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pathway. We are reluctant at present to accept this facile ex
planation, since its application to the [1,7] pathway in 1 is by no 
means clear. Since [1,7] pathways in both 1 and 2 have the same 
activation energy (AG* =* 19 kcal mol"1), a similar rationale might 
be expected for both octahedral and tetrahedral metal centers. 

We are continuing our efforts to establish an understanding 
of the fluxional behavior of compounds of this class. 
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A variety of liquid crystalline polymers has systematically been 
synthesized recently, following the model1,2 of decoupling the 
molecular motions of the mesogenic side groups and the main chain 
by inserting a flexible spacer. Nematic, smectic, and even cho-
lesteric phases have been obtained.3,4 In certain cases, both 
nematic and smectic phases could be generated simply by varying 
the length of the spacer. An example of this behavior is provided 
by the systems depicted schematically in Figure 1, involving phenyl 
benzoates as mesogenic groups. These materials show properties 
of polymers, e.g., a glass transition where molecular motions are 
frozen in. Their glass transition temperature T1 is influenced by 
the length of the spacer (Figure 1) and the mesogenic group. A& 
to be expected, T1 also depends on the nature of the main chain.4 

In addition and as already described, these polymers also show 
properties of liquid crystals at temperatures above Tv e.g., they 
can be oriented in electric5,6 and magnetic fields. In contrast to 
low molecular weight liquid crystals, these polymeric systems do 
not crystallize when cooled below Tg. Thus the liquid crystalline 
structure can be frozen in, allowing the investigation of glassy 
liquid crystalline systems. Unknown so far are any details about 
the influence of the spacer on the behavior of the mesogenic groups; 
especially there is no information about possible motions and the 
molecular order of the mesogenic units below T1. The question 
to what extent the side group is decoupled from the main chain 
can be tackled, in principle, by a variety of techniques which can 
be employed to study liquid crystalline systems.9 In this com-
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Figure 1. Structure and phase transitions of selectively deuterated liquid 
crystalline polymers. The molecular axis (- - -) of the mesogenic group 
as revealed by 2H NMR line-shape analysis as well as the local C2 axis 
(- • -) of the phenyl ring are shown, g denotes glass transition; s, n, i = 
transition to liquid crystalline smectic or nematic phase or to isotropic 
melt (determined by DSC). 
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Figure 2. 2H NMR spectra of the smectic liquid crystalline polymer 
(Figure 1), oriented in its nematic phase by the magnetic field (8.5T) of 
the NMR spectrometer, at 335 (above 7"g) and 290 K (below T1) with 
director n parallel (left) and perpendicular (right) to the magnetic field. 

munication we wish to give a preliminary report of a detailed study 
of molecular order and motion using 2H NMR spectroscopy, 
concentrating on the system with a spacer length of m = 6, which 
shows both nematic and smectic phases. Deuteron NMR spec
troscopy is especially appealing since it allows direct observation 
of the mesogenic group.10"15 Moreover, substantial changes are 
expected to show up in the 2H spectra at T1. While in the liquid 
crystalline phase the quadrupole coupling experienced by the 2H 
nucleus is partially averaged due to molecular motion,9,10"15 leading 
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to relatively narrow spectra, broad solid-state spectra are expected 
if the molecular motion of the mesogenic group is frozen in at 

The selectively deuterated acrylate monomers were synthesized 
in analogy to the corresponding methacrylates1,16 by standard 
methods using 4-methoxyphenol-rf4. This in turn was prepared 
from hydroquinone-^ (deuterated by exchange,17 98.5% 2H in 
the ring). The monomers were radically polymerized in solution, 
leading to heterotactic polymers with high contents of syndiotactic 
sequences; for details see ref 18. Phase transitions were deter
mined by DSC (Perkin Elmer DSC 2c). 2H spectra were obtained 
at 55 MHz by using the solid echo technique with quadrature 
phase detection described elsewhere.19 Typically 250-500 signals 
were accumulated with a repetition time of 0.5 s and a pulse delay 
of T = 50 ^s. In Figure 2 2H NMR spectra at temperatures above 
and below Tg are shown for the smectic system (m = 6) with 
director n parallel and perpendicular, respectively, to the magnetic 
field B0. Above Tg, at 335 K the rotational motion of the phenyl 
ring about the direction of order is rapid enough to cause partial 
averaging of the quadrupole coupling. The angular dependence 
of the quadrupole splitting Av^ on /S0, the angle between n and 
B0, was observed to be in accord with 

