experiments, due to the same limitations as discussed
for the trans conformations, and also because the
fraction of gauche conformers is too small. Since we
cannot determine precise torsion angles using the CSA
of the 13CH; carbon, distributions of torsion angles were
not considered in the above simulations, although
distributed torsion angles are suggested in ref 28.
Precise analyses of torsion angles and their distribu-
tions, by using a ¥C=N-labeled and a 13C/2H-labeled
aPAN sample, will be described in our forthcoming
paper.58 There, the use of the axially symmetric tensors
with well-defined orientations along chemical bonds
permits detailed torsion angle analyses, in particular
for the trans—trans conformations.

4.4, 1D 13C CP/MAS Spectrum. In PE and several
other aliphatic polymers, the trans/gauche ratio can be
analyzed on the basis of simple 1D 13C MAS spectra and
the y-gauche effect.83-87 The y-gauche effect is the
decrease of the isotropic chemical shift by 4—6 ppm for
each y-substituent in a gauche conformation. It is,
however, only empirical, and we should examine the
origin of the isotropic chemical shift change before
applying the y-gauche analysis, since chemical shifts
also depend on other effects such as chain packing and
configuration. Nevertheless, once the assignment of
resonance lines is carried out, we can determine a trans/
gauche ratio easily, although detailed torsion angles are
not obtained. The aPAN sample does not have y-carbons
in the side groups, which makes the y-gauche analysis
more reliable than for aPS. The various 2D experiments
in this paper will check the validity of the y-gauche
analysis for aPAN.

Figure 11a shows the 1D CP/MAS 13C spectrum of
the 13CH, units in aPAN. The signal of the overlapping



Macromolecules, Vol. 33, No. 14, 2000

OTTITT
(£160°, £160°)

@TT
(£180°, £180°)

@QTT

Atactic Poly(acrylonitrile) 5177

(e) A'A’
(£140°, $140°)

(dAAAA
(£140°, £140°)

60 40 20 60 40

Figure 10. Simulated 2D *3C double-quantum/chemical shift anisotropy spectra of 33CH,-aPAN without 3C—3C dipolar decoupling
(DQ/CSA+CC spectra) for various conformations. The two successive torsion angle values are indicated above each spectrum.
Parameters for simulation and plotting are the same as in Figure 7.
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Figure 11. 1D CP/MAS 3C spectra selectively of the meth-
ylene groups in (a) 3 CH,-aPAN and (b) 13CH,-aPS. Suggested
conformations are indicated for each resonance band.

CH resonance was removed by subtracting the spectrum
of an unlabeled aPAN sample from that of the 15%
13CH,-aPAN sample, using the natural abundance
13C=N signals to determine the exact scaling of the
subtracted spectrum. The pure 13CH, spectrum exhibits
only one peak without any shoulders, suggesting that
one conformation is dominant. For comparison, the 1D
CP/MAS spectrum of 13CH; units in aPS, whose trans
content is 68% (£10%), is shown in Figure 11b. In the
spectrum of aPS, we see broad features that can be
assigned tentatively to T*.*T, T*.*G, and G*.*G con-
formations.>®

These results are consistent with those obtained from
the 2D DQF and DQ NMR experiments in this paper
and our previous paper, and the resonance line at 33.8
ppm of aPAN can be assigned to a T*.*T conformation.

4.5. Comparison with Previous Data. 4.5.1. Trans/
Gauche Ratio. In this section, the trans/gauche ratio
of aPAN is compared with values proposed in the
literature. Grobelny et al.1® suggested a model with a
gauche content of at least 33.3%,88 which does not agree
with our result. The model is based on the purported
existence of an isolated proton pair with a distance of
1.5 A. The distance was calculated from a peak at ~6.5
G, or 55 kHz, in the first-derivative 'H broad line (BL)
NMR spectrum of aPAN at 20 °C. The fallacious
conclusion of this approach becomes clear if one consid-
ers the 'H BL-NMR spectrum of polyethylene (PE),
where a peak appears at ~7.5 G or 63 kHz,8 which
would correspond to even shorter 1H—1H distances (1.4
A). However, such short tH—H distances do not exist
in PE, where the geminal H—H distance is 1.8 A. The
additional broadening is due to multispin interactions.
Also, in aPAN there is no reason for the proton spin
pair to be isolated.

On the basis of Fourier analysis of 2D WAXD patterns
of oriented aPAN fibers, Liu and Ruland?® suggested
that the backbone conformation of aPAN is a planar
zigzag with a finite persistence length due to interrup-
tions by kinks at irregular intervals. The existence of
one kink per 10 monomer units such as a TGTGT
sequence, which gives an average distance of 2.41 A per
monomer unit along the c direction, would reproduce
the parallel alignment of chains and the experimental
density value. The average distance per monomer unit
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along the c direction was calculated to be ¢ = 2.41-2.31
A from the experimental density of aPAN, 1.17—-1.22 g
cm—3,932-34 gnd the nearest chain distance in the
pseudohexagonal form, a = b = ~6.0 A, from WAXD
measurements.t911.20.28 The gauche content is 10% in
this model, which is in good agreement with our re-
sults. Moreover, the Liu and Ruland model could
successfully explain the diffuse reflection at around 0.3
A1 without considering an amorphous phase. (The
phase structure of aPAN is still controversial, and some
authors interpreted this diffuse reflection as an amor-
phous halo.16:35:36)

However, Liu and Ruland’s model could not explain
the full experimental 2D WAXD patterns. The persis-
tence length of 14 A for the planar zigzag conformation,
which was estimated from the width of the meridional
reflection, also does not agree with that calculated from
one kink per 10 monomer units. We should consider
other factors that broaden the WAXD reflections along
the chain of aPAN, since one kink per 10 monomer units
gives sharper reflections.

