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Deuterium nuclear magnetic resonance (NMR) quadrupole 
echo spectra of deuterated acyl chains and the glyceryl 
moiety of tripalmitin were found to depend on the crystal 
form. At 20°C, which is below melting points, ilne shapes 
indicate that molecular motions in the/3 form (triclinic 
subcell) are more restricted than in f~' (orthorhombic) or a 
(hexagonal). Motionai rates in excess of about 20 kHz are 
responsible for the line shapes. Spin-lattice relaxation, sen- 
sitive to motionai frequencies in the tens of megahertz 
range, is much faster for methyl (CD2) groups in a or/3' 
than in/3, indicating that fast motions are also governed 
by crystal form. General theoretical considerations suggest 
that  motion of methylene groups is dynamically hetero- 
geneous and that  motion of methyl (CD 3) groups may be 
averaged by motions other than rotation about the ter- 
minal C-C bond. The isothermal solid~state transition from 
a to/3, induced by increasing the temperature to 35°C, was 
accompanied by NMR lineshape changes consistent with 
immobilization. The reversible transition of a to "sub-a " 
upon cooling, accompanied by orthorhombic-like Bragg 
spacings and other changes in the X-ray pattern and by 
corresponding changes in the infrared spectrum, also pro- 
duced a marked restriction in NMR~letected mobility of 
the kind seen in/3' relative to a. The advantages of 2H 
NMR for studies of motions and transitions in solid 
glycerides are discussed. 

KEY WORDS: Deuterium NMR, infrared, molecular motion, phase 
transitions, polymorphism, solid fat, tripalmitin, X-ray diffraction. 

Solid triacylglycerols (fats) play important roles in a range 
of phenomena in food texture and stability (1-3). A large 
number of triacylglycerol species occur naturally. In the 
variety of crystalline or liquid crystalline structures they 
may adopt, there are simplifying patterns because the cry- 
stalline lattices are dominated by interactions between the 
hydrocarbon tails of the acyl groups (4-6). The principal acyl 
chain subcell symmetries in triacylglycerols include the so- 
called a (hexagonal lattice),/3' (orthorhombic) and/3 (triclinic) 
(7-9). The latter two may have several variants, classified 
according to their X-ray diffraction patterns and infrared 
spectra. It is well known that fundamental properties such 
as density, melting point, heat of fusion, rate of cryst~lllza- 
tion, rate of solid transitions and surface characteristics de- 
pend on crystal form, and some theoretical progress has been 
made toward predicting some of these properties for triacyl- 
glycerols (10-14). However, the mechanisms that connect a~ 
rangement and motions of glyceride molecules to complex 
properties such as mechanical response texture lubricity, 
surface chemical reactivity, permeability of crystalline do- 
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mains to small molecules, eta, are not well investigated and 
require both experimental and theoretical approaches. 

For semicrystalline polymer~ molecular motion in the 
solid state determined primarily by nuclear magnetic reson- 
ance (NMR), has been related to functional properties. Se~ 
for example Komoroski and Mandelkern (15). It is reason- 
able to expect similar relationships to hold for the glyceridea 
NMR approaches for analysis of lipids, particularly trigly- 
cerides, have been reviewed (16-19). 

A major experimental challenge is to quantify the rates, 
amplitudes and orientations of molecular motions. Motion 
in solids is geometrically restricted, and the distribution of 
frequencies for such motions is different from that in liquids 
The hypothesis that the triglyceride lattice with less restric- 
tion, namely the a (hexagonal) form, should permit large 
amplitude motions to occur has been tested by NMR. Us- 
ing the continuous wave method, Chapman (20) measured 
wide-line 1H NMR spectra of various glycerides and 
showed that at 293K, polymorphic form governs the line 
shape and by inference chain motions, with a being more 
mobile than/3. This work indicated the fundamental simgari- 
ty between the wide-line 1H NMR behavior of glycerides 
and other acyl chain-containing compounds (21). Other 
workers have found that 1H nuclear relaxation times de ~ 
pend on crystal form and temperature in ways useful for 
diagnosis of lattice mobility in mixed triglycerides (22,23) 
and triglyceride-emulsifier systems (24). 13C NMR chemical 
shifts, at least of the glyceryl carbons (25), and ZH spin- 
lattice relaxation times (23) are also sensitive to polymorph- 
ic forn~ The ZH relaxation results confirmed Chapman's 
previous observation (20) of greater molecular flexibility in 
the less dense lattices, but the location of greater flexibili- 
ty could not be specified. 

Deuterium (2H) NMR is well suited for observation of 
molecular motions in the solid state~ Because the natural 
abundance of 2H is low, it is usually necessary to replace 
hydrogen with deuterium at selected molecular sites. A well- 
developed theory exists for interpretation of 2H NMR spec- 
tra in terms of rates and amplitudes of motions in specified 
molecular frames of reference Extensive applications of 2H 
NMR to membrane studies have been reviewed by Seelig 
(26), Griffin (27), Davis (28), Smith and Oldfield (29) and to 
polymer and liquid crystal studies by Spiess (30,31), Luz (32) 
and Samulski (33). Applications involving labelled tri- 
glycerides appear to be limited to one study of triglyceride 
mobilty in bilayer membranes (34). In the present work, we 
use deuterium solid-state NMR to measure molecular 
dynamics in three important crystalline forms of tripalmitin 
and to characterize the motional consequences of certain 
thermally induced structural transitions in the solid stat~ 
The relationships among lattice geometry, volume and 
mobility are discussecL Preliminary reports of this work have 
been presented (35-37). 

EXPERIMENTAL PROCEDURES 

Deuterium labeling. Glyceryl-deuterated tripalmitin, with 
2H replacing glycerol hydrogen atoms, was prepared from 
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glycerol-d5 and palmitic acid according to the method of 
Gorrisen et a£134). Chain-deuterated tripalmitin, in which 
56% of the fat ty acid chains at the 1- and 3-position of 
the glycerol were substituted by palmitic acid-d~l, was 
prepared by enzymatic interesterification of tripalmitin 
with the deuterated fat ty acid by means of Mucor miehei 
lipase (Lipase 3A, Novo Enzyme Co. Laboratories, Wilton, 
CT). The degree of substitution was estimated from the 
ratio of the starting materials, assuming an equilibrium 
reaction product and determined experimentally by NMR 
and high-resolution gas chromatography. Both synthetic 
products were purified by thin-layer chromatography and 
recovered by solvent evaporation. Sample identity and 
purity were confirmed by solution 2H NMR (glyceryl- 
deuterated tripalmitin) or by a combination of 1H and 2H 
NMR (chain-deuterated tripalmitin). Percent exchange at 
the 1 and 3 chain positions in chain-deuterated tripalmitin 
was calculated to be 56% from integration of the 1H 
NMR spectrum. 

