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ABSTRACT: Molecular motions in polycarbonates and polycarbonate-like materials have been characterized
by dipolar rotational spin-echo *C NMR. The dominant motion in polycarbonate is 180° flips about the
aromatic-ring C, axes. These flips occur over a broad range of frequencies extending to over 15 MHz. The
flips are superimposed on 30° ring oscillations about the same axes. Other main-chain motions, as measured
through methyl-carbon dipolar patterns, are also significant; amplitudes of these motions are of the order
of 20°. Chlorine substitution on the rings abolishes both ring and main-chain motions. Chemical modification
of the links between rings also reduces motion, in some cases by preventing a fraction of the rings from flipping.

Introduction

The frequency of some of the main-chain motions of
various polycarbonates has been determined from !3C
spin-lattice relaxation measurements employing high-
resolution techniques, including magic-angle spinning.! In
addition, the cooperative nature of main-chain motions has
been inferred from the mechanical loss spectroscopy of an
extended series of chemically substituted and modified
polycarbonates and polycarbonate-like materials.? Despite
the insights gained from such studies, to make an unam-

' Present address: Washington University Medical School, Mal-
linckrodt Institute of Radiology, St. Louis, MO 63110.

biguous connection between the macroscopic mechanical
properties of these polymers and the microscopic molecular
motions from which such properties derive, the amplitudes
of the various ring and main-chain motions must be
specified.

In this paper we measure the dipolar coupling between
carbons and directly attached protons in polycarbonates
using dipolar rotational spin-echo *)C NMR.? The re-
duction in dipolar coupling by molecular motion (of fre-
quency comparable to or greater than the dipolar coupling
of about 10 kHz) becomes a measure of the amplitude of
the molecular motion. Because this experiment is per-
formed at natural abundance, it is practical to make such
measurements on a series of polycarbonates, thereby aiding

0024-9297/84/2217-1479$01.50/0 © 1984 American Chemical Society
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Figure 2. Pulse sequence for a double-select T,(C) and T,(C)
experiment.

in the assessment of the physical plausibility of our in-
terpretation of motion.

Experiments

The pulse sequence for the dipolar rotational spin-echo ex-
periment is shown in Figure 1. The evolution of the carbon
magnetization due to chemical shift effects is refocused after two
rotor periods by a carbon 180° pulse applied after the first rotor
period. the 'H-'3C dipolar modulation*® is followed by varying
the number of phase-shifted multiple-pulse 'H (WAHUHA) pulse
sequences® during a time ¢,. The spinning speed is chosen so that
an integral number of WAHUHA cycles exactly fits into one rotor
period. In our experiments, this number was 16. Each WAHUHA
cycle took 33 us, with 3-us 100° pulses,” so that sample spinning
was at 1894 Hz. Experiments to characterize the weaker dipolar
coupling for methyl carbons were sometimes performed at half
the spinning speed using 32 WAHUHA cycles. Matched spin-lock
transfers were performed at 60 kHz. Data acquisition took place
during the time t,. The time ¢; occurred in the preparation part
of the sequence during which the carbons were spin-locked in the
absence of a decoupling field. The pulse sequence of Figure 1
is similar to that used by Munowitz et al.? and by Munowitz and
Griffin® for studying dipolar coupling in rotating solids.

Rotational dipolar sideband patterns were simulated by
evaluating numerically integrals given by Herzfeld and Berger.1°
The double integral over o and 8 (eq 24 in ref 10) was performed
by evaluating the integrand at 377 points on the unit sphere.!!
The integrand in the single integration over 6 (eq 33 in ref 10)
was evaluated at u + 12 points, where u defines!® the width of
the dipolar pattern. Results of these calculations were tested by
comparisons to published values.!® Motionally modified dipolar
and chemical shift anisotropy patterns were calculated by using
the Herzfeld and Berger analysis, with width and asymmetry
parameters evaluated from geometrical considerations under the
assumption of fast motion (see Appendix).

The pulse sequence for a combined spin-lattice relaxation
experiment is shown in Figure 2. This is a modified Torchia T(C)
experiment in which carbon magnetization is generated by cross
polarization, held spin-locked in the absence of a decoupling field
for a variable time, and then restored to the z-axis direction by
a 90° pulse.!> Following waiting periods comparable to T} of the
carbons, the surviving magnetization is sampled by a second 90°
pulse. Phase cycling and data routing are employed to ensure
inversion-recovery behavior.”> With both 71(C) and T1,(C) delays
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in the same experiment, it is possible, for example, to measure
the megahertz-regime relaxation properties of a fraction of the
sites of a dynamically heterogeneous material, with selection of
those sites based on their kilohertz-regime behavior.

Relaxation measurements were made on a spectrometer built
around a 12-in. iron magnet operating at a proton frequency of
60 MHz. Half-gram samples were spun with a single-bearing
Beams—-Andrew!® type rotor. Some ®C NMR spectra were ob-
tained on a spectrometer built around a 3-in.-diameter bore su-
perconducting solenoid operating at a proton frequency of 200
MHz. These spectra were used primarily for characterizing
chemical shift anisotropies and were obtained with a double-
bearing cylindrical rotor!* capable of accurately controlled spinning
speeds (£1 Hz) at 3 kHz.

The norbornylpolycarbonate used in these experiments was
the kind gift of Dr. D. J. Massa (Eastman Kodak Co.), while the
tetrachloropolycarbonate, poly(BPA-formal), and chloral poly-
carbonate materials were generously supplied by Dr. E. A. Wil-
liams (General Electric Co.). Polycarbonate itself is available
commercially. All polymer samples for NMR analysis were
prepared by slow cooling from the melt. Poly(BPA-formal)
samples were prepared by both slow and rapid cooling from the
melt. The latter two samples were made after several precipi-
tations of the polymer from chloroform to remove low molecular
weight impurities.

Results

Some chemical shift spectra (Fourier transforms with
respect to ¢,) as a function of WAHUHA irradiation during
t, for annealed poly(BPA-formal) are shown in Figure 3.
Protonated carbon magnetizations rapidly dephase under
as little as 2 cycles of WAHUHA irradiation but are re-
focused after 16 cycles (one rotor period). Magic-angle
spinning should refocus dipolar coupling just as it does
chemical shift anisotropy, so in principle, an echo refocused
following one rotor period of dipolar coupling should have
the same intensity as one without any dipolar coupling.
In fact, the former echo is only a third to a half as large.
The losses are due primarily to incomplete 'H-'H decou-
pling. This source of error discriminates against proton-
ated carbons (relative to nonprotonated carbons) but not
against particular spatial orientations of C—H internuclear
vectors.’

