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ABSTRACT: Two-dimensional (2D) exchange deuteron NMR has been applied to study the ultraslow chain
motion in the crystalline a-phase of poly(vinylidene fluoride) and specifically its very unusual a-relaxation
that occurs in the crystalline regions at ca. 370 K. Without the need for interfacing a model of motion, this
technique demonstrates that the chain motion associated with this a-relaxation is reorienting the C-2H bond
directions by uniquely defined angles of 67 or 113°. Owing to the high angular resolution of 2D exchange
?H NMR (%0.5°), it is shown that these reorientation angles are most consistent with the crystalline structure
of Takahashi et al. (Macromolecules 1983, 16, 1588). Considering also the dielectric relaxation results of
Miyamoto et al. (J. Polym. Sci.: Polym. Phys. Ed. 1980, 18, 537), we arrive at a unique conclusion about the
dynamics: the chain motion is characterized by an electric dipole moment transition only along the molecular
direction and by a conformational change TGTG <> GTGT, yielding a reorientation angle of 113° for the

C-2H bond directions.

Introduction

Poly(vinylidene fluoride) (PVF3) has attracted much
scientific and technological interest because it combines
remarkable piezoelectric and pyroelectric properties with
the excellent processability and mechanical strength of a
crystalline thermoplastic.! It has rapidly become clear
that the origins of these extraordinary electrical properties
are almost exclusively due to reorientation mechanisms
of the electric dipole moments formed by the C—F bonds.12
Hence, it is of primary importance to examine at the
segmental length scale how the conformation of PVF;
chains responds to applied electrical, mechanical, or
thermal treatments. The ability of PVF; to undergo con-
formational changes is reflected in the abundance of poly-
morphicphases. Indeed, from the most common a-phase,
the 3-, v, and é-phases can be prepared under action of
mechanical stress, heat, or electrical field, respectively. A
major question concerning PVF; is the mechanism of its
mechanical and dielectric relaxations. Specifically, in the
PVF; a-phase, it has been shown by several techniques3’
that the high-temperature (or “a”) relaxation is caused by
molecular motion in the crystalline domains. Notably,
McBrierty et al.8 could interpret their !H and °F NMR
relaxation data by two models: rotation of crystalline

.chains in the vicinity of defects and rotational oscillation
of restricted amplitude of all chains about the chain axis.
On the other hand, from dielectric relaxation, Miyamoto
et al.5 proposed a mechanism in which the reversal of only
the dipole-moment component along the chain axis takes
place. This has received support from X-ray analysis.”
However, the energy for a solitary-wave reversal of the
dipole moment along the molecular direction was calcu-
lated® to be much higher than found in ref 5.

In order to distinguish among these competing inter-
pretations, we have applied pulsed 2H NMR, which probes
the orientation of individual C-2H bonds and which has
proved to be a powerful tool for studying molecular order
and dynamics.? Furthermore, the recently developed two-
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dimensional (2D) 2H and 3C NMR techniques!®-17 have
been shown to provide much more direct information than
is available from conventional one-dimensional (1D)
experiments.® Also, note that ZH NMR is particularly
well suited to the study of PVF;since the presence of both
1H and °F nuclei renders the application of solid-state
high-resolution NMRI8 difficult. Doverspike et al.!® have
already used 1D 2H NMR in PVF; to measure the effect
of poling on the molecular order in the ferroelectric 8-phase.
In the present paper, we use 2D exchange 2H NMR in
order to characterize the ultraslow molecular motion in
the crystalline a-phase of PVF2. The motional mecha-
nism is then deduced by comparison with available
crystallographic”?>2 and dielectric relaxation®-® data.

Two-Dimensional Exchange NMR

In this section, we give a brief qualitative description
of the 2D exchange 2H NMR experiment and the infor-
mation available from it. The theory and applications of
2D exchange ?H and !3C NMR in both static and rotating
samples are presented in detail in the original literature.!*-16
A simplified description of the experiment and its appli-
cation to study chain mobility in crystalline and amorphous
polymers is also given in ref 17.