High-resolution gas chromatography. Deuterated tri- 
palmitin samples were analyzed for chromatographable 
glyceride content on a 10-m capillary column coated with 
a nonpolar stationary phase. Prior to analysis, the samples 
were derivatized with N-methyl-N-t-butyl-dimethylsilyltri- 
fluoroacetamide. The glyceride content of glyceryl-deu- 
terated tripalmitin was found to be 98.22% triglyceride 
by this method, the remainder being monoglyceride. 
Similarly, the glyceride content of the chain-deuterated 
triglyceride was 99.61% triglyceride, the remainder being 
monoglyceride For the chain-deuterated compound, three 
peaks were observed, corresponding to 33.03, 49.98, and 
16.79% of total triglyceride material. These three peaks 
correspond to triglycerides with two labelled hydrocarbon 
chains, one labelled chain, and no labelled chain, respec- 
tively. Suppose x represents the fraction of chains at the 
1- and 3-position that are labelled. The enzyme exchanges 
only at the 1- and 3-position, labelled chains are distri- 
buted randomly between the 1- and 3-site, and molecules 
labelled only at the 1-site or only at the 3-site are indis- 
tinguishable. Then, x 2 will be the fraction of doubly 
labelled triglycerides and (l-x) 2 will be the fraction of 
unlabelled triglycerides. Fraction x is estimated to be 0.57 
from the observed fraction of triglycerides with two 
labelled chains or 0.59 from the observed fraction of 
unlabelled triglycerides. This agrees well with the NMR 
result. 

Differential scanning calorimetry (DSC) methods. Both 
unlabelled tripalmitin and deuterated tripalmitin were 
characterized by their melting behavior with DSC (Perkin- 
Elmer DSC-7, Norwalk, CT). Specimens weighing a few 
milligrams were sealed in aluminum sample pans, heated 
to 100°C and then subjected to either of two temperature 
programs: (i) For isothermal crystallization, the specimen 
was cooled at 10°C/min down to the set temperature and 
then held there for crystallization to occur; (ii) Specimens 
were cooled at 10°C/min to -50°C and then heated at the 
same rate to melt the crystals formed during cooling. 
Typically, a crystals, formed during the cooling leg, melted 
at To = 45°C (6); this melt crystallized very quickly to 
/~', which transformed gradually to/3 v/a a solid-solid tran- 
sition. Finally, the/3 crystals melted at about 66°C ITs; 
(6)]. Melting temperatures were the same for unlabelled 
and deuterated tripalmitin, and the same as published 
values for tripalmitin, to within 1-2°C. Heat of fusion of 

/3 tripalmitin, 190 J/g, was somewhat smaller than a 
published value, 212 J/g (6); in our experience, a decrement 
of this size can result because the newly formed/3 crystals 
have not been tempered for a sufficiently long time before 
melting. 

Preparation of crystal forms. The different crystal forms 
were prepared by holding uniabelled or deuterated tripal- 
mitin at 100°C for at least five minutes to ensure melting 
and then quenching to the prescribed temperature and 
holding for a carefully selected t ime Temperatures and 
holding times for the respective forms were based on a 
DSC study of crystallization and solid-solid transitions 
in tripalmitin (Blaurock, A.E. and F.J. Sasev;ch, unpub- 
lished data). 

To make a tripalmitin, the molten material was quen- 
ched by immersing the 5-mm NMR tube in water at 25°C. 
For/3 tripalmitin, a crystals were formed in this way, and 
then the specimen was heated to 60°C, to melt a and/3' 
crystals;/3 crystals thus form spontaneously and rapidly. 
In one instance,/3 crystals were formed by holding the a 
crystals somewhat below T, (45°C). To make/T crystals, 
the molten material was quenched at 46°C, i.e. just above 
T,, and held for five minutes. These were then stabilized 
by quenching the specimen in water at 20 o C. The so-called 
sub-a crystals were formed by cooling a crystals to temper- 
atures well below 0 o C. Crystal form was identified for the 
NMR specimen by X-ray diffraction as described below. 

X-Ray diffraction methods. X-rays (predominantly Cu 
K~, ~ = 1.542/~) were generated in a Rigaku microfocus 
rotating-anode generator with copper target. The diffrac- 
tion camera was of the Franks type (38), with focusing 
glass flats that  filter out short-wavelength white radia- 
tion. Specimens were placed in a chamber with thin 
Melinex windows, and the temperature was controlled by 
a thermostated, refrigerated circulating bath. For ex- 
periments at low temperatures, the specimen chamber was 
cooled by a flow of nitrogen gas obtained by boiling liquid 
nitrogen; the temperature was not thermostatically con- 
troned, and it drifted by a few degrees during the 1-2 rain 
required to record an X-ray pattern. Temperature was 
measured with a thermocouple (Omega Digital Data Log- 
ger, Omega Engineering, Stamford, CT). A position- 
sensitive X-ray detector (PSD) (M. Braun, West Germany; 
supplied by Innovative Technology, Ina, South Hamilton, 
MA) was used to record the diffraction pattern. The PSD 
chamber was pressurized with P-10 gas (90% argon, 10% 
methane) at about 6 bar. Diffraction patterns were ac- 
cumulated in a multi-channel analyzer and then transfer- 
red to an IBM PC-AT for analysis. 

Crystal form was determined both before and after the 
NMR experiment. A key point here is the use of the PSD. 
Because the 5-ram diameter NMR specimen was much 
thicker than the optimum (about i mm), and because the 
glass walls of the NMR tube absorb X-rays strongly, 
counting rates were of the order of 10 ct/s, which compares 
to a rate of a few thousand ct/s from an optimum X-ray 
specimen. Thus, exposures up to 1 h were required to 
record sufficient X-ray counts to detect reflections in the 
wide-angle region diagnostic of crystal form. 

As shown in Figure 1, a crystals give a single, somewhat 
broadened diffraction peak; ~' crystals give two peaks:/3 
crystals give three major peaks; and sub-a crystals give 
a single, asymmetrically broadened peak. For each crystal 
form, the widths of peaks are a measure of crystaUite siz~ 
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FIG. 1. Wide-angle X-ray diffraction patterns of four crystal forms of chain-deuterated tripalmitin. (a) a form. A single peak with a Bragg 
spacing of 4.15 A. (b) ~' form. Dominant peak and one subsidiary peak with Bragg spacings of 4.2 and 3.8 ~,, respectively. (c) f3 form. Domi- 
nant peak and two subsidiary peaks with Bragg spacings of 4.6, 3.85 and 3.65 A, respectively. (d) Sub-a form at --130°C. Dominant peak 
and a broad shoulder with Bragg spacings of 4.1 and 3.8 A, respectively. Note that the position-sensitive detector is positioned differently 
here than in (a) through (e). 