The centers of various lines in the spin-echo spectra were
then Fourier transformed with respect to the dipolar ev-
olution time, t;. This was a 16-point Fourier transform
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Figure 4. Dipolar Pake patterns for three carbons of poly-
(BPA-formal). Each pattern is broken up into spinning sidebands
separated by 1.894 kHz. Each spinning sideband is represented
by a single point in the frequency domain. The relative intensities
of the displayed sidebands are representative of the true inten-
sities, if we make the reasonable assumption of equal widths of
sidebands.
Table I
Calculated Dipolar Rotational Sideband Intensities for an
Aromatic CH Pair Undergoing Molecular Motion and
Magic-Angle Spinning at 1894 Hz

sideband no.

motional
model 0 1 2 3 4 5
static? 0.120 0.124 0.185 0.075 0.038 0.013
180° flips® 0.217 0.235 0.111 0.036 0.008 0.002
90° flips® -0.302 0.237 0.086 0.022 0.004 0.001
15° (rms) isotropic 0.269 0.239 0.095 0.026 0.005 0.001
motion? plus
180° flips
9° (rms) isotropic 0.298 0.237 0.087 0.022 0.004 0.001

motion plus 14°
(rms) C, rolls
plus 180° flips

¢From Figure 5, top left. ®From Figure 5, top right. °¢C,-axis
toggling between two positions separated by 90°. ¢Isotropic ex-
cursions from an equilibrium position with 15° rms amplitude.

resulting in a 16-point dipolar frequency spectrum. Ex-
amples are shown in Figure 4. Dipolar line shapes are
broken up into sidebands separated by the spinning fre-
quency of 1.894 kHz. Broad dipolar sideband patterns
appear for carbons with strong CH coupling, with narrower
patterns observed for carbons with weaker coupling such
as that for the quaternary carbon of the isopropylidene
unit. Over 80% of the intensity of the dipolar pattern for
this carbon appears in the center band.
Large-amplitude motion about the ring symmetry C,
axis can have a dramatic effect on the shape of the CH
dipolar pattern (Figure 5 and Table I). The experimental
aromatic-carbon dipolar patterns for most of the poly-
carbonates appear to be averaged by molecular motion.
The patterns for norbornylpolycarbonate and poly-
carbonate, for example, are clearly narrower than that for
the rigid crystalline BPA monomer (Figure 6). Because
the second spinning sideband is near the maximum of a
rigid dipolar Pake pattern under the conditions of our
experiments, the ratio of intensities of the second to first
dipolar rotational sidebands is a sensitive measure of av-
eraging of CH dipolar coupling by molecular motion. This
ratio changes from about 1.5 for systems with little motion
to 0.5 for systems with substantial motion (Table II).
The aromatic CH n,/n, dipolar sideband ratio also
changes for some of the polymers as a function of the
spin-lock delay time, t; (Figure 1). Carbons with sub-
stantial molecular motion near the rotating-frame Larmor
frequency will have a short T';,(C) relaxation time and
escape the spin lock. The CH dipolar coupling pattern of
the remaining carbon magnetization will therefore char-
acterize the less mobile sites. For all the polymers of these
experiments, about half the spin-locked carbon magneti-
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Figure 6. Experimental dipolar patterns for an aromatic CH pair
under magic-angle spinning at 1.894 kHz for BPA monomer (top),
norbornylpolycarbonate (middle), and polycarbonate (bottom).

zation disappeared in 20 ms at 60 kHz in the absence of
proton decoupling. But only the dipolar pattern of poly-
(BPA-formal) changes significantly (Table III); that of
norbornylpolycarbonate has a weak dependence on the
spin-lock delay time, while those of polycarbonate and
chloral polycarbonate show no dependence (Table IV).

Both the T1,(C) and Ty(C) of polycarbonate have a
weaker than square-law dependence on applied field
(Table V), indicating the presence of a broad distribution
of frequencies of motion. The T',(C) for polycarbonate
has already been established!"*® as a motional parameter
over the entire range of H,(C)’s reported in Table V. In
addition, those sites in polycarbonate with longer T,(C)’s
have shorter T,(C)’s (Table VI). This behavior is opposite
to that observed for polystyrene.'6

The dipolar coupling tensor in a methyl group is more
complicated than in an isolated CH pair. In one-fourth
of the methyl groups the protons are either all spin up or
all spin down. This triples the dipolar coupling seen by
the carbon, but the threefold motion at an angle of 109°
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Table I1
Ratio of Intensities of Second to First Dipolar Rotational Sidebands

na/m

protonated

aromatic carbon methyl carbon

system structure (MAS = 1894 Hz) (MAS = 947 Hz)
BPA (crystalline) fH; 1.45 0.70
o040
CH;
tetrachloropolycarbonate Cl CH ClL 1.52 0.72
3
1
{1
‘CH X
CL > a
norbornylpolycarbonate @ 0.97
-é{: :>—C —<: :>— 0 ‘9——
x
poly(BPA- CH; 0.75 0.52
(formal)® -(—©_é —©—ocmo-)—
|
CH3 X
chloral polycar- Cl CL 0.62
bonate \C/
1
OOy
X
polycarbonate 913 0.47 0.57
o-Fo-&
CH; X
% Annealed material.
Table III
Experimental Dipolar Rotational Sideband Intensities for Polycarbonate and Poly(BPA-formal)
60-kH
spin-logk sideband no.
polymer carbon MAS freq, Hz delay, ms 0 1 2 3 4 5
polycarbonate CH 1894 0.059 0.247 0.214 0.101 0.037 0.013 0.007
20 0.263 0.218 0.096 0.037 0.013 0.003
CH;, 947 0.05° 0.273 0.182 0.101 0.043 0.023 0.012
20 0.273 0.176 0.104 0.039 0.031 0.006
poly(BPA-formal)® CH 1894 0.05 0.242 0.200 0.102 0.036 0.021 0.009
20 - 0.151 0.162 0.123 0.065 0.034 0.030
CH,; 947 0.05 0.191 0.183 0.097 0.059 0.030 0.013
20 0.264 0.181 0.094 0.049 0.026 0.017

¢ Dipolar pattern shown in Figure 6 (bottom). °Dipolar pattern shown in Figure 7 (bottom, right). °Quenched material.
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Figure 7. Experimental dipolar patterns for a methyl carbon
under magic-angle spinning at 947 Hz for BPA monomer (top,
left), annealed poly(BPA-formal) (top, right), polycarbonate
(bottom, right), and hexamethylbenzene (bottom, left).

for the symmetry axis reduces the width of the dipolar
tensor by a factor of 3. Therefore, these methyl groups
have the same dipolar coupling as an ordinary CH pair.
The other three-fourths have a tensor only one-third as
strong because one proton spin opposes the other two. The

no change tn shielding for
carbons on flip axis

—_— change in shielding for
- all carbons
restricted
rotation
<>

Figure 8. Schematic drawing showing the behavior of both on-
and off-axis aromatic-carbon chemical shift anisotropies under
180° flips (top) and restricted rotational oscillations (bottom)
about the ring C; axis. The 180° flip leaves the shielding to H,
of the on-axis carbon unchanged regardless of orientation in the
powder.
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Table IV
Ratio of Intensities of Second to First Aromatic CH
Dipolar Rotational Sidebands with MAS = 1894 Hz

ny/ny
183C rotating poly chloral norbor-
frame spin- poly- (BPA- poly- nylpoly-
lock,® ms carbonate formal)® carbonate carbonate
0.05 0.47 0.75 0.62 0.97
3.00 0.44 0.87 0.64 0.97
8.00 0.47 0.95 0.61 1.05
16.00 0.44 1.06 0.61 1.06
20.00 0.45 1.28 0.62 1.10

®The pulse sequence of Figure 1 was used with {3 varied.
b Annealed material.