Rizzo et al.?8 calculated possible low-energy extended
conformations based on a conformational energy mini-
mization procedure. By including trans torsion angles
deviating from 180° and distributions of gauche torsion
angles, several possible conformers were found that
preserve the almost parallel alignment of chains and
low conformational energies, without kink formations.
In their model, gauche conformations appeared as TGT
sequences in most cases except for one conformation
with GAGT. The gauche content in their model can be
calculated to be ~20%, although the value is not given
explicitly in ref 28. The average periodicity of the chain
in this model is 2.3—2.4 A, since slight deviations of
torsion angles from the exact trans and gauche confor-
mations do not shorten the mean chain periodicity very
much. This model was more successful at reproducing
the 2D WAXD patterns. The trans/gauche ratio in this
model is compatible with our experimental results. The
detailed comparison with the torsion angles in this
model and their distributions will be addressed in our
future paper.58

On the basis of 2H NMR line shapes at high temper-
ature (>150 °C), Thomsen et al.?° suggested a confor-
mation that can undergo a crankshaft motion. They
used C—CH,—C valence bond angles of 114° to explain
the 2H NMR spectra. According to the conformational
energy minimization calculations by Rizzo et al.,?8 this
bond angle may be possible. The 2H spectra indicate that
all the C—2H bonds undergo the same motion, which in
the crankshaft model gives a gauche content of ~50%.
Because of the difference in temperature, we cannot
compare their data directly with ours, but the interpre-
tations will be consistent if the gauche content is greatly
increased with increasing temperature. In trans-poly-
butadiene, such an increase in chain disorder has indeed
been observed. °*

A strongly twisted helical structure proposed by Bohn
et al.,° Rosenbaum,®? and Henrici-Olivé and Olivé,*
which gives an average angle of 60—70° between the
C=N (or C—H) bonds and the chain axis,® is clearly
inconsistent with our experimental findings.

4.5.2. Phase Structure. It is worth noting that the
trans/gauche ratio measured by our NMR experiments
is for all the components in aPAN. In 1960, Stefani et
al.® suggested that the planar zigzag crystalline phase
in aPAN was composed of syndiotactic sequences by
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considering the difficulty of trans—trans conformations
in isotactic sequences. Hinrichsen®® estimated a degree
of crystallinity of ~30% by assuming that a broad
reflection in the WAXD patterns was an amorphous
halo. Even with this low crystallinity, some portion of
isotactic sequences would still have to be incorporated
into the crystalline phase. In 1993, Hobson and Win-
dle?122 showed that isotactic sequences can be incorpo-
rated in the crystalline phase, since the isotactic se-
guences can emulate the shape of the syndiotactic
planar zigzag conformation; still, they thought of a two-
phase model. Rizzo et al.?® also showed that meso
sequences, at least m dyads and mm triads, are easily
accommodated into the crystalline regions. The models
by Rizzo et al.?8 and by Liu and Ruland?® can explain
the broad reflection in the WAXD patterns without
assuming the existence of an amorphous phase. The
experimental density values are also reproduced with-
out an amorphous phase.

The trans/gauche ratio obtained in our NMR experi-
ments for aPAN as a whole is consistent with that in
the crystalline component estimated by Rizzo et al.28
and Liu and Ruland.?® If we assumed a two-phase
structure, the trans/gauche ratio would be close to 90:
10 also for the amorphous region. In other words, the
trans/gauche ratios in the crystalline and the amor-
phous phase would have to be almost the same. This
would suggest that the configurational statistics in both
phases are similar, and the meso sequences would be
predominantly trans—trans even in the amorphous
phase. This disproves the original assumption that
motivated Stefani et al.® to propose an amorphous
phase.

In summary, no convincing positive evidence for an
amorphous phase in aPAN is currently known. In fact,
the high trans content that we found speaks against a
significant amorphous phase, since meso trans—trans
conformers seem less likely in amorphous regions. This
last argument must be regarded with caution, however,
since in PE the conformations in the amorphous phase
are predominantly trans at low temperatures, because
the trans state is energetically more favored than the
gauche state.®® This indicates that it may be problematic
to try to identify the phase structure only from the
backbone conformation. Information on the phase struc-
ture extracted from dynamics measurements will be
discussed in our forthcoming paper.>®

5. Conclusions

The conformational statistics of the backbone bonds
in aPAN were investigated by 2D double-quantum
filtered CC/CSA as well as 13C-coupled and 13C-de-
coupled double-quantum solid-state NMR experiments,
using a 15% 13CHy-labeled aPAN sample. From the
NMR spectra, the trans/gauche ratio was determined
to be 90%:10% (+10%). This value is consistent with the
previously reported density and WAXD patterns of
aPAN. The chemical shift tensor orientation of the CH»
carbon, which must be known in the simulations of
the double-quantum spectra, was determined using 2D
CH/CSA and HHJ/CSA correlation experiments. The
orientation of the principal axes with respect to the
chemical bonds is the same as that of the CH> carbons
of polyethylene and atactic polystyrene, within +20°.
The validity of the y-gauche analysis of the isotropic
chemical shift of the CH, site in aPAN was examined
by analyzing the 1D CP/MAS 13C spectrum of the 15%
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13CH,-labeled aPAN in view of the above-mentioned 2D
NMR results. The single CP/MAS resonance line at 33.8
ppm was assigned to the T*.*T conformation.
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