Different c rys ta l  forms can be detected s imul taneously  
in the same pattern;  in this case  the peak areas are a mea- 
sure of the amount  of each form present.  

Fourie~transform infrared (FTIR) methods. FT-IR spec- 
t ra  were obtained with a M a t t s on  Cyguus 100 spectro- 
meter  interfaced to an IR-PLAN infrared microscope by 
means  of an external  beam por t  (Mat tson Ins t ruments ,  
Inc., Madison, WI}. The microscope interface was equip- 
ped with a mid-band mercury-cadmium-telluride detector 
permi t t ing  operation in the 600 to 4,000 cm -1 region. In- 
frared spectra  were the result  of Fourier t ransformat ion  
of 128 co-added interferograms at  1 cm -1 resolution with 
t r iangular  apodization. 

Polymorphs  were prepared for FT-IR by following the 
same protocols as for N M R  and X-ray diffraction. A small 
amount  of mater ia l  was melted on a piece of a luminum 
foil or a silver chloride disc (1 m m  × 13 ram), the sample  
quenched in water  a t  the appropr ia te  t e m p e r a t u r e  then 
mounted  in a var iable- temperature  microscope s tage 
(MMR Technologies, Inc)  a t  20°C. The variable-tempera- 
ture stage is equipped with a heater and a Joule-Thomson 
refrigerator t ha t  allows the  t empera ture  of the s tage to 

be controlled between 100 and -193 °C v i a  a n  MMR K-20 
t empera ture  controller, which is operated through a 
microcomputer.  Bo th  t r ansmi t t ance  and reflectance 
modes were used to produce infrared spectra. 

Deuterium solids N M R  methods. 2H N M R  spect ra  
were recorded at  61.4 MHz  on a Bruker  MSL400 N M R  
spectrometer.  Sample  t empera ture  was regulated by a 
Bruker BVT-1000 temperature controller by reheating a 
stream of cold nitrogen gas. A cylindrical sample of 8-mm 
length and 5-mm diameter  {approximately 100 microliters 
volume} was placed in the center of a 14-mm long solenoid 
coil oriented with the coil axis perpendicular to the field 
of the superconducting solenoid. Prior to data acquisition 
the amplitude and phase of the radiofrequency pulses of 
each of the four quadrature phases were adjusted accord- 
ing to the method  of Gerstein {39}. The t r ansmi t t e r  off- 
set  and receiver phase were adjusted to minimize the 
signal detected in one of the two channels of the quadra- 
ture receiver. 

2H spectra were acquired by a quadrupole-echo pulse 
sequence with two 90 ° pulses: (n/2-~l-d2-T2-acquire-relaxa- 
tion delay} (40,41}. Phase alternation of the echo pulse 
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was superimposed on quadrature phase cycling of both 
pulses. The typical 90 o pulse length was 2/~s, the inter- 
pulse spacing was 17 gs, data acquisition was begun 15 
~s after the end of the second pulse, and the relaxation 
delay between repetitions was usually 20 s. Inversion 
recovery T~ measurements were made by adding a 180 ° 
pulse and a relaxation delay before the quadrupole echo 
sequence (41,42). 

Echo transients were digitized at 0.2 ~s dwell time and 
stored as 2K data sets. Typically 16 to 64 acquisitions 
were co-added for the chain-deuterated tripalmitin and 200 
scans for the glycerol-labelled tripalmitin. Data were left 
shifted prior to Fourier transformation until the max- 
imum on the quadrupolar echo was the first point in the 
data set, then a 400 or 500 Hz exponential line broaden- 
ing was applied, and the data were zermfilled to 8192 
points. Small zero-order phase corrections to the spectrum 
were sometimes required. No artificial symmetrization of 
the spectrum was performed. 

21-1 NMR theory and lineshape simulations. The deu- 
terium NMR spectrum is dominated by the interaction 
between the nuclear electric quadrupole moment of this 
spin 1 nucleus and the electric field gradient sensed at 
the nucleus (28,43). Though the chemical shift contribu- 
tion exists, it is essentially the same as that  for protons 
on a ppm scale. At the field strength used here, the 
deuterium shift range is less than 600 Hz and is therefore 
small compared to the quadrupole contribution to the line 
widths in the solid. The electric field gradient tensor is 
usually well approximated by axial symmetry in a carbon- 
deuterium bond. Thus, each orientation of a bond in a 
molecule should produce two resonances at two discrete 
frequencies, corresponding to the two allowed transitions 
for a spin-1 nucleus. However, for a polycrystaUine sam- 
ple, all orientations of this gradient are represented. The 
resulting spectrum is a superposition of contributions of 
all orientations. Because the deuterium NMR spectrum 
arises from two transitions, the polycrystalline spectrum 
is the sum of two patterns related to one another by sym- 
metry. The polycrystalline spectrum, or powder pattern, 
can be very wide (270 kHz). However, motions that mix 
orientations on a time scale short compared to the re- 
ciprocal of the line separations cause significant powder 
pattern line-shape changes. Fast motions about a single 
axis, such as rapid rotation of methyl groups, preserve the 
axial nature of the powder pattern, but reduce its width. 
Fast motions of other types may cause changes in both 
line-shape and width_ Detailed line-shape analysis general- 
ly requires comparison of experimental line shapes with 
those computed from various motional models. 

RESULTS AND DISCUSSION 

In this section we begin by presenting evidence that the 
deuterated tripalmitin samples can be prepared in crystal 
forms that  are the same as unlabelled tripalmitin, as 
judged by X-ray diffraction and infrared spectroscopy. The 
deuterium NMR spectra of tripalmitin in the solid state 
are then presented with analysis of line shapes in terms 
of simple models for molecular motion, Finally, the de- 
tailed structural and dynamical behavior of the a and/3 
forms at low temperatures and the spontaneous transi- 
tion of a to/3 at higher temperature are described. 