Anisotropic Interaction. The 2H NMR spectrum is
dominated by the coupling of the electric field gradient
with the nuclear electric quadrupole moment. If the
electric field gradient tensor (FGT) is axially symmetric,
as is a good approximation in 2H NMR, the orientation
dependence of the NMR frequency in the rotating frame
is given by?

w = +5(3 cos® § - 1)/2 = £5P,(cos 0) (1)

where 6 is the angle between the unique principal axis of
the FGT, i.e., the C~2H bond direction, and the static
magnetic field B,. The constant § = 3e2qQ/4h specifies
the strength of the anisotropic quadrupolar interaction
(6/2w ~ 125 kHz for aliphatic polymer chains). For
isotropic powders, an inhomogeneously broadened line
shape (Pake diagram) results with characteristic singu-
larities at w = £46/2 for § = 90°.

© 1991 American Chemical Society
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Figure 1. (a) Basic three-pulse sequence used in 2D exchange
NMR. In practice, an additional fourth pulse is included to
overcome the receiver deadtime.!! (b) Schematic 2D exchange
H spectrum of a powder for a definite reorientation angle 6 =
109.4°: elliptical ridge (- - -} and 90° ridge (—) for one 2H NMR
transition. The second transition (--) gives the mirror symmetry
about the antidiagonal.

Three-Pulse Sequence. Two-dimensional exchange
NMR is a particular application of 2D spectroscopy?®
especially designed to study slow dynamic processes with
rates that are too low to affect the 1D line shapes. For
deuterons (I = 1), a three-pulse sequence is used!l-1¢
(Figure 1a): afterthe application of a first pulse Py, during
the evolution time ¢;, the 2H magnetization for a given
molecular orientation in the rotating frame evolves with
a frequency w, (cf. eq 1), which is then stored by a second
pulse P; at time t = ¢;. During the mixing time tn, a
molecular reorientation due to slow motion is generally
reflected by a change in the NMR frequency according to
eq 1. This new frequency wq is probed in the subsequent
detection time t2 by the application of a third pulse P;
bringing back 2H magnetization in the transverse plane.
By incrementing ¢, a 2D data set is obtained. After 2D
Fourier transformation relative to ¢; and ¢,, cross-peaks
of equal intensity appear at (w1, wg) = (we, wg) and (wq, we),
thus yielding a spectrum symmetrical to the 2D plane
diagonal w; = ws. Because of the presence of two 2H NMR
transitions, there is also a mirror symmetry about the an-
tidiagonal w; = -we. Hence, four cross-peaks are generally
observed in a single-crystal experiment. The 2D spectrum
is then a direct visual representation of the pathways of
the mixing process, i.e., the molecular motion. By sys-
tematic variation of ¢, the dynamic process can be followed
in real time.

Information Available from Powders. In the case
of an isotropic powder sample, after a single reorientation
angle © during ¢, the C-2H bonds having the same initial
orientation at an angle 6, from B, will lie on a cone whose
symmetry axis is along the initial orientation. Thus,
the wy-slice of the 2D exchange pattern going through w;
= we = 26P(cos be) will be a line shape given by a conical
distribution of orientations. Such a line shape can be
calculated analytically® and has singularities at wy = £8P»-
(cos (8, + O)), at wy’ = +5Ps(cos (6, — O)), and, if §, + © =
7/2, also at we” = £8/2. Of course, the C—?H bonds that
have the same orientation during ¢; and £, (8 = 0) will not
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result in any off-diagonal exchange signal but will give
rise to a Pake diagram along the diagonal of the 2D
spectrum. On the other hand, for © = 0, the singularities
wy, wa’, and wy”’ form characteristic off-diagonal exchange
ridge patterns (Figure 1b). The first two singularities ws
and wy’ are of particular interest since they form ellipses
from which the reorientational angle 6 can be directly
extracted.!’-17 The singularities at wy” form straight lines
parallel to the w;-frequency axis, which extend from the
diagonal until they reach the corresponding ellipse (Figure
1b). Similar ridges are obtained along the ws-axis at w;”
= %§/2. It is then remarked that all these straight ridges
with w; or wy = £6/2 are associated with C—2H bond
orientations lying at 90° from B, before or after the jump
so that the positions of these “90° ridges” are independent
of the reorientation angle ©. This fact explains why the
90° ridges are still observable if the motional process
involves a broad reorientational angle distribution (RAD)
P(6) (e.g.,isotropicdiffusion) while the ellipses are smeared
out in this case.1314 By analysis of the 2D spectrum, P(0)
and, thus, the geometry of the motion can directly be
measured, i.e., without any model consideration.!® How-
ever, due to the form of the NMR frequency orientation
dependence (eq 1), one cannot distinguish between the
jump angle O and its complement 180° - 6. Thus, P(8)
is contracted to the interval [0-90°].12-16