Table V
Field Dependence of Spin-Lattice Relaxation Times for the
Protonated Aromatic Carbon of Polycarbonate

H(C),kHz  (T,(C))*ms  HyC),MHz _ (Ti(C))’ ms
20 5.2 15 107
28 6.6 50 370
37 74
44 8.2
60 8.6

¢ Straight-line fit to the observed decay between 0.05 and 1.00
ms after the turnoff of H,(H). ?Straight-line fit to the observed
decay between 0.5 and 50 ms after z-axis restoration.

Table VI
Spin-Lattice Relaxation Times for the Protonated
Aromatic Carbon of Polycarbonate in a Double-Select

Measurement®
Ty(C) delay,®  (T,(C))° Ty, (C) delay,® (Ty(C))*
ms ms ms ms
0.5 7.9 0.2 107
50 6.2 5 96

%The pulse sequence of Figure 2 was used with a 2-ms matched
spin-lock contact at 44 kHz. °37% of the signal has relaxed in 50
ms at 15 MHz. °Straight-line fit to the observed decay between
0.05 and 1.00 ms after the turnoff of H;(H) with H,(C) = 44 kHz.
941% of the signal has relaxed in 5 ms at 44 kHz. °¢Straight-line
fit to the observed decay between 0.5 and 50 ms after z-axis resto-
ration.

2300Hz

50 ~MHz B¥C
CP/MAS NMR

- 1

T T T T T LML AR S B S S B B | ™

T T
1¢000 12000 10000 8000 6000 4000 2000 O Hz

Figure 9. 50.3-MHz 13C cross-polarization NMR spectrum of
crystalline BPA with magic-angle spinning at 2300 Hz. The
complexity of the spectrum arises from the presence of three
molecules in the crystallographic unit cell. Each box in the
spectrum outlines the aromatic-carbon peaks from spinning
sidebands of a specific order. The grouping centered about 8000
Hz from (arbitrary) zero contains aromatic peaks at isotropic shift
positions. The quaternary-carbon and methyl-carbon resonances
are at 3500 and 3000 Hz, respectively.
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Table VII
Calculated Dipolar Rotational Sideband Intensities for a
Methyl-Group Undergoing Molecular Motion and
Magic-Angle Spinning at 947 Hz

sideband no.

motional mode]® 0 1 2 3 4 5
static 0.172 0.183 0.110 0.042 0.035 0.017
15° (rms) isotropic 0.209 0.190 0.099 0.041 0.030 0.013

motion?
30° (rms) isotropic 0.377 0.180 0.064 0.031 0.019 0.011
motion

hexamethylbenzene-like 0.509 0.141 0.069 0.021 0.010 0.003
motion

¢With high-speed Cj;-axis rotation assumed in all cases.
bIsotropic excursions from an equilibrium position with 15° rms
amplitude.
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Figure 10. 50.3-MHz '3C cross-polarization NMR spectrum of
annealed poly(BPA-formal) with magic-angle spinning at 2300
Hz. The peaks arising exclusively from the carbons adjacent and
ortho to the isopropylidene moiety are indicated by the solid circle
and triangle, respectively. The peaks immediately to the left of
the former and to the right of the latter arise from carbons para
and meta to the isopropylidene moiety, respectively. The same
assignments apply to the BPA spectrum of Figure 9.
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Figure 11. 50.3-MHz 13C cross-polarization NMR spectrum of
annealed polycarbonate with magic-angle spinning at 2300 Hz.
The simplicity of this spectrum compared to that of BPA mo-
nomer in Figure 9 is due in part to averaging by molecular motion.
The protonated aromatic carbon ortho to the isopropylidene
moiety is indicated by the solid triangle. All nonprotonated
aromatic carbons in polycarbonate contribute to the peak marked
by the solid circle.
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Table VIII
Chemical Shift Anisotropies at 50 MHz for Carbons
Adjacent to the Isopropylidene Moiety of BPA (Monomer)
and of Poly(BPA-formal) with Magic-Angle Spinning at

2300 Hz
sideband no.
system 2 1 0 -1 -2

BPA (monomer)

obsd?® 0.16 0.98 1.00 0.49 0.34

caled? 0.20 0.98 1.00 0.49 0.34
poly(BPAformal)®

obsd? 0.15 0.85 1.00 0.47 0.27

caled® 0.15 0.82 1.00 0.48 0.28

®From Figure 9. °x = 4.75, p = 0.50. °Annealed material.
4From Figure 10. ¢u = 4.50, p = 0.43.

weak methyl-carbon tensors are better studied at half the
spinning speed used for the CH pairs. Figure 7 shows the
dipolar sideband pattern for crystalline BPA monomer,
poly(BPA-formal), polycarbonate, and hexamethylbenzene.
The latter turns rapidly about the sixfold axis, producing
additional averaging of dipolar coupling.!” The dipolar
patterns for the two polymers are intermediate in width
relative to those of BPA and hexamethylbenzene. Some
experimental second-to-first dipolar sideband intensity
ratios for methyl carbons (at 947 Hz) are presented in
Table II. For comparison, Table VII presents sideband
patterns calculated for various motions.

Molecular motion can also modify the chemical shift
tensor at various aromatic carbon positions (Figure 8).
The 50-MHz *C NMR spectra of BPA monomer (Figure
9), poly(BPA-formal) (Figure 10), and polycarbonate
(Figure 11) show pronounced sidebands with magic-angle
spinning at 2300 Hz. The spectrum of BPA is complicated
because there are three molecules in the crystallographic
unit cell.'®® The spectrum of poly(BPA-formal) is especially
informative because it has a separate peak for the ring
carbons adjacent to the isopropylidene moiety (Figure 10,
filled circle). In polycarbonate this resonance overlaps
others. The reduced sideband intensities for both poly-
mers relative to those for BPA show reduced chemical shift
anisotropy tensors. It is unlikely that these differences are
the result of chemical modification, at least for carbons
near the isopropylidene moiety since those sites are well
removed from the area modified on polymerization.
Rather, such reductions appear to be due to molecular
motion. Experimental values for the spinning sideband
intensities for the carbons of BPA and poly(BPA-formal)
adjacent to the isopropylidene moiety are presented in
Table VIII.