Verification of crystal forms. Representative X-ray dif- 

fraction patterns recorded from an NMR sample at 20°C 
are shown in Figure 1. The a form gives a single, moderat~ 
ly broad peak at 4.15 ~, (Fig. la}. A small peak at 4.6 ~, 
shows that a few percent/3 crystals have formed at the 
same time {arrow}. The/T form (Fig. lb) gives one peak 
at 4.2 ~,, i.e. slightly, to the left of the peak in (a}, and a 
second peakoat 3.8 A. Finally, the/3 form gives a strong 
peak at 4.6 A and two more at 3.85 and 3.65 ~, (Fig. lc); 
the absence of peaks in between shows that neither a nor 
/3" crystals are present in this case. 

Figure 2 shows infrared spectra of a,/3' and/~ chain- 
deuterated tripalmitin and unlabelled tripalmitin. It  is 
evident from Figure 2d, which is an expansion of the 
720-cm -1 region, that  a crystals were produced when 
chain-deuterated tripalmitin was heated to 95 °C, quench- 
ed at 30°C and then observed at 20°C. The single band 
near 720 cm -1, attributed to the main rocking-twisting 
CH2 mode, and the absence, even at -193 o C of numerous 
bands present in the/3 and f~' polymorphs (compare Fig. 
2a to Fig. 2b and c) is characteristic of the a form in 
unlabelled tripalmitin {44,45}. The/3' form of chain-deu- 
terated tripalmitin was studied by heating the sample to 
95°C, quenching at 46°C for five minutes and observing 
at 20°C or -193°C (Fig. 2b). For unlabelled tripalmitin at 
-193°C, Figure 2f, the closely spaced bands at about 720 
cm -~ and 730 cm -1 and bands in the 800 to 1000-cm -1 
region (not shown) uniquely indicate/T crystals (20,46-48}. 
A single band at 720 cm -1 together with a pair of strong 
bands at about 900 cm -~, demonstrates the presence of 
/3 crystals (Fig. 2c). These were produced when/T crystals 
were heated to 62°C for one hour. 

Quadrupole echo deuterium NMR spectra of a, f~' and 
[3 forms of chain-deuterated tripalmitin. Quadrupole echo 
deuterium NMR spectra of the three polymorphic forms 
of the chain-deuterated tripalmitin at 20°C are shown in 
Figure 3. These spectra clearly demonstrate that, at a 
temperature below the lowest melting temperature of the 
three polymorphs and low enough to inhibit any solid-solid 
transition, the degree of motional averaging of the 2H 
NMR spectrum depends on the polymorphic form of the 
crystal (35). The spectrum of the/3 polymorph indicates 
a minimal degree of motional averaging. This spectrum 
is the sum of two powder patterns: a wider, more intense 
methylene deuteron pattern with a horn-to-horn splitting 
of 118.4 kHz, and a narrower, less intense, methyl powder 
pattern with a horn-to-horn splitting of 34.8 kHz. The 
methylene powder pattern is only about 7 kHz or 6% nar- 
rower than the rigid limit value of about 125 kHz (28), 
which is consistent with highly restricted molecular mo- 
tions. Free rotation of the CD 3 group about the C~-C~_~ 
bond would yield a threefold narrowing from the rigid 
limit. One-third the width of the rigid limit is 42 kHz or 
about 7 kHz more than the observed methyl value That 
the CD 3 powder pattern width is narrower than 42 kHz 
indicates that there is more motion present than rotation 
about the methyl C3 axis at the end of the alkyl chain. 

By comparison, the 2H spectra of the a and/T poly- 
morphs are narrower and have a different shape. These 
spectra also result from the superposition of methyl and 
methylene contributions. The spectrum for the a form in- 
dicates more motional averaging, at least for the methy- 
lene deuterons, than is seen for the/3' form. We could not 
reproduce the/3' spectrum by a linear combination of the 
/3 and a spectra, confirming that  the third crystal form 
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FIG. 2. Fourie~transform infrared spectra of unlabelled tripalmitin and chain<leuterated tripaimitin. (a) Labell- 
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1 o x o {e) 720-cm- region of labelled a at --193 C. (f) 720-cm- region of unlabelled a tripalmitin at --193 C. 

indeed was formed. The spectra of the a and f~' polymorphs 
indicate considerable motional averaging in comparison 
with/3. 

Relation of  motion to geometric and intermolecular con- 
straints in the crystallographic lattice. The conformation 
of the triglyceride molecule has been determined in the 
/3 (triclinic) form by X-ray structure analysis (49). In par- 
ticular, the all-trans methylene chains were found to be 
in close and regular contact. In contrast to the ~ form, 
the crystal structure of the a (hexagonal) form has not 
been solved. We note that the hexagonal symmetry of the 
a form relates to packing of the individual acyl chains, 
i.e., it does not reflect the existence of the glycerol moie- 
ty  at all. The hexagonal packing requires a chain cross- 
section of either circular, triangular or hexagonal sym- 

metry. None of these fits the precise shape of an all-trans 
methylene chain. The hexagonal packing, taken together 
with the paucity of X-ray reflections from the a form, in 
fact suggests irregular contacts between chains such that 
a cylindrical shape applies, on average, On this basis one 
might have anticipated less regular, larger-amplitude 
structural fluctuations in a than in ~ chains. Both the 
NMR observations on relaxation rates at 20°C (Fig. 4) and 
the relative thermodynamic stabilities of these forms con- 
firm this picture. Taken together, the volumetric. X-ray 
and NMR observations indicate irregular and rapidly fluc- 
tuating conformations for the acyl chains in the a form. 
While chain motions also occur in the/3 form (49), evident- 
ly these are more constrained than in the a form (Fig. 3). 

Although the complete crystal structure of the/3' form. 
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FIG. 3. Quadrupole echo 2H nuclear magnetic resonance spectra of 
chain-deuterated tripalmitin at 20°C, prepared in three different 
crystalline forms according to methods in the text: la) a {hexagonal) 
form; (b) fY (orthorhombic) form; (c)/3 (triclinic) form. 

has not been solved, X-ray observations have been used 
to categorize acyl chain packing in the/3' form, which is 
defined by X-ray short-spacing reflections at about 3.8 A 
and 4.2 ~,. These are the values encountered in long-chain 
compounds known to pack in an orthorhombic subcell. 
In fact, from the limited X-ray data available, the acyl 
subcell appears to be very nearly orthorhombic~ as in tri- 
undecanoin (50), LML (C12C14C12) (51) and tripalmitin 
(52). The/3' subcell is commonly regarded as being regular- 
ly and closely packed, based on comparisons among many 
lipids (ref. 6, Chapter 2). Based on this, motions would be 
expected to be similarly restricted in the/3' and/3 forms, 
and less restricted in the a form. The NMR data at 20°C 
(Fig. 3) suggest instead that motions in/3' and a are simi- 
lar. The NMR data at lower temperatures also show that 
motion in the a form can become about as restricted as 
in the/3 form (compare Fig. 9a to Fig. 3c). An explana- 
tion was sought for the 20°C data. 