Experimental Section

Perdeuterated PVF; has been prepared by polymerization of
separately synthesized and isolated CF,=CD; as described in
ref 26. Its viscosity-average molecular weight is 390 000. In
principle, the statistical packing in the deuterated polymer may
differ from that of the standard, non-deuterated material. In
order to check the crystal modification, X-ray diffractograms of
the deuterated sample were taken, exhibiting a structure typical
of the a-phase, but with higher crystallinity. Therefore,our NMR
results (although in the strictest sense valid only for the deu-
terated material) are discussed below in terms of the various
models proposed for protonated PVF;. DSC indicates a sub-
stantially higher melting point and enthalpy of fusion than the
commercial (protonated) counterparts. This is believed to be a
result of the increased crystallinity of deuterated samples, which
in turn stems from the reduced content of branching and re-
gioirregular defects in deuterated chains.2627

The NMR experiments were performed on a Bruker CXP 300
spectrometer operating at a 2H resonance frequency of 46.07 MHz.
The duration of a 90° pulse was 2.1 us. By applying the pulse
sequences described in detail in ref 11, two time-domain data
matrices of 40 X 128 complex values were obtained. These
sequences, in addition to different phase cycles of the three-
pulse sequence of Figure 1la with P; = 90°, P; = P; = 54.7° contain
a refocusing 90° pulse in the detection period. The finite pulse
widths lead to distortions in the 2D NMR spectra. Therefore,
the simulation presented belowincludes these distortions through
multiplication of the frequency data in both dimensions by
correction factors sin x/x for each pulse, where x is proportional
to the pulse length.2? The effective pulse length used for this
correction is shorter than the experimental one by 15%. The
spectral width was 312.5 kHz in both dimensions, and the
repetition time was 3 s. The measuring time of a 2D spectrum
then ranged from 11 to 72 h (see Figures 2 and 3). The 2D data
sets were subsequently processed according to ref 11 to obtain
pure phase 2D spectra. The dimension of the data sets was
increased to 128 X 128 by zero filling prior to Fourier transfor-
mation after proper Gaussian apodization. The temperature was
controlled by a Bruker VT 1000 temperature unit.

Results and Discussion

Geometry of the Motion. Figure 2a,b shows the 2D
exchange 2H NMR spectrum of a-PVF; at 370 K for tm
=200ms. Atthistemperature,the spin-lattice relaxation
(T) decay is well fitted by a two-exponential curve with
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Figure 2. 2D exchange *H NMR spectrum of «-PVF,. (a)
Experiment at 370 K with a mixing time ¢, = 200 ms (measuring
time: 72 h). (b) Contour plot of a. (c) Simulation considering
a Gaussian jump angle distribution of +5° width around 6 = 0°
and £3° around 6 = 67°. The insert shows the corresponding
reorientation angle distribution (RAD) P(6). (d) Contour plot
of c.

time constants 20 msand 2s. The fast relaxing component
representing about 40 % of the magnetization is associated
with the motionally averaged line shape arising from the
amorphous material (see Figure 3). Thus, at ¢, = 200 ms,
this part of the magnetization has decayed and only the
slowly relaxing crystallinesignal is detected. Therelatively
short repetition time (3 s) was chosen as a compromise to
reduce the measuring time and nevertheless observe about
80% of the crystalline magnetization. Clearly, the ul-
traslow motion discussed below cannot account for a T
value of about 2 s since one would expect T to be of the
order of minutes as in molecular crystals.?® Hence, as
already observed in other crystalline polymers,2%30 there
must be small angle fluctuations with a rate quite close
tothe Larmor frequency. Note that, without the presence
of such a fast motion, 2D 2H NMR would be impossible
due to a prohibitively long measuring time.