Discussion

Dipolar Coupling and Large-Amplitude Motion.
Since all CH bonds are about 1.085 A long, it is motion
that causes the variety of observed dipolar coupling tensors
(Figure 6). In general, collapse of dipolar tensors is not
a particularly sensitive method for detecting motions, but
it is a method that allows one to say something about the
size and type of large-amplitude motions. As we show
below, these tensor studies are particularly well suited to
the polycarbonate family because of the presence of such

motions. .
To get an immediate appreciation for the magnitude of

typical polycarbonate motions, compare the simulated
dipolar spinning band patterns of Figure 5. The top left
pattern arises from a static CH pair. The lower left pattern
arises from the ortho (or meta) CH pair in an aromatic ring
freely rotating about the ring C; axis. The strength of the
dipolar coupling tensor for the latter is reduced by a factor
of 8 relative to the former, because the 60° angle between
the CH axis and the spinning axis is close to the magic
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angle. The two patterns on the right, which are more like
that of polycarbonate than either of the two on the left,
represent large-amplitude hindered rotations about the C,
axis.

A given motion results in a unique dipolar spinning
sideband pattern but a given pattern does not specify a
unique motion. The patterns at the right-hand side of
Figure 5 result from either of two easily described large-
amplitude hindered rotations. One motion is 180° flips
about the C, axis. The ring spends exactly half its time
on each side and none on edge—just like a fish in a frying
pan. This motion has been proposed for phenylalanine®®
and tyrosine? rings in amino acid crystals. The same
pattern (within a few percent) also results from a rolling
motion about the C, axis. The rolling motion assumes all
angular positions within £65° of an equilibrium position
are occupied equally but that angles greater than 65° from
equilibrium are blocked out. We will discuss later a me-
thed for distinguishing which of these two motions occurs
in polycarbonate.

The degree of collapse of the dipolar tensor generated
by some individual large-amplitude hindered motions
matches or exceeds the total narrowing observed experi-
mentally, and so these motions can be ruled out imme-
diately. This is the situation, for example, for 90° flips
(i.e., toggling between two positions separated by 90°)
about the C, ring axis for polycarbonates (Tables I and III).
This motion by itself accounts for all the observed collapse
of the aromatic CH dipolar tensor; its widespread presence
in polycarbonate would preclude that of any other motion,
an impossible situation (cf below). Free rotation (which
is equivalent to toggling between four positions separated
by 90°) can also be ruled out. While the observed dipolar
patterns for polycarbonate still are consistent with many
motional models, such as 180° flips or £65° rolls, it is
absolutely impossible for any small-amplitude motion to
collapse the dipolar tensor so much. Our first firm con-
clusion then is that polycarbonate is right behind liquid
crystals and rotor crystals in terms of amplitude of motion
in the solid state. A second firm conclusion is that ordered
by motion, polycarbonate > chloral polycarbonate >
poly(BPA-formal) > norbornylpolycarbonate > tetra-
chloropolycarbonate.

Amplitude Heterogeneity of Ring Motion in Poly-
carbonates. To see if ring motions throughout a glassy
sample are all about the same amplitude, dipolar coupling
can be measured after a long carbon spin lock in the ab-
sence of proton decoupling. During this spin lock, carbon
spins lose magnetization according to their individual
T,,(C)’s. If there is more than one ring population, one
with a long T}, and the other with a short T},, comparing
results of this modified experiment with those from the
ordinary experiment will show whether or not the long-T),
part of the sample has the same dipolar coupling as the
short-T, fraction. For poly(BPA-formal) a distinct dif-
ference between the two populations is seen for both
quenched (Table III) and annealed (Table IV) samples.

After a 20-ms spin-lock hold, the aromatic CH dipolar
pattern of the annealed poly(BPA-formal) looks a lot like
that of crystalline BPA itself (see Figure 3 from ref 3) with
an ny/n, sideband ratio of 1.28 (Table IV). The quenched
material behaves similarly although the difference caused
by the spin-lock delay is not quite so dramatic. About half
of the protonated aromatic-carbon magnetization of an-
nealed poly(BPA-formal) disappears after a 20-ms carbon
spin-lock at 60 kHz. We conclude that about half the rings
in annealed poly(BPA-formal) can be considered mobile
and have dipolar sideband patterns that look like that of
polycarbonate (with ny/n; ~ 0.5), and the other half are
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immobile with dipolar patterns reflecting near static CH
coupling. It is reasonable to suppose interchain packing
is responsible for this motional heterogeneity because of
the sensitivity to thermal history. A motional amplitude
heterogeneity seems also to be present for norbornyl-
polycarbonate, but not for chloral polycarbonate or for
polycarbonate itself (Table IV). Only the polymers with
lower average mobility show a motional amplitude hete-
rogeneity.

Frequency Heterogeneity of Ring Motion in Poly-
carbonates. While we have no evidence the amplitude
of ring motion in annealed polycarbonate is inhomogene-
ous, we know the frequency must be. This inhomogeneity
can be read directly in the curvature of spin-lattice re-
laxation plots of protonated ring carbons in poly-
carbonate,!® provided of course ring motion is the cause
of the relaxation. This is, in fact, the situation since T'(C)
and Ty,(C) relaxation of the aromatic carbons is much
faster than the corresponding methyl-carbon relaxation.
Therefore, the curved T;(C) and T,(C) plots typical of
polycarbonate necessarily show inhomogeneity in the
polymer. Different spins have different decay constants
and if these differences cannot be attributed to inhomo-
geneous amplitudes of ring motions, then the motions must
occur at different frequencies.

Frequency heterogeneity is also responsible for the lack
of pronounced broadening of the protonated aromatic-
carbon line of polycarbonate as the temperature is low-
ered.?! Such broadening is observed, for example, for the
methyl-carbon resonance of crystalline polypropylene,
which disappears altogether at 133 K and then reappears
at lower temperatures.”> This broadening can be ascribed
to interference by motion with resonant proton—carbon
decoupling at about the same frequency.? For poly-
carbonate, however, only a fraction of the sample, at a
given temperature, will ever have motion near the decou-
pling frequency and hence be susceptible to broadening.

Frequency heterogeneity is evident when we estimate
the ring frequency for polycarbonate. We have two ways
to make such an estimate and they lead to completely
different numbers. The first is a comparison of T,(C) at
15 and at 50 MHz. For the protonated aromatic carbons
in polycarbonate the respective values are 107 and 370 ms
(from the initial slopes, an average over the sample). If
characteristic ring frequencies were below 15 MHz, the T}
would vary with the square of frequency and the high-field
T, would be about 10 times the low-field value. On the
other hand, if characteristic frequencies were all greater
than 50 MHz, the two T;(C)’s would be about the same.
Either the characteristic frequency is a little over 15 MHz
or it is distributed, with some above and some below 15
MHz.

The other way to estimate the characteristic ring flip
frequency relates the second moment of the CH dipolar
coupling in polycarbonate to measured T,(C)’s. We know
that 1/7,(C) is determined by CH dipolar field fluctua-
tions orthogonal to H,(C).%* We are concerned only with
those fluctuations that are also in the same direction as
H,, since those orthogonal to H, give rise to 1/T;(C), and
we know 1/T(C) is much smaller than 1/7,(C). Because
static CH dipolar interactions depend only on coupling
along H,, fluctuations in local fields along H, also lead to
the diminution in the polycarbonate CH second moment
relative to its rigid lattice value. In other words, the same
fast ring motion that gives rise to such short T,(C)’s in
polycarbonate is also responsible for the reduction of its
CH second moment.