It is well known that  a crystal lattice may expand as 
the temperature increases with no change in symmetry 
(4). In fact, the volume per CH2 group for triglycerides 
in various polymorphic forms increases gradually as temp- 
erature is increased, up to the melting temperature, at 
which point there is a discontinuous jump to the value 
for the liquid (ref. 6, p. 31 and Table 2-6). For tripalmitin, 
volumetric data are only available for the liquid and/3 

forms. However, dilation curves (specific volume vs. t e m -  
perature) have been published for the three polymorphs 
of tristearin, a near homolog of tripalmitin (ref. 6, p. 370). 
The specific volume of a is only slightly greater than that  
of/3' tristearin (both are close to 1 mL/g). This relation- 
ship holds over the range from 10°C to their melting 
points, both of which are above 50°C. However, the specif- 
ic volumes increase gradually with temperature. These 
specific volumes both are substantially greater (about 3%) 
than that of/3 tristearin, over the same temperature range. 
Assuming similar volumetric behavior for tripalmitin and 
assuming that mobility is dominated by available volume 
we would predict that  the NMR line shapes of a and/3' 
will be similar to one another, since the average volumes 
available to their chains are similar. Further, we would 
predict that the NMR line shapes of a and/3' will both 
show substantially more evidence of motional averaging 
than/3, because the specific volumes of a and/3' are sig- 
nificantly larger than that of/3. The results of Figure 3 
are consistent with this explanation. 

In terms of all three measures--crystallography, ther- 
modynamics and molecular dynamics--the/3' form is in- 
termediate between the a and/3 forms. The observation 
that  the dynamics of the/3' form are more like a than/3 
(Fig. 3) illustrates that  NMR observations offer unique 
insights and that detailed volumetric data from X-ray and 
density measurements are valuable for interpretation of 
measurements of molecular mobility. 

Sp in - la t t i ce  re laxat ion.  As we have discussed, changes 
in 2H line-shape with crystal form are produced by mo- 
tions in the tens to hundreds of kHz range~ of the same 
order of magnitude as the width of the powder pattern, 
or faster. High-frequency motions may be probed by mea- 
suring the deuteron spin-lattice relaxation time from an 
inversion-recovery quadrupole echo sequence. The deu- 
teron T1 is sensitive to fluctuations in the electric field 
gradient near the Larmor frequency, in this case 61.4 
MHz. 

Results of quadrupole-echo inversion-recovery measure- 
ments of deuterium T1 for the a and/3 polymorphs are 
shown in Figure 4. Note that inversion of the wings of the 
methylene powder pattern of the/3 polymorph is incom- 
plete (Fig. 4, lowest curve), even with the 4-~s n-pulse 
employed. For the/3 form, the methylene spin-lattice relax- 
ation is relatively slow, corresponding to a T1 of 18.4 s 
for nuclei for which the C-D bond vector is perpendicular 
to the magnetic field, i.e., the sharp horns. T1 for the 
methyl deuterons, approximately 0.25 s in the/3 form, is 
significantly shorter because of the methyl rotation. For 
the a form, it is not possible to deconvolute the methyl 
and methylene Tz's; however, inspection of the partially 
relaxed spectra suggests that they must be similar. A 
composite methylene and methyl T1 may be calculated at 
the center of the powder pattern; using this method, Tz 
is 0.16 s for the a form (Fig. 4a), and of the order of 0.2 
s for the/3' form (data not shown). Clearly, the lattice 
geometry of a and [3' forms at 20°C permits methylene 
motions near the Larmor frequency that produce efficient 
longitudinal relaxation. In the/3 form, 2H spin-lattice 
relaxation is about 100 times less efficient, which indicates 
a considerable reduction of motion near the Larmor 
frequency. 

In a study by Norton e t  a l  (23), 1H spin-lattice relax- 
ation measured at 60 MHz was more than ten times as 

JAOCS, Vol. 69, no. 11 (November 1992) 



MOLECULAR MOTION IN TRIPALMITIN 

1063 

a 

20s 

5s 

3.3s 

2s 

l s  

500ms 

200ms 

lOOms 

50ms 

20ms 

5ms 

1ms 

I 1 I I I I I I I 
200 100 0 -100 -200 200 100 0 -100 

F r e q u e n c y / k H z  F r e q u e n c y / k H z  

b 

60s 

20s 

12s 

6s 

2s 

600ms 

20ms 

60ms 

20ms 

I 
-200 

FIG.  4. Inversion-recovery quadrupole echo 2H nuclear magnet ic  resonance spectra for measurement  of relaxation t ime T 1 (2H) of chain- 
deuterated t r ipalmit in  at  20°C. For each spectrum the delay t ime between the  180 ° pulse and the  quadrupole echo measuring sequence 
is noted: (a) a (hexagonal} form; (b)/3 (triclinlc) form. 

efficient for the a form as for/3. However, those authors 
pointed out that  the shorter T1 for a could arise from a 
single molecular site, i.e., the methyl group, because due 
to efficient spin diffusion in the strongly coupled ~H 
system, the most mobile site may dominate overall 1H 
relaxation. The possibility that  the shorter T1 for a is 
due to a difference in methyl motion between the two 
polymorphs is eliminated by the deuterium results. That 
is, for the methyl group, rotation about the C-C bond axis 
is always present, yielding efficient relaxation behavior 
in all three crystal forms, whereas the methylene groups 
have relaxation that  truly depends on polymorphic form. 

Interpretation of the line shape of the a polymorph. In- 
terpretation of the a line shape is complicated by the fact 
that  the spectrum is a sum over the line shape from 
deuterons at positions all along the fat ty acid chain. We 
note that  X-ray diffraction analysis of the/~ form found 
increasingly large thermal motions as the methyl group 
terminating each chain is approached (49). This result sug- 
gests that dynamics vary as a function of chain position. 
An obvious explanation for the X-ray observations is that 
the methyl group interacts with neighboring chains via 
relatively weak van der Waals forces, whereas the carbonyl 
end of the same chain is covalently bonded to the glycerol 
backbone and thereby restricted. The a and /3' forms 
should behave similarly. Thus, for triglycerides, the first 
step toward a more detailed motional picture would be to 

obtain line shape and relaxation data from triglycerides 
labelled at specific sites along the hydrocarbon chain, a 
strategy that  has worked well in membrane studies 
(27-29}. 