A*Q = %(e2qQ/h)S2(3 cos2 9 - 1)(3 cos2 ft, - 1) (1) 

which is characteristic for a smectic A system.9,11 Here e2qQ/h 
is the quadrupole coupling constant of the deuteron, S2 is the order 
parameter, and 6 is the angle between the C-2H bond direction 
and the molecular axis of the mesogenic group (see below). The 
nomenclature is in accord with ref 20-22, where details are given. 
The values of the quadrupole splittings (7-13.6 kHz in the nematic, 
16.4-27.7 kHz in the smectic phase with n||B0), and their tem
perature dependence are similar to those observed for deuterons 
in phenyl rings of low molecular weight liquid crystals;10"14 details 
will be given at a later date.23 

Below Tg, at 290 K a considerable increase in spectral width 
is observed with director n_LB<,. In fact, a solid-state type spectrum 
is observed, covering a total width of more than 100 kHz. This 
immediately proves that the molecular motion of the mesogenic 
group changes apprecially at Tg. Of course, the dynamic glass 
transition temperature24 as detected through a change in the 2H 
spectrum is approximately 10 K higher than T„ as measured by 
DSC. Even at 335 K the motional averaging For n _L B0 is not 
yet complete; the doublet sharpens considerably at higher tem
peratures. For n j| B0, however, a single quadrupole splitting is 
observed below T$, although the phenyl ring contains two in-
equivalent deuterons in the rigid case. This is a first indication 
that restricted molecular motion of the mesogenic group might 
be present in the glassy state. 

Both nature and timescale of that motion can be clarified by 
taking a rotation pattern for different orientations of n with respect 
to B0. The corresponding spectra as shown in Figure 3 never 
extend over the full spectral range of 250 kHz observed for rigid 
deuterons,19,21,22 proving that residual motions must be present. 
Considerable details can, in fact, be obtained from a line-shape 
analysis22,25 of the spectra observed (Figure 3), where calculated 
spectra are plotted at the right. The fit to the experimental ones 
yields three distinct pieces of information. 
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Figure 3. Observed and calculated 2H spectra of the smectic liquid 
crystalline polymer (Figure 1) in its glassy state (T = 290 K) for various 
angles 0O between the director n and the field B0. For the deuteron the 
rotational motion generates an exchange between two sites, and the 
spectra were calculated as described elsewhere,25,26 taking into account 
the distortions of the experimental line shapes introduced by the solid 
echo techniques.27 The line-shape function S(v) was expanded in terms 
of planar distributions21,22 and the orientational distribution function P(0) 
was expanded as suggested by a molecular field theory of liquid crystals:28 

PW) = exp[£,V,(cos 0)]/exp[£^j], / = 0, 2, 4, . . ., where J3 is the 
angle between the director and the molecular axis of the mesogenic 
group.20"22 The fitted values are A7 = 4, A4 = 1, A6 = 0.5; A, = 0 
otherwise. 

(i) The type of motion consisting of 180° rotational jumps of 
the phenyl rings about the molecular axis of the mesogenic group 
as indicated in Figure 1: It is the only type of motion consistent 
with the spectra observed. The molecular axis, about which the 
rotation occurs, and the local C2 axis of the phenyl ring form an 
angle of 10 ± 1°. This angle can directly be calculated from the 
ratio of the quadrupole splittings for /30 = 0 and 90°, respectively. 

(ii) The correlation time of the motion, TC = (3 ± 1) X 10"7 

s at 290 K, a value at least two orders of magnitude longer than 
usually observed in liquid crystalline phases of low viscosity: It 
thus corresponds to a relatively slow motion observed even in 
crystalline solids.25,26 

(iii) The degree of order, which must be high as indicated by 
the marked angular dependence of the spectra: In fact, the 
complete orientational distribution function9,20"22 P(fi) of the 
molecular axes can be determined. It is found to closely resemble 
a Gaussian with width at half-height of ±14°, corresponding to 
an order parameter S2 = 0.85 ± 0.05, in good agreement with 
the results of the ESR investigation of the same polymer.8 