We assume 1/7T,(C) = c?J(w) = ¢*[1/(1 + w?7 )], where
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the strength of the coupling is given by ¢?, the relevant
spectral density by J(w), and the characteristic ring fre-
quency by 1/7,. We evaluate ¢? at w = 0 from the observed
approximately w-independent T',(C) of about 8 ms. Thus,
¢? = (8 ms)™l. The change in second moment, AM,, be-
tween polycarbonate and a rigid lattice (modeled by, say,
crystalline BPA%) can be identified approximately as the
change in the square of a CH line width due to motion.
This means AM, can be identified as the change in the
squares of all CH local dipolar fields. These fields are just
the interactions giving rise to 1/T,,(C). Hence AM, =
251/ + w?r )] dw = we?/7, and 1/7, = AM,/wc?.
Taking second moments of dipolar spinning sideband
patterns, one gets 58 and 25 (kHz)? for rigid model ma-
terials and polycarbonate, respectively. Substituting
values, we conclude that the characteristic ring frequency,
1/7., is of the order of 300 kHz.

Comparing this result with the T,(C) experiments de-
fines the extent of the frequency heterogeneity. Charac-
teristic ring frequencies in polycarbonate are spread from
300 kHz up to about 25 MHz. The H,(C) dependencies
of T,(C) (Table V) may require frequencies even less than
60 kHz, but at lower frequencies it is hard to be sure the
C, ring motion which narrows the dipolar tensor also
dominates T),(C) relaxation. Other smaller amplitude
main-chain motions may be important to T',(C) (cf below).
We suspect, but cannot prove at this point, that the fre-
quency heterogeneity in polycarbonate is due to packing
effects, just as packing is responsible for the motional
amplitude heterogeneity in poly(BPA-formal).

One further manifestation of the frequency hetero-
geneity in polycarbonate is perhaps worth mentioning.
Since there is no obvious amplitude variation from site to
site in annealed polycarbonate at room temperature, those
sites with rings undergoing fast large-amplitude megahertz
motion should have short T;(C)’s and long T',(C)’s, with
the opposite expectation for those sites with rings un-
dergoing slow large-amplitude kilohertz-regime motions.
These expectations are indeed observed (Table VI).

Main-Chain Motion. The C,-axis ring motions in
polycarbonate do not drag the methyl groups along, but
main-chain motions do. Methyl dipolar coupling can be
examined to see if C,-axis motions are the only motions
with appreciable amplitude in polycarbonates.

Methyl dipolar spectra are not as easy to use as CH
dipolar spectra. First, the average CH; dipolar couplings
are weaker so slower spinning is required. This means
taking more data points in the dipolar evolution dimension
(32 WAHUHA cycles instead of 16), and the longer delay
(still 2 rotor revolutions) before refocusing reduces the
signal-to-noise ratio. Second, proton-proton coupling is
tight, making WAHUHA decoupling more critical and so
further reducing refocusing and signal to noise. Finally,
the methyl spectrum is a superposition of spectra from the
four different proton spin states in methyl groups. For a
CH pair only two spectra are superposed, one for protons
spin up and one for spin down. The extra spin states for
methyl groups make it more difficult to fit parameters to
the observed spectrum.

Despite the difficulties associated with methyl groups,
methyl dipolar spectra (Figure 7 and Table II) clearly
indicate increasing motion in the order BPA, poly(BPA-
formal), polycarbonate, and hexamethylbenzene. This is
not a surprising order. The first three are in the same
order as seen for the protonated aromatic carbons, while
hexamethylbenzene is known to undergo rapid large-ani-
plitude motion about the ring sixfold axis.!” For com-
parisons, Table VII presents simulated methyl spectra for
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methyl groups with only C; motion, for methyl groups
undergoing additional 15° and 30° root-mean-square iso-
tropic angular motions (see the Appendix for a definition
of the rotation axes), and for methyl groups with free
rotation about an axis perpendicular to the threefold axis
(as occurs in hexamethylbenzene). These methyl dipolar
pattern simulations are based on sample spinning at half
the rate used in the aromatic carbon experiments but
assume the same scaling factor for the WAHUHA decou-
pling. The two polymer methyl-carbon dipolar patterns
are reasonably well fit using a 15° (root mean square)
isotropic motion model.? We conclude that methyl
motions in polycarbonate and poly(BPA-formal) are
smaller in amplitude than the motions of the aromatic
rings of the two polymers but larger than either the ring
or methyl motions in typical organic crystals like BPA. On
the basis of comparisons of dipolar patterns, these methyl
motions in polycarbonate have no apparent amplitude
heterogeneity (Table III and are clamped by chlorine ring
substitution (Table II).

Establishing Ring Flips by Chemical Shift An-
isotropies. The collapsed protonated aromatic dipolar
coupling tensors prove several of the polycarbonates ex-
amined have large-amplitude, rapid ring motions but, as
discussed earlier, cannot show whether the rings are ac-
tually flipping all the way over. (See text associated with
Figure 5.) Large-amplitude motions in the methyl group
would have ruled out ring flips. The methyl motions
necessarily require ring motions, and 180° flips superim-
posed on an already reduced dipolar coupling would have
resulted in coupling smaller than that observed. However,
the methyl motions in polycarbonate are not large-am-
plitude, and considering the uncertainty in the magnitude
and direction of such motions, no firm conclusion about
ring flips based on the methyl-carbon dipolar patterns can
be drawn.

Experiments detecting collapsed 2H NMR quadrupolar
patterns have been used to argue for the presence of 180°
flips in crystalline amino acids like phenylalanine.’®?! The
narrowed patterns have characteristic dual peaks or cusps
(“rabbit ears”) whose position and shape are almost tem-
perature independent. The same sort of a line shape
identification can be troublesome in glassy polymers,
however, where dynamic heterogeneity is the norm rather
than the exception. Thus, if all polymer sites have fast,
reasonably large-amplitude motions, 10% acting as free
rotors will produce characteristic “rabbit ears”, whose
position will be insensitive to temperature and not nec-
essarily subject to discrimination by T or T -like selection
techniques.”? Depending on the clarity and resolution of
the rest of the pattern, it may be impossible by *H NMR
to establish the likely presence of 180° flips, as opposed
to some other distributed rolling motion mixed in with
some free rotors.

A natural place to look to solve this problem of the
extent of ring flipping is to the chemical shift anisotropy
of carbons directly on the ring C, axis. These carbons are
not bound to a proton (or deuteron), so dipolar (or quad-
rupolar) coupling does not help here. Most importantly,
180° flips about the C, axis do not affect the chemical shift
tensors of these carbons, but large rolling motions about
that axis do (Figure 8). Rolling motions leave the high-
frequency or low-field principal component which lies along
the C, axis alone but average the other two principal
components.