Nevertheless, it is useful to consider in a general fashion 
what rates and geometries of motion could give rise to 
the observed a line shape. First, note that  the T 1 relax- 
tion time for the a form suggests sufficient motion at the 
Larmor frequency to produce relaxation which is rapid 
compared to the/3 form. Second, we have examined the 
a line shape as a function of the spacing T1 between the 
two radio frequency pulses in the quadrupole echo se- 
quence. No changes in the line shape (T 2 distortions} 
were observed for values of T1 between 17 and 102 ~s 
{Fig. 5}. This suggests that  the motions responsible for 
the line shape are rapid compared to the time scale of the 
experiment, about 10 -5 s {53}. Thus, the relaxation data 
indicate that the motions responsible for the observed line 
shape are relatively rapid. 

The line shape of the a polymorph at room temperature 
is similar to the fully anisotropic (~* = 1, ~Q* = VQ/2) line 
shape that  results from rapid exchange between two sites 
for which the orientation of the C-D bond axis differs by 
the tetrahedral angle. An attempt was made to simulate 
the observed powder pattern for the a form on the basis 
of a simple two-site tetrahedral jump, explicitly taking into 
account the finite length of the pulses and the echo time 
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FIG. 5. Quadrupole echo 2H nuclear magnetic  resonance spectra of 
chain-deuterated tripalmitin, prepared in the a form, at 20°C, as a 
function of the interval T 1 between pulses. Spectra with T 1 values 
of 17 ~s (largest intensity), 27 ~ ,  42 ~s, 72 ~ and 102 ~s (smallest 
i n t e n s i t y )  are  s h o w n .  

employed (Kennedy, S.D., unpublished dissertation). The 
two-site tetrahedral jump model has been extensively ap- 
plied to analysis of 2H line shapes of alkane systems (e.g., 
54,55). Methylene and methyl line shapes were simulated 
separately, and the final spectrum was computed as a 
weighted sum of the individual simulations. A uniform 
jump rate at all methylene positions along the hydrocar- 
bon chain was assumed. For the methyl simulations, it 
was also assumed that  rapid reorientation about the ter- 
minal C-C bond reduces the quadrupolar interaction by 
a factor of 1/3. 

Results that approximate the major features of the a 
spectrum (width and appearance of wings) are obtained 
for jump rates on the order of 1 × 104. Figure 6 com- 
pares the experimental spectrum to a spectrum simulated 
with a jump rate of 1 X 104 for the methylene deuterons 
and 2 X 104 for the methyl deuterons. However, no com- 
bination of methylene and methyl jump rates reproduced 
the observed pattern in detail. The major difficulties are 
that the central portion of the pattern is too intense in 
the simulations, and there is residual intensity in the ob- 
served powder pattern on both sides of the steep edges 
that is not consistent with the rapid tetrahedrai jump 
model. Faster motions, as suggested by the relaxation 
data, yield line shapes that  converge to the fully aniso- 
tropic powder pattern, exacerbating differences between 
the observed and calculated spectra. These differences 
argue against a tetrahedral jump model and imply that  
dynamical heterogeneity may be an important factor in 
these systems. Here dynamical heterogeneity may imply 
differences in motions at different positions along the 
chain or heterogeneity of motion at a single chain position. 

The two-site jump model has also been applied in more 
general forms, permitting unequal population of the two 

a 

. . . .  b 
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2 0 0  I 0 0  0 - I 0 0  -200 
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O 

FIG. 6. (a) Simulation of the quadrupole echo spectrum (T -- 17 ~s) 
of the a form of chain-deuterated tripalmitin, assuming each C-D 
bond undergoes exchange between two equally populated orienta- 

o 1 tions 109.5 apart, at a rate of 10,000 s -  for the methylene 
1 deuterons and 10,000 s -  for the methyl  deuterons, and that rapid 

rotation of the methyl group further reduces the width of the methyl 
powder pattern by a factor of three. (b) Quadrupole echo ZH nuclear 
magnetic resonance spectrum (T 1 ---- 17 ~s) at 20°C of chain- 
deuterated tripalmitin prepared in the a polymorph. 

sites (56,57) and deviations from the tetrahedral angle (57). 
Similar line-shape changes may be generated by model- 
ing the NMR data based on a distribution of angles (58}. 
Such line shapes have been modelled by using continuous 
reorientation of the C-D bond about a director axis in a 
potential well (58-60). For methylene deuterons in cry- 
stalline nylon 66, Hirschinger e t  al. (53) used rapid libra- 
tions described by a Gaussian distribution of azimuthal 
angles of standard deviation A8. To fit the observed line 
shapes and relaxation behavior, it was necessary to as- 
sume a spatially inhomogeneous distribution of A8. Thus, 
the observed line shapes do not uniquely identify the type 
of motion present. Although the two-site jump model is 
apparently simple when viewed from the point of view of 
an isolated C-D bond, executing a tetrahedral jump for 
an alkane chain constrained in a crystal lattice would re- 
quire the concerted motion of many atoms. Rapid, con- 
tinuous small-angle reorientations might be a more phy- 
sically reasonable motional model for alkyl chains con- 
strained by a crystal lattice. 

In summary, the relaxation behavior of the a spectrum 
indicates that  the motions responsible for the line shape 
are fast on the time scale of the experiment. However, a 
wide variety of motional models may be used to fit such 
a line shap~ To obtain more detailed information about 
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the motion, it would first be necessary to prepare tri- 
glycerides that  are specifically labelled with deuterium. 
The line shape, T1 dependence of the line shape, and of T1 
as a function of temperature, could then be used as a 
basis or more detailed interpretation of the motions 
involved. 

Interpretation of the line shape of the [3' polymorph. 
Qualitatively similar conclusions apply to interpretation 
of the line shape of the/3' polymorph. We have not mea- 
sured this powder pattern as a function of zl, but T 1 is 
also much shorter than the T~ for the /3 polymorph. 
Thus, the motion responsible for averaging the powder 
pattern is probably also rapid compared to the time scale 
of the experiment. However, the motion is less effective 
in averaging the powder pattern than the motion in the 
a form. The singularities in the powder pattern remain 
more prominent, and there is more intensity left in the 
wings of the pattern. The simplest explanation is that the 
motion in the/3' polymorph is of smaller amplitude than 
the motion in the a polymorph. 