The 2D spectrum displays a well-defined Pake diagram
along the diagonal. More interestingly, one observes
elliptical exchange ridges in addition to the 90° ridges
(Figure 2a,b). The 90° ridges are found within experi-
mental accuracy parallel to the w;- and ws-axes, thus
demonstrating that the FGT tensor is effectively axially
symmetric (7 <0.01).1! The RAD P(0) deduced from the
comparison with the calculated spectra (Figure 2¢,d) is
also plotted. The RAD exhibits two peaks centered at ©
=0and 67° (Figure 2c). Thelatter indicates ajump motion
of the C—?H bond by an angle of 67 or 180 — 67 = 113° in
the crystal lattice. P(0) also indicates an uncertainty of
the reorientational angle of +3°. Since the angular
resolution in 2D exchange 2H NMR is as high as £0.,5°,16
the broader RAD in PVF; clearly reflects the nonideal
packing in a polymer crystal as already observed in iso-
tactic polypropylene.” As demonstrated in the next
section, the spectrum of Figure 2 corresponds to the “final

Macromolecules, Vol. 24, No. 9, 1991

|
i
[
n'llf{llmlillll‘f, |. |
l

\ h ||||,I|p|'||' \!

A ,|~1
i I i it

]
g

0 20 40
th = 20ms
1 il y
Pla)d _ |
1 |
0 20 2
tn = 500 ms

Figure 3. 2D exchange 2H NMR spectra of a-PVF; at T = 370
K with varying mixing time t, = 2, 20, and 500 ms. The measuring
time is 11, 26, and 43 h, respectively. Inthe inserts are fitted the
corresponding RAD of the crystalline motion.

state” RAD!2-14 reached for ¢y, > 7., the correlation time
of the motion. Since the diagonal and off-diagonal parts
of the spectrum have about equal intensities, it is concluded
that the jump motion involves only two sites.!2-14:28
Time Scale of the Motion. The emphasis of the
current investigation concerns the geometry of the motion.
From 2D NMR spectra, however, the time scale of the
motion can also be evaluated by varying the mixing time
tn 1271428 Figure 3 shows the 2D spectra at 370 K for ¢y,
= 2, 20, and 500 ms. For the two smaller mixing times,
one clearly observes the contribution of the fast relaxing
amorphous line shape in the center of the diagonal. As
tm increases, the intensity of the off-diagonal signals
increases relative to the diagonal, reflecting the time scale
of the motion. For each spectrum, disregarding the
diagonal motionally averaged amorphous signal, it is then
possible to extract the RAD corresponding to the crys-
talline motion. Obviously, there is no significant increase
in exchange intensity when increasing ¢, from 200 to 500
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Figure 4. Unit cell of a-PVF; according to the structure of ref
23. (a) c-axis projection. (b) e-axis projection. The hydrogen
atoms have been omitted for clarity.

ms, demonstrating that the final state RAD is reached, at
least, for tm = 200 ms. From the RAD at ¢ = 2 and 20
ms, we calculate that the correlation time of the two-site
jump motion 7. is 20 £ 5 ms at 370 K. Previous dielectric
relaxation studies34 report shorter correlation time values
(0.1-1 ms) for the a-relaxation at 370 K. However, it has
been observed that the position of the loss maximum for
the a-relaxation is strongly shifted toward higher tem-
perature (i.e., longer correlation times) with decreasing
level of chemical defects (head—head or tail-tail junctions).?
Since deuterated samples of PVF; have been shown to
have a much lower content of reversed monomer units
(=~2.8%) than the protonated samples (=3.5-6%),26 we
conclude that the two-site jump motion observed by 2D
NMR is, indeed, responsible for the a-relaxation process.

Models of Molecular Motion. As described above,
2D exchange 2H NMR demonstrates without any model
assumptions that the C-2H bonds in the crystalline
a-phase of PVF; are slowly jumping between two orien-
tations separated by a mean angle of 67 or 113°. In this
section, therefore, we examine all the possible chain re-
orientations that are compatible with these jump angles
and the crystalline structure.

There have been several X-ray studies of PVF; in its
a-phase.2-22 The chain conformation is well established
as essentially TGTG20.23 or a distorted analogue.2-22 The
unit cell is (at least metrically) orthorhombic with a =
0.496 nm, b = 0.964 nm, and ¢ (molecular axis) = 0.462
nm, and the chains are overall packed in an antipolar and
antiparallel manner (see Figure 4). However, the precise
packing of the chains is quite complex since it was recently
shown to involve a disorder. Bachmann and Lando?2were
the first to report a statistical up—down disorder, with
each chain having a 50% probability of “up” or “down”
orientation along the ¢ axis. Subsequently, Takahashi et
al.28 proposed a more elaborate disorder between four
possible chain orientations in the unit cell. Inthe a-phase,
two components of the electric dipole moment must be
taken into consideration: a component u, (perpendicular
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Figure 5. Four polarization states of a-PVFy, according to ref
23, The symbols A and A denote the dipole-moment orientation
in the ab plane (1, ), and the symbols C and C denote the up and
down orientation (x|), respectively. Hydrogen atoms have been
omitted for clarity.