Unfortunately, resonances from carbons on the C, axes
in polycarbonate overlap each other. But the carbons
directly attached to the isopropylidene moiety in both BPA
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and poly(BPA-formal) are resolved (Figures 9 and 10).
Reasonable fits to the 50-MHz 3C NMR spectra of these
carbons are obtained with CSA u values of 4.75 and 4.50
for BPA and annealed poly(BPA-formal), respectively, and
p values of 0.50 and 0.43, using the notation of Herzfeld
and Berger!® (Table VIII). In terms of principal compo-
nents, these fits translate to 91, 36, and —127 for BPA and
89, 30 and —118 for the polymer, as expressed in parts per
million from the isotropic peak. All three principal com-
ponents change more on polymerization than does the
isotropic peak and so are probably a measure of motion
and not chemistry. The principal component least affected
lies along the C, axis of the ring, confirming that motion
is primarily about that axis. The BPA chemical shift
tensor for the carbon adjacent to the isopropylidene unit
can be turned into the corresponding polymer tensor by
9° (root mean square) isotropic motion superimposed on
14° (root mean square) motion about the C, axis (see
Appendix). The BPA chemical shift tensor cannot be
turned into the polymer tensor by large-amplitude rolling
motions about the C, axis. Such motions produce changes
in the tensor far larger than those observed. Thus, £65°
rotations are absolutely ruled out as an explanation of the
observed aromatic CH dipolar patterns. Similar arguments
can be used to eliminate C,-axis 90° flips, as well as
large-amplitude isotropic motions about an equilibrium
point.

Dipolar patterns for the carbons ortho to the iso-
propylidene unit can be simulated assuming 9° (root mean
square) isotropic and 14° (root mean square) rolling
motions with (Table I) and without 180° flips. Examining
only the ny/n, dipolar sideband intensity ratio and as-
suming a WAHUHA scaling factor® to yield a static dipolar
ny/n, ratio of 1.50, the ratios are 0.37 and 1.18 with and
without 180° flips, respectively. The observed values for
quenched and annealed poly(BPA-formal) are 0.51 and
0.75, respectively. These observed values are inconsistent
with either none or all of the rings flipping but allow some
of the rings to flip while some do not. The same conclusion
holds for chloral polycarbonate. With its larger and more
homogeneous motion (and an n,/n; dipolar ratio of 0.45),
it seems reasonable to conclude that in polycarbonate itself
most of the rings flip. For norbornylpolycarbonate (with
a protonated aromatic carbon ny/n,; dipolar sideband ratio
close to 1.0 (Table II)) few of the rings can flip, while for
tetrachloropolycarbonate none of the rings flip.

The chemical shift anisotropy of the ortho or meta
carbons may also be a place to look for the answer to the
question of the extent of ring flipping in polycarbonate.
Analysis of the chemical shift anisotropy can be informa-
tive even though the dipolar coupling tensor analysjs for
these carbons was ambiguous. This is true because in
general the unaveraged CSA tensor has less symmetry.
Also, the CSA spinning sideband pattern contains more
information because it is not forced into left-right sym-
metry by an equal number of spin-up and spin-down
protons, as is the situation for the dipolar coupling pattern.
The difficulty in using the CSA to characterize motion is
in obtaining experimental values for the motionally
unaveraged tensor.

It is known that aromatic carbons with the CH bond
along the field resonate at the highest frequency, and those
with rings perpendicular at the lowest.® Flips do not affect
the lowest frequency but partially average the two higher
frequency principal components together. Examining the
Herzfeld and Berger tables,!? one sees that the primary
effect of this averaging is to decrease the first lower fre-
quency spinning sideband relative to the isotropic peak
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(provided u < 12). The first higher frequency sideband
may increase or decrease, depending upon u.

Rolling motions about the C, axis have the opposite
effect. Since the sideband of order 1 of the carbon ortho
to the isopropylidene unit is initially larger than that of
order —1 for BPA monomer, rolling motions in the polymer
will make both sidebands tend toward the same size or
might even make the n_, sideband greater than the n,
sideband. Comparison of Figures 9 and 11 shows that the
n., sideband (the high-field first spinning sideband) is
reduced relative to the center band more than the n,
sideband when BPA is polymerized. Thus, from this
qualitative trend of spinning sideband intensities alone,
we can conclude that the rings in polycarbonate are flip-
ping all the way over, rather than undergoing large-am-
plitude rolls.

Summary of Conclusions for Motion in Poly-
carbonate. We summarize the results for motion in an-
nealed polycarbonate in this section. Polycarbonate
motion at room temperature has amplitude homogeneity
throughout the glass but frequency heterogeneity, with
many of the frequencies greater than 300 kHz. The rings
undergo 180° flips (not +65° rolling motion) as established
from the chemical shift anisotropies of both on- and off-C,
axis carbons. The resulting predicted dipolar sideband
pattern for protonated aromatic ring carbons undergoing
180° flips shows insufficient collapse (Figure 5, top right,
and Figure 6, bottom); there must be additional motion.
The isopropylidene methyl-carbon dipolar pattern is
consistent with a 15° (root mean square) isotropic main-
chain motion (Table VII and Figure 7). This motion added
to the 180° flips for the rings would yield an aromatic
dipolar pattern close to that observed (Tables I and III).
However, such a main-chain motion seems physically im-
plausible. A good fit to the observed chemical shift an-
isotropies of the ring carbons is achieved with a 9° (root
mean square) isotropic motion mixed with a 14° (root
mean square) C, rolling motion (Table VIII and Appendix).
This combination can be thought of as approximating a
physically plausible, cooperative, anisotropic main-chain
motion. Such a motion in concert with 180° flips then
results in a model that predicts reasonable (not perfect)
fits to experiment for ring-carbon chemical shift anisot-
ropies, ring-carbon dipolar patterns, and methyl-carbon
dipolar patterns. A 9° (root mean square) isotropic ex-
cursion translates into a 20-25° total angular main-chain
displacement, while a 14° (root mean square) rolling
motion means a total azimuthal angular displacement
about the ring C, axis of about 30—40°.

These conclusions are in agreement with the results of
H, ?H, and *C NMR experiments on specifically labeled
polycarbonates. The 2H NMR of polycarbonate deuter-
ated only in the ring reveals a line shape? consistent with
extensive 180° flips together with smaller angle rotations
about the ring C, axis. Furthermore, pclycarbonate syn-
thesized with the methyl protons replaced by deuterons
has a low-temperature ZH NMR spectrum about 10%
narrower than expected for Cj rotation alone,? one ex-
planation for which is the presence of an additional
high-frequency motion affecting the methyl group. (Spiess,
however, feels this conclusion is not justified.?®3%) Next,
the 'H NMR of methyl-deuterated polycarbonate has a
line shape showing only minor narrowing due to motion.?
This is to be expected if the dominant rihg motion present
is 180° flips about the C, axis since that motion leaves
unchanged the dipolar coupling between C, and C; pro-
tons. (No motion about the C, axis affects coupling be-
tween C, and C, protons.) Finally, analysis of the 3C
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chemical shift anisotropy of a nonspinning polycarbonate,
13C enriched ortho to the carbonate moiety, also suggests
the presence of 180° flips superimposed on smaller rota-
tional oscillations about the C, axis.??