Motions in the glycerol backbone. Room temperature 
spectra of the f3 and a forms of the glyceryl-deuterated 
tripalmitin are shown in Figure 7. Superficially, the spec- 
tra appear to be composed of a single powder pattern, 
although each represents the sum of the signals from the 
five labeled deuterons. Indications of shoulders on the 
outer edges of the horns could originate from differences 
in the powder pattern of individual deuterons, slight devia- 
tions from the assumption of a negligible asymmetry 
parameter for the field gradient tensor, or heterogeneity 
in the motional behavior of triglyceride molecules. Ap- 
parently, however, the motions of the five deuterions in 
the glycerol backbone are similar within each polymorph. 

For the/3 spectrum the horn-to-horn separation is 116.6 
kHz, again slightly reduced from the rigid limit, which 
suggests minimal motional averaging. For the a form, 
reduced intensity of the horns suggests additional dy- 
namical averaging, but the motional difference between 
the a and/~ forms is much less pronounced for the back- 
bone than it is for the chains. 

Physically reasonable models for the motions that cause 
slight motional averaging in the backbone resonances 
must take into account at least two factors: (i) Each back- 
bone carbon is attached to several bulky constituents; (ii) 
the backbone is known to play an important role in defin- 
ing and stabilizing the crystal lattice (ref. 6, Chapter 5). 
Thus, the most reasonable models to account for ob- 
served 2H NMR line shapes would necessarily involve 
the concerted motions of many atoms in the vicinity of 
the C-D bond of interest. 

For the a form, comparison of the spectrum of back- 
bone atoms (Fig. 7) with the spectrum of methylene chain 
atoms (outer shoulders in Fig. 3) indicates that  the ma- 
jor motions are confined to the hydrocarbon chains. For 
the/~ form, deuterium spectra show minimal motional 
averaging for either glyceryl or acyl chain atoms; however, 
no conclusion may be drawn about possible coupling be- 
tween glyceryl and acyl chain motions. 

Isothermal solid-solid transition from a to f~ Solid-solid 
transitions between polymorphic forms of triglycerides 
are well known and may be observed as characteristic 
changes in the X-ray pattern, infrared spectrum, density 
and calorimetric behavior. Because the kinetics of these 
solid-solid transitions are strongly temperature-dependent 
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FIG. 7. Quadrupole echo 2H nuclear magnetic resonance spectra at 
20°C of glyceryl-deuterated tripalmitin, prepared in two different 
crystalline forms: (a) a (hexagonal) form; (b)/3 (triclinic} form. 

(62-64), the time scale can be altered. Concomitant 
changes in the motional state of the triacylglycerols may 
then be conveniently monitored during the transition by 
2H NMR spectroscopy. 

Figure 8 shows the 2H NMR spectrum of chain-deu- 
terated tripalmitin at half-hour intervals during the course 
of the a to/3 solid-solid transition at 35°C. The change in 
acyl chain mobility during the transition is reflected in 
the spectra. Comparison of horn regions of both methyl 
and methylene deuterons of the 12.5-h spectrum with the 
spectrum of the pure f3 form at 20°C (Fig. 3) suggests that 
the transition is not quite complete after 12.5 h at 35°C. 
This observation correlates with (i) an effect in the X-ray 
pattern, where the peaks in the/3 pattern show significant 
broadening, depending on sample preparation and aging, 
and (ii) a melting enthalpy that  is below the published 
value (6). The potential for measuring the extent and 
kinetics of solid-phase transitions from 2H line-shape 
changes is clear. 

Reversible thermal transition of a to sub-a upon cool- 
ing. In principle, freezing acyl chain motions by lowering 
the temperature should increase the rigid limit character 
of any spectrum. Lowering the temperature of a sample 
in the a form, however, produces a material with crystal- 
lographic and vibrational characteristics that distinguish 
it from the a, /3' and/~ forms. This material has been 
designated "sub-a" (8,64,65). These characteristics were 
measured for the deuterated tripalmitin sample as follows. 

X-ray diffraction observations. A sample of chain- 
deuterated tripalmitin was prepared in the a form in a 
thin-wall X-ray capillary following the protocol in Experi- 
mental Procedures, and then this sample was exposed for 
X-ray diffraction at low temperatures. As shown in Figure 
ld, when the a form of chain-deuterated tripalmitin is cool- 
ed to -120°C, a shoulder appears to the right of the 
original a peak, and the peak itself is broadened asym- 
metrically compared to the room-temperature pattern 
from the same specimen. The shoulder shifted gradually 
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FIG. 8. Solid-solid transition from a to ~ in chain-deuterated 
tripalmitin at 35°C. The quadrupole echo 2H nuclear magnetic  
resonance (NMR) spectrum of a sample prepared in the a form and 
held at 35°C in the NMR probe was recorded at half-hour intervals 
over a 12.5-h period. Spectra obtained at half-hour intervals are 
shown. 

(patterns not  shown) when the temperature  was lowered 
in steps as in the NMR and IR experiments, becoming 
clearly defined at  about  - 6 0 ° C  and more pronounced as 
the temperature  approached -100°C.  At -120°C,  the 
dominant  peak has a Bragg spacing of about  4.1/~, and 
the shoulder has a Bragg spacing of about 3.8 A {Fig. ld). 
The lat ter  value is similar to the Bragg spacing of the se- 
cond peak from fY chain-deuterated tr ipalmitin at  20°C 
however, at  no temperature  studied did the shoulder be- 
come a well-defined peak, unlike the case for the ~' crystals 
in Figure lb. When the specimen was warmed to 20°C, 
the shoulder went away and a single symmetr ic  peak at 
4.15/~ was seen as in Figure la, demonstra t ing the reap- 
pearance of the a crystal lattice. Thus the a to sub-a tran- 
sition was rapidly and fully reversible. 

Infrared observations. The main rocking mode is shifted 
from 720 to 525 cm -1 when methylene chains [(-CH2-).] 
are replaced by deuterated methylene chains [-CD2-)n] 
{44}. The presumptive 525 cm -~ band from the chain-deu- 
terated tr ipalmitin used in the present s tudy was not  
detectable because of the limited range of the mid-band 
MCT detector  as well as the zinc selenide windows in the 
variable temperature  microscope stag~ When the a form 
of chain-deuterated tr ipalmitin was cooled from +20 to 
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FIG. 9. Reversible conversion of a to sub-a form obtained upon cool- 
ing chaln~leuterated tripalmitin. (a) A sample prepared in the a form 
was cooled in the nuclear magnetic  resonance (NMR) probe, and 
quadrupole echo 2H N M R  spectra were acquired at successively 
lower temperatures, as indicated. {b) At  the end of the experiment 
the sample was again warmed to 20°C. The final spectrum obtain- 
ed (top) was identical to the initial 20°C spectrum {bottom). 