The high value of the order parameter observed in the glassy 
state, at least as high as found in low molecular weight smectic 
A systems,9 shows that the molecular order can fully be maintained 
when cooling a liquid crystalline polymer below the glass transition. 
Our 2H investigation presented here proves, however, that the 
decoupling of the mesogenic group from the main chain while 
effective is not complete, as originally discussed1,3 and already 
contradicted by Magagnini,29 because the molecular motion of 
the side groups changes appreciably at the glass transition of the 
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polymer. The rotation about the molecular axis is severely re
stricted in the glassy state, where only solid-state-type rotational 
jumps by 180° are observed. This behavior is not unique to the 
systems studied here, e.g., the analogous liquid crystalline polymer 
with a spacer length of m = 2 (Figure 1) shows23 a similar re
stricted motion below Tg. Rotational jumps of phenyl rings by 
180° have also been proposed to exist in low molecular weight 
liquid crystalline systems and have recently been observed, e.g., 
for side groups in the crystalline pentapeptide enkephalin30 and 
amorphous polystyrene31 below Tg. 
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Most elements that have a nuclear spin are quadrupolar, and 
it is generally accepted that high-resolution solid-state NMR 
studies of these systems using magic-angle sample spinning will 
be very difficult for nuclei having quadrupole coupling constants 
SlOO kHz, due to technical limitations on rotor stability, and the 
presence of second-order quadrupolar broadening.1"5 This view 
is of course correct for integral spins / = 1, 2, 3, etc., but about 
two out of three elements that possess nuclear spin have nonintegral 
spins / = 3/2, 5/2, 1Ii, or 9/2. The central ('/2. ~l/i) s P m transition 
is only broadened by dipolar, chemical shift (or Knight shift) 
anisotropy and second-order quadrupolar broadening, and thus 
these ('/2, - ' /2) l 'n e widths are generally «e2qQ/h. We show 
in this communication that high-resolution solid-state spectra may 
be easily obtained for 23Na nuclei having e2qQ/h values of up to 
2-3 MHz, by monitoring the (1Z2, -

1Zi) s P m transition selectively 
under conditions of rapid sample rotation, and note that these 
values may be increased to —10—15 MHz for other nuclei at 
higher magnetic field strengths, using high-field high-speed sample 
spinning techniques. 

We show in Figure 1 23Na Fourier transform NMR spectra 
of a variety of MNa-containing solids, in which (PqQ/h values vary 
from <~0 to ~2.6 MHz.6"10 Figure IA shows static and mag-
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figure 1. 40-MHz 23Na Fourier transform NMR spectra of various 23Na 
salts, with and without magic-angle (9 = 54.7°) sample spinning. (A) 
NaCl (e*qQ/h ~ 0); (B) NaBrO3 (JqQIh ~ 860 kHz, r, ~ 0); (C) 
Na2MoO4 (anhydrous, e2qQ/h ~ 2.6 MHz, r, ~ 0); (D) Na2SO4 
(JqQIh ~ 2.6 MHz, 77 ~ 0.6). Samples were spun at ~2-3 kHz; 
sample size was ~0.5 cm3. The number of scans varied but was typically 
in the range 100-200. Chemicals were reagent grade and were checked 
by microanalysis. Spectra were recorded on a home-built instrument 
operating with a 3.5-T, 4.0-in. bore, superconducting solenoid. 

ic-angle spinning spectra of 23NaCl, a cubic structure having 
e2qQ/h ~ 0. As reported previously by others1'10 there is con
siderable line narrowing upon rotation at a rate of ~2 kHz, the 
static breadth. Similar results are, however, also obtained when 
investigating 23NaBrO3 (Figure IB) where JqQI h values of 0.864 
(±0.008) MHz with r\ ~ 0 have been reported previously.8,9 The 
explanation, as suggested above, is that we are observing only the 
(•/2, -V2) s P' n transition and that the second-order broadening 
in this system is small (1-2 kHz11,12) and, moreover, is substantially 
averaged upon magic-angle rotation, as seen more clearly below. 
Partial averaging of second-order quadrupolar broadening by 
spinning at 90° to the applied field has been noted previously by 
Nolle13 in which Mo(CO)6 (e*qQlh ~ 21 kHz, Wl/2^ < 100 Hz) 
was rotated at speeds of up to 80 Hz13 and was first investigated 
theoretically by Andrew.14 

For larger values of e2qQ/h, for example, in the cubic spinel 
23Na2MoO4 (JqQjh ~ 2.6 MHz, ij = 0 ± 0.1 ref 6) or in 23-
Na2SO4 (e2qQ/h ~ 2.6 MHz, j , ~ 0.6 ± 0.1, ref 7), residual 
second-order breadths are much larger, since the broadening is 
«(JqQ)K)2. Residual breadths of «20-30 kHz are thus observed 
(at 3.5 T), with the result that numerous spinning sidebands or 
rotational echoes are obtained in the spinning experiment1516 

(Figure 1C,D). 
The results of Figure 1C,D indicate the need for (a) much 

higher field operation and (b) much higher spinning speeds, if 
such spinning experiments are to be of general utility, since the 
second-order broadenings are <xH0~\ In addition, we have found 
that, as expected,3'17 magic angles other than 54.7° are more 
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