Table I

reorientation angle § for C2H
bonds (jump angle), deg

transition
motion conform change type ref 20 refs 21,22 ref 23
1 TGTG < TGTG AC+—AC 0 0 0
2 TGTG <« TGTG AC « AC 129;180 148;171 128;178
3 TGTG < TGTG AC « AC 109 132 112
4 TGTG+—~TGTG AC+~+AC T1 45 67
5 TGTG < GTGT AC «~ AC 51;0 32; 9 52; 2
6 TGTG « GTGT AC <« AC 180 180 180
7 TGTG «» GTGT AC « AC 109 135 113
8 TGTG < GTGT AC+ AC 71 48 68

to the molecular axis) in the direction of the a axis, and
the other one u; (parallel to the molecular axis) in the
direction of the c axis. The orientation of x| can then be
“right” (A) or “left” (A) while x; can be “up” (C) or “down”
(C) (Figure 5), using the terminology introduced by Ta-
kahashi et al.22 They reported existence probabilities at
room temperature as 54 % for the AC orientation, 29% for

AC,10% forAC,and 7% forAC. Adipole-momentchange
inthe a-phase of PVF; can then be described by transitions
between the four chain polarization states AC, AC, AC,

and AC. Clearly, transitions between these states require
molecular reorientations. It is easily demonstrated that
there are 16 different reorientations for a pair of C~2H
bonds between the 4 polarization states. However, 8 of
these 16 motions involve a 180° rotation about the a or b
crystal axis, implying chain break or chain reentry, and,
therefore, must be ruled out. We are then left with the
eight physically possible motions that are listed in Table
I. Furthermore, it is seen that there are only four possible
conformational changes (second column of Table I), each
of which leads to two polarization transitions (third column
of Table I) whose final states are related by a 180° rotation
about the ¢ axis. Note that motion 1 characterized by
equal initial and final states (no apparent motion) is given
here for completeness. In the fourth to the sixth columns
of Table I, we have calculated the jump angles O associated
with each molecular motion 1-8 according to the atomic
coordinates derived in the relevant X-ray studies. These
were done, in chronological order, by Lando and Doll20
(structure I), Hasegawa et al.?! (structure II), and Taka-
hashi et al.23 (structure III). As expected, the analysis of
Bachmann and Lando,?2 which supports structure II in
terms of conformation, leads to almost the same jump
angles, the maximum deviation being 0.5°. Note that
motions 2 and 5 give two distinct jump angles because, in
these cases, the two 2H nuclei bonded to the same carbon
reorient by different angles. The chain packing of
structure I leading to a non-zero dipole component along
the b axis has been shown to be inapplicable.?228 However,
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we include the conformation of structure I here for
comparison since it corresponds to an exact TGTG
sequence.?’ Such a chain conformation gives, as expected,
some jump angles that are very close to either the
tetrahedral angle or its complement (Table I). Indeed,
disregarding possible translations, motions 3, 4, 7, and 8
can then be considered to be possible on a tetrahedral
lattice.3! On the other hand, the distorted TGTG con-
formation of structure II leads to jump angles departing
up to 26° from 109.4 and 70.6°. For the slightly distorted
TGTG conformation III, however, motions 3, 4, 7, and 8
give jump angles that are quite close to 109.4 or 70.6°.
Moreover, Table I shows that the exact TGTG confor-
mation (I) and, particularly, the distorted TGTG con-
formation (II) cannot provide an agreement withour NMR
results. In the case of the latter, the angular discrepan-
cies are as large as 19°, while for the former there is a
discrepancy of at least 4°. Both of these are significant
considering the high angular resolution offered by 2D
exchange 2H NMR (20.5°).16 On the other hand, for
structure III, motions 4 and 7 remarkably provide the exact
angles observed by 2D NMR (67 and 113°) while motions
3 and 8 lead to a difference of only 1° with our NMR
results (68 and 112°) (Table I). Since we have detected
experimentally a small distribution of £3° width around
the 67° peak in the RAD, and because of possible small
deviations in the precise crystalline structure, we cannot
reasonably exclude motions 3 and 8 on the basis of a 1°
deviation. At this point, it can nevertheless be concluded
that our NMR results are clearly in agreement with the
crystalline structure given by Takahashi et al.2? (III) but
show discrepancies with structures 120 and I1.2!