Reliability of Interpretations of Dipolar Patterns.
A detailed description of motion in polycarbonate was
presented in the previous section. It is reasonable to ask
about the reliability of such an assignment, particularly
in view of the extensive use of the results of the dipolar
modulation experiment, a new analytical technique.

To increase the confidence one can place in the inter-
pretation of dipolar modulation experiments, we have
chosen to interpret only differences in dipolar patterns.
That is, we attach significance only to trends within a
family of dipolar couplings, such as those shown in Table
II. Even in comparing motionally averaged dipolar pat-
terns with those expected from a rigid lattice, we use re-
sults from an experimental rigid crystalline system. There
are no comparisons to absolutes.

Next, we base out motional models not just on dipolar
couplings, but on these couplings together with information
from chemical shift anisotropies, T;(C)’s and T,(C)’s. For
example, we have made clear that the observed aromat-
ic-carbon dipolar sideband pattern for polycarbonate is
consistent with 180° flips plus an additional minor motion.
The additional motion could be any one of a variety of
forms: isotropic motion within a small sector, Cy-axis
rotations, or some combination of these. Results from the
CH dipolar modulation experiment cannot distinguish
between these possibilities. However, by combining aro-
matic CH dipolar coupling information with that for
methyl-carbon dipolar coupling and with information from
aromatic carbon chemical shift anisotropies, a reasonable
choice can be made. Even though we arrive at a detailed
model for the motion, we feel we have not overinterpreted
the results of any single experiment.

Finally, we recognize that in dealing with glassy poly-
mers like polycarbonate, we are faced with a heterogeneous
system. The possibility exists of distortions in CH dipolar
line shapes arising from powder orientation effects, from
T1,(C) heterogeneity, and from molecular motion at fre-
quencies comparable to sample spinning rates, WAHUHA
cycle rates, or CH decoupling frequencies. In part, our
strategy of interpreting only differences in dipolar patterns
was formulated because of complications that can arise
from sample heterogeneity. Thus, if powder orientation
poses a problem, we should see the effects of this problem
in the sideband pattern for crystalline BPA (compare
Figures 5 and 6). Or, if T',(C) heterogeneity can distort
dipolar patterns, then using T,(C) delays as part of the
carbon-magnetization preparation (Figure 1) should reveal
the complication. The fact that polycarbonate CH dipolar
patterns are totally insensitive to such delays, while those
for poly(BPA-formal) are not (Table IV), convinces us that
T, distortions are not serious and that we can interpret
the trends observed for poly(BPA-formal).

Naturally, all of our measurements are sensitive to in-
terference from molecular motion at unfortuitous fre-
quencies. Some line broadening in the dipolar-decoupled
spectra of polycarbonate is known to arise from the
presence of molecular motion in the mid-kilohertz fre-
quency regime,! the same frequency as the radio-frequency
decoupling field. But this is not a major effect; and its
presence does not prohibit our observing and using *C
NMR spectra of polycarbonate in the solid state. In fact,
it is the pronounced heterogeneity of frequency of motion
in polycarbonate-like systems that saves us here. Motion
is not concentrated at any single frequency, so distortions
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Figure 12. Coordinate axes to describe ring motion.

from interferences are necessarily minor. For example, we
expect interferences of this type with refocusing of a di-
polar echo can amount to no more than a few percent.
None of our conclusions depend on differences in dipolar
sideband patterns of this magnitude.

Connection between Molecular Motion in Poly-
carbonates and Mechanical Properties. This section
can be brief and will include a list of results still needed
to make an unambiguous connection between microscopic
motion in polycarbonates and macroscopic properties.
From dipolar patterns we have established the presence
of a main-chain motion coupling polycarbonate rings with
the isopropylidene unit. The motion has amplitude ho-
mogeneity in the glass and is clamped by ring substitution.
The motion operates above 60 kHz at room temperature,
and probably above 300 kHz, and is necessarily mechan-
ically active. The latter two conclusions derive from the
weak H,(C) dependence of both methyl- and aromatic-
carbon T,’s observed for polycarbonate™' and from gen-
eral interpretations of the mechanical loss behavior of
polycarbonates by Yee and Smith.?

We have also established the presence of extensive 180°
flips in several polycarbonates. This motion is a restricted
rotation. Calculations of conformational populations for
an isolated single polycarbonate chain show that rotation
about the ring C, axis should be virtually free®® but that
the motions of the two rings in the BPA unit are correlated.
The change from a free rotation to a restricted rotation
for both rings of the repeat unit is the result of constraints
placed on one or both of these rings by adjacent chains
and, in particular, by the rings of adjacent chains that form
the glassy lattice. Flipping of a ring therefore demands
some distortion of the lattice, a process which is itself
mechanically active.

The observed frequency heterogeneity for ring flipping
in polycarbonate matches the position and breadth of the
~ transition of typical tan 6 mechanical loss spectra,? at
least hinting at a connection. It is not clear from our
results, however, the degree to which the 180° flips are
coupled to main-chain motion and to each other. That is,
we do not know from 3C NMR results alone whether all
the ring flips are part of the same cooperative motion and
hence equally mechanically lossy. Yee and Smith? have
concluded that ring flips may be present in polycarbonates
but are not involved in the v transition. Experiments
employing multiple-quantum NMR?* of specifically deu-
terated polycarbonates are in progress and are designed
to approach the question of the cooperativity of ring
motion directly.

Finally, before mechanical properties such as stress—
strain behavior can be inferred from descriptions of mi-
croscopic motions, we need some sort of a definition of the
role of glassy-state packing in polycarbonate. In particular,
we need to specify how packing can create a heterogeneity
in frequency but not in amplitude of motion. The answer
to this question is probably linked to polycarbonate rings
undergoing 180° flips rather than, say, correlated 90° flips,
as might be expected from symmetry arguments for iso-
lated chains.?® Such questions about packing may yield
to analysis employing computer modeling of glasses.
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Appendix

This section gives useful formulas and results for simple
cases of motionally averaged tensors, particularly tensors
for phenyl rings moving about their C, axes.

Notation and Calculations. For convenience we ex-
press tensors with principal components assigned in order
of frequency, wgs = wyy = wy;. The origin of the frequency
axis is chosen 8o that wg; + weg + wy; = 0. All calculations
are based on the equation w = (A)wyy + (A% wye +
{A\2)wy;, Where the N’s are the cosines of the angles between
the magnetic field and the principal axes of the instanta-
neous, unaveraged tensor. The brackets indicate a time
average over the motion. Axes for the phenyl-ring equi-
librium positions are shown in Figure 12, with the z axis
selected along the ring C, axis and the y axis perpendicular
to the ring.