-193°C,  the 720 cm -1 band gradually split, as observed 
previously {66,67}; the split t ing seen in Figure 2e char- 
acterizes the sub-a form. A similar observation is made 
for nondeuterated tripalmitin {Fig. 2f). The split band sug- 
gests an orthorhombic structure similar to ~' {Fig. 2b) (5). 
Nonetheless, the sub-a form clearly is not/Y, first because 
bands in the 800- to 1000-cm -1 range, characteristic of/3' 
triglycerides {Fig. 2b), are absent {Fig. 2al; and second, 
because the a spect rum is recovered upon warming to 
+20°C {Fig. 2d). This recovery would not  occur if a tran- 
sition to the thermodynamical ly  more stable/3' form had 
been achieved. 

N M R  observations. Figure 9 illustrates the changes in 
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the 2H NMR spectrum which accompany the cooling of 
the a form from room temperature to -80°C. As the sam- 
ple is cooled, there is a gradual transition from the mo- 
tionally averaged pattern to one indicating nearly rigid 
chains. The transition is reversible, i.e., the spectrum ob- 
tained upon warming of the sample to 20°C was indis- 
tingnishable from the original. Thus, the change in chain 
dynamics accompanying the formation of the sub-a form 
is readily observed by 2H NMR. 

Although the spectrum observed at - 8 0  °C is similar 
to that observed for the/3 form near room temperature, 
the 2H NMR spectra indicate only that motion decreases 
as temperature is lowered. There is no indication of an a 
to/3 transition, which would be irreversible. 

Combined X-ray, infrared and NMR  results. The 
changes in X-ray pattern and infrared spectrum are con- 
sistent with a shift of some fraction of acyl chains from 
hexagonal packing toward orthorhombic packing (4). 
Based on the NMR observations of differences between 
a and ~' forms at 20°C, this structural shift should be ac- 
companied by a shift toward more restricted molecular 
motion. The NMR spectra obtained while cooling the a 
form to -80°C, however, indicate a much greater restric- 
tion of motion than that  expected solely on the basis of 
lattice geometries at 20°C. 

We speculate that  the additional restriction may be 
caused in part  by a decrease in volume. While the coeffi- 
cients of thermal expansion for a and/3' tripalmitin are 
not tabulated, those for tristearin are: a, 3.2 × 10 -4 
mL/g°C {over the range - 3 8  to -33°C);/T, 2.9 (-38 to 
--33°C); and/3, 2.3 (-38 to --20°C) (ref. 6, pp. 368-369, 
Table 10-3}. A volume decrease of about 2 to 3% can be 
roughly estimated for cooling a tristearin from +20 to 
about -38°C. This is comparable to the difference in 
volume between the a and/3 forms at temperatures in the 
10 to 50°C range (ref. 6, p. 370, Fig. 10-16}. Assuming 
tripalmitin volume behavior is similar to that of tristearin, 
acyl chains of tripalmitin may have less room to move dur- 
ing cooling. Measurements of volume are required to test 
this idea further. 

Finally, lower temperature would also reduce the average 
kinetic energy of molecules with a concomitant reduction 
in amplitude and rates of motions. 

What prevents the acyl chains from completing the 
transition to f3'? Comparison with n-alkanes (4), which 
undergo a reversible transition from/3' to a as temperature 
is increased, indicates that it is the glycerol backbone that 
prevents the chains from completing this transition as the 
temperature is lowered. 

Effect of cooling the [~ (triclinic) form. The temperature 
dependence of the 2H NMR spectrum of the chain- 
labelled tripalmitin in the/3 form is illustrated in Figure 
10. Over a temperature span of 100°C, the width of both 
components in the powder pattern is observed to change 
only slightly. In terms of the rigid limit value of about 
125 kHz, the outer pattern broadens from 94.5% of the 
rigid limit value to 98.4%, while the inner pattern 
broadens from 83.4% to 89.1%. As the temperature 
decreases and motions are reduced, the various methylene 
groups along the length of the hydrocarbon chain may 
become more motionally similar. As a result, the width 
of the outer horn, which is a composite of the horn of the 
individual methylene signals, is reduced, and the horn 
becomes higher relative to the intensity at the center of 
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FIG. 10. Temperature dependence of the quadrupole echo 2H NMR 
spectrum of chain-deuterated tripalmitin prepared in the/3 form. 

the pattern. This indicates that  methylene motions of a 
rate and amplitude sufficient to average the powder pat- 
tern are more nearly frozen out at the lowest temperature 
of -80°C. At this temperature" methyl group motion con- 
tinues to produce significant narrowing. The behavior of 
the/3 phase on cooling stands in marked contrast to the 
behavior of the a phase, in which a dramatic change in 
shape of the powder pattern accompanied the lattice 
distortion {Fig. 9). The/3 phase has a small coefficient of 
thermal expansion, 2.2 X 10 -4 mL/g°C over the tempera- 
ture range - 3 8  to -18°C {ref. 6, pp. 368-369, Table 10-3}; 
thus, cooling merely reduces the already limited motions 
in the dense lattice. 

In conclusion, deuterium solid-state NMR is shown to 
be useful for measuring the restricted motions of acyl 
chains and backbone glycerol in the polymorphs of a solid 
triglyceride. From rudimentary NMR theory, mobility is 
specified as highly restricted {small amplitude} rotations 
of C-D bonds at rates in the range of tens to hundreds of 
kilohertz, being much greater in a and/3' than in ~. In ad- 
dition, restricted amplitude rotations with high frequen- 
cy rates, in the range of tens of megahertz, are also much 
greater in a and f3' than in /3. The different spectra 
associated with the different crystal forms, as well as the 
changes in NMR line shape associated with thermally in- 
duced transitions, are consistent with the interpretation 
that larger volume {lower density} and a reduction in 
specific inter-chain contacts will dominate NMR-detect- 
able mobility. Changes in mobility accompanying both the 
irreversible, thermally induced solid-state transition from 
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a to/3, as well as the  reversible t r a n s i t i o n  to sub-a, ma y  
be moni to red  wi th  th i s  method .  E x t e n s i o n s  of these  ex- 
p e r i m e n t s  m i g h t  be u sed  to e s t ab l i sh  pa ramete r s  of the  
k inet ics  of such t r ans i t i ons  in  t e rms  of molecular  mot ion.  
A more deta i led specif icat ion of geometry,  ra tes  a nd  
amp l i t udes  of C-D b o n d  ro t a t i ons  will require s ingle-si te  
l abe l l ing  and  compar i son  wi th  more ref ined N M R  line 
shape  and  nuc lea r  r e laxa t ion  s imula t ions .  
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