Obviously, we need additional information in order to
determine which motion (3, 4, 7, or 8?) actually occurs at
the a-relaxation of PVF,. First, we should note that some
of these motions have already been proposed to occur in
PVF,. Indeed, motion 3 can be completed by elementary
three-bond motions3! that are believed to be the mech-
anism governing the thermally induced transition from
the a- to the y-phase.323 Motion 4 has been proposed by
Lovinger® to explain the transition from the a- to the
5-phase by the application of an electric field. However,
motions 3, 4,7, and 8 all result in a different dipole-moment
transition. Therefore, these motions should be differen-
tiated by dielectric relaxation spectroscopy. Indeed, in
an ingenious study of the anisotropy of the dielectric
relaxation, Miyamoto et al.5 were able to demonstrate that
the dipole moment changes its orientation only along the
¢ axis, thus implying that the a-relaxation is of the type
AC < AC. Moreover, this finding has been supported by
the fine-level X-ray analysis of Takahashi and Miyaji.”
Table I shows that only two molecular motions, 5 and 7,
lead to the AC < AC transition. Since motion 5, which
involves the conformational change TGTG <> GTGT, can
clearly be excluded by our NMR results (Table I), the
a-relaxation must be due to motion 7, which is completed
by the chain isomerization TGTG < GTGT (Figure 6)
and leads to a jump angle of 113°, in excellent agreement
with our NMR results. Althoughthe finalstate RADshows
that all the chain segments must reorient, it is very unlikely
that such a motion occurs in a single step for the whole
chain of a crystal because of too high an activation energy.
As already proposed,58it should be accomplished through
local conformational rearrangements, leaving at any time
the major portion of the chain unchanged, e.g., by diffusion
of defects or kinks along the chain. Since the a-relaxation
is strongly influenced by the level of heterolinkages,? the
concentration of conformational defects is expected to be
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Figure 6. Unique molecular motion consistent with the NMR,
X-ray, and dielectric results. Projections in the ab plane (top)
and bc plane (bottom). The 2H atoms are differentiated to show
that each C-2H bond of the repeat unit is jumping by the same
angle of 113°. Fluorine atoms have been omitted for clarity.

related to the content of tail-tail and head-head junctions,
which is minimized in our specimens.

Furthermore, it must be pointed out that motions 3, 4,
and 8 may also be excluded on other grounds. Motions
4 and 8 that involve dipole-moment reversal along a (i.e.,
to parallel packing) are implausible on thermodynamic
grounds, which would tend to favor antiparallel dipoles.
Moreover, it is known from poling at room temperature
that it takes very high energy to change the antipolar
a-phase to its polar counterpart (8-phase).3:3¢ Motion 3
completed through elementary three-bond motions would
necessitate the creation of a y-like intermediate confor-
mation (TGTGTGTG < TTTGTTTG), at least lo-
cally.3337 This is also improbable because the a-phase
transforms to the v-phase only at very high temperatures
and extremely slowly.3”

Conclusions

In the crystalline a-phase of PVF,, 2D exchange 2H
NMR directly detects ultraslow chain motions at 370 K
reorienting the C-2H bond directions by the uniquely
defined angles of 67 or 113°. Moreover, the time scale of
these motions agrees well with the so-called a-relaxation
detected by dielectric and mechanical spectroscopy. Con-
sidering the published X-ray data, these NMR results are
consistent only with the conformation of Takahashi et
al.2 Four different models of molecular motion are in
agreement with the jump angles determined by NMR,
and these have been considered in detail here. However,
these molecular motions could be differentiated in terms
of their electrical properties. Ofthe four possible motions,
only one is in agreement with the dielectric relaxation
results of Miyamoto et al.® It is defined by the dipole
moment transition AC <= AC and the conformational
change TGTG < GTGT, yielding an effective dipole-
moment reversal only along the chain axis and a reori-
entation angle of 113° for the C~2H bond directions.
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