The three principal components of a tensor are easily
seen in a static powder pattern. They are the maximum
and minimum frequencies and the frequency at the cusp.
Although none of these components is easily determined
by simple inspection of a spinning sideband pattern, the
symmetry of the tensor can be determined. If the largest
spinning sideband is on the high-frequency side of the
isotropic peak, then the intermediate principal component
lies closer to the highest frequency component than to the
lowest, and vice versa.

To determine the three principal components from a
spinning sideband pattern, Herzfeld and Berger’s'® tech-
nique is used. To switch between their u,p notation and
principal components, we use the following formulas: p
= wgg ~ wy; ANd pu = 3wgy, With wyz = (1 - p/3)u/2, wey =
pu/3, and wy; = ~(1 + p/3)u/2.

Axially Symmetric CH Dipolar and ?H Quadrupo-
lar Tensors. Since protons in a sample are just as likely
to be spin up as spin down, both static and spinning
spectra affected by axially symmetric tensors are mirror
symmetric. For convenience we scale the unaveraged
tensor components for half the spins to 1, -!/,, and -/,
with the other half at 1/, /5, and -1.

For isotropic excursions from equilibrium, the tensor
symmetry is not affected, but the principal components
shrink. Along the principal axis ws; = {cos? #)(1) + (cos?
(7/2 - 60))(-1/9) + {cos® (r/2))(-1/,). This simplifies to
wgy = 1 — 3(sin? §)/2, where § is the deviation from
equilibrium position. The other new components are both
—wg3g / 2.

For phenyl-ring motion about the C, axis, only the ortho
and meta positions need consideration; the on-axis sites
with axially symmetric tensors are unaffected by C,
motions. We will consider four examples of this kind of
motion. (1) For 180° flips, the principal component per-
pendicular to the ring is unchanged by the motion, but the
x and z axes are now symmetry axes so that w,, = %/g, w,,
= —1/g, and w,, = -1/, (2) For free rotors, the new tensor
is symmetric about the C, axis with w,, = -!/g and w,, =
wy, = 1/16. It is worth noting that both 180° flips and free
rotors have a component near zero. This leads to prom-
inent cusps or “rabbit ears” in the center of the powder
pattern. If 180° flips are present, the position of these
rabbit ears is relatively insensitive to additional rolling
motion, even in the limit of free rotation. (3) For toggling
between positions at £¢, w,, is one principal component
because of mirror symmetry. (Note that 180° flips are a
special case of toggling with ¢ = 90°.) By differentiating
a component in the xz plane with respect to direction,
another principal component is found to lie at 4 from the
z axis where tan? § = 3 cos? ¢. The three prinicpal com-
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ponents are then wyy = %/g cos? 6 = /g, w,, = %/gsin? 6 ~
'/5, and wy; = ~'/,. The relative size of wyq and w,, changes
at ¢ = 71°. (4) For continuous rolling motion, the ring is
assumed equally likely to be at any position ¢ < ® but,
perhaps as the result of an obstruction, never to lie at an
angle ¢ > ®. Analysis for this situation is similar to the
togghng case, but some integrations are also needed. The
y axis is principal; the other principal axes lie in the xz
plane at directions given by tan 26 = -8(3'/%)(sin &/®) / (2
+ 3 sin 2&/®). The prmc1pal components are w,, = /44

—9/35(sin 28/ ®), and wgy = /g4[-2 + H(sin 2&/P) - (cos
260)(6 + 9(sin 2&/®)) + 24(3'/%)(sin 26)(sin ®/®)], where
6 is double valued.

For methyl-group free rotors, two types of methyls must
be considered. Three-fourths have two proton spins op-
posed to the third, and one-fourth have all protons pointing
the same way. The dipolar patterns for both types are
symmetric. Assuming a tetrahedral HCH bond angle and
rapid rotation about the methyl C; axis, one methyl-group
type has the same dipolar coupling as a static CH pair,
while the other has only a third as strong coupling. Cal-
culations of motionally averaged dipolar tensors are then
superpositions of two CH patterns appropriately weighted,
each obtained by the procedures described above.

Asymmetric Chemical Shift Anisotropy Tensors.
The chemical shift anisotropy tensor in aromatic-ring
carbons is asymmetric but not completely arbitrary.2® We
note that w,, > w, > w,,, where r stands for radial, t tan-
gential, and n perpendicular to the ring. These compo-
nents will be assumed to lie exactly along the bond sym-
metry axes. We will consider two kinds of C, rotations.
(1) For 180° flips, there is no effect on the on-axis carbons.
The ortho and meta carbon CSA’s are altered so that the
new symmetry axes are x’, y/, and z’ and

w,, = w

Yy Yy

wr' = Yoy + Yyor
= Yawy + Yaon
wyy = (7 + po)/8
3+ 5py
= Tt

[ ’
b= W —

and
(3 + po)(1 - pp) >0
7+ po

(2) For toggling between two positions at +¢, x, y, and 2
are principal axes for the on-axis carbons and

o= py =

Wy = {cos? dhwy + (sin? @lwy, =

HoPo
= —(1 + po) (sin® ¢)
wyy = (sin® ¢)wy + (cos® ¢)wy, =
Ho Po Ko
—— + — _— )
2 1 3 + 2(1+p0)<sm @)

= o[l - (sin? ¢)(1 + po) /2]
- 3(sin? ¢)(1 + py) /2
1 - (sin® ¢)(1 + py) /2

These expressions are valid for continuous rolling as well,
if the appropriate average values are ¢ are used for the

’

p =
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bracketed terms. The ortho and meta carbon CSA’s are
altered by toggling so that one principal component lies
in the y direction, and the other two at solutions to tan
20 = 2(3'/%)(cos ¢)(p — 1)/[p(cos? ¢ - 3) + T cos® ¢ - 5].
Principal components for toggling are then

vy = —io(l + 7 cos 2¢) /16

Wae = Hol4(3'/?) sin 20 cos ¢ + 1 + 3 cos 20 +
7 cos 2¢(1 - cos 2¢)] /32
wpy = pol—4(31/2) sin 26 cos ¢ + 1 — 3 cos 20 +

7 cos 2¢(1 + cos 2¢)] /32

Registry No. Tetrachloropolycarbonate, 26913-25-7; nor-
bornylpolycarbonate, 24979-94-0; poly(BPA-formal), 66983-33-3;
chloralpolycarbonate, 31546-39-1; polycarbonate, 24936-68-3;
(tetrachloro-BPA)-(H,COg3) (copolymer), 26814-08-4; (4,4’-(2-
norbornanylidenediphenol)-(H,CO;) (copolymer), 26007-14-7;
(4,4'-(2,2-dichlorovinylidene)diphenol)-(H,CQ3) (copolymer),
29057-43-0; (BPA)-(H,COj3) (copolymer), 25037-45-0.
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