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ABSTRACT The three phases of dipalmitoylphosphatidylcholine-water dispersions, occurring below the main transition
are studied by a moment analysis of 'H-nuclear magnetic resonance (NMR) spectra. The subtransition, recently
detected by Chen, S. C., J. M. Sturtevant, and B. J. Gaffney, 1980, Pro. Natl. Acad. Sci. USA, 77:5060-5063, is
characterized by a sharp drop in the second moment at 12°C as a result of increasing the temperature. Interesting
features of this phase transition are a hysteresis of 11 K and extremely slow kinetics. It is interpreted as the onset of a
flip-flop of the hydrocarbon chains about their long axis. At the pretransition, this type of motion is assumed to change
into a fast rotation. The proposed models for the three phases are confirmed by computer calculations of theoretical
values for the second and fourth moments of the corresponding NMR signals.

INTRODUCTION

During recent years great efforts have been made to
explore the phases and phase transitions of phosphatidyl-
choline-water dispersions. In particular dipalmitoylphos-
phatidylcholine (DPPC) was subjected to a large number
of investigations, including x-ray (1, 2, 3) and neutron (4)
scattering, electron microscopy (5), Raman spectroscopy
(6, 7), electron spin resonance (8) and nuclear magnetic
resonance (NMR) (9, 10, 11) studies. Today the liquid
crystalline phase (L,) that occurs above the main transition
temperature at 7, = 42°C is understood as a two-
dimensional fluid with a lateral self-diffusion coefficient of
2.6 x 107® cm’~' (12). In a recent investigation (13) a
further phase transition at even higher temperatures is
discussed.

At lower temperatures there is still some uncertainty
concerning dynamics and structure in the bilayer. Crystal-
lographic studies have demonstrated the existence of a
two-dimensional lattice of extended chains (14, 15) mak-
ing an angle of 10° to 15° with the bilayer normal. The
lattice was found to be hexagonal in the intermediate phase
(Pg) between 35 and 41°C, and slightly distorted (i.e.,
orthorhombic) in the gel phase (L;) at lower temperatures
(16,17, 18). A fascinating feature of the intermediate
phase is the appearance of bilayer undulations (ripples)
with wavelengths of ~200 A, shown by x-ray (1, 2, 17, 18)
and electron microscope (5, 19) studies. Other techniques,
such as Raman (6, 7,20) and NMR spectroscopy (21),
could not provide further details about the long-range
structure, but on the molecular scale dynamic changes at
the pretransition from the gel to the intermediate phase
became evident. As shown in the accompanying paper the
correlation time, 7., determined by proton-enhanced (PE)
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BC-NMR experiments (22) drops by about one order of
magnitude at the pretransition.

'H- and H-NMR investigations by Davis (23) and
MacKay (24) have confirmed that in the gel phase there is
still a considerable amount of motion in the chain region of
the bilayer. Both authors consider rotational motions about
the long molecular axis a possible interpretation. A disor-
dered segmental motion of the chains was excluded by
infrared studies of Cameron et al. (25, 26). These studies
show clearly that in the gel phase the chains are extended
with no substantial average population of gauche conform-
ers. Interestingly, both Davis (23) and Cameron et al. (27)
found that the chain motion disappears below 0°C.

Recently Chen et al. (28) detected a third-phase transi-
tion in DPPC liposomes between 10 and 20°C by means of
differential scanning calorimetry (DSC). The latent heat
and width of this so-called subtransition depended on the
history of their samples. The precise transition tempera-
ture, T, could not be determined from their data because
apparently in all experiments the transition was too slow to
permit immediate equilibration at the slowest possible
speed of DSC. The nature of this subtransition is the main
subject of this paper. As far as temperatures above 12°C
are concerned, our data are in good agreement with similar
measurements of MacKay (24), whereas in contrast to his
results below this temperature, we observe strong evidence
of the subtransition. Referring to the results of Chen et al.
(28), we attribute this discrepancy to differences in the
history of the sample.

As an extension of the nomenclature introduced by
Tardieu et al. (1) we will refer to the phase below the
subtransition as L, in this article. Both, the Letter L

. (indicating that there is no periodicity in the plane of the
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lamellae) and the prime (indicating that the chains still
‘form a tilt angle with the normal of the lamellae) seem to
be justified from the available x-ray results, although
unambiguous experimental proof is still necessary. In this
study '"H-NMR is shown to be a most sensitive method for
detecting dynamic changes in the low temperature phases
of DPPC-water systems. On the basis of our results we
propose a model that involves the onset of rotational chain
dynamics at the subtransition. This dynamic information
may be regarded as a supplement to the structural data
reported in recent x-ray studies (29, 30).

MATERIALS AND METHODS

A detailed description of the preparation of the DPPC-D,0O dispersions is
given in the accompanying paper (22). Note that before starting a set of
measurements we kept the sample at 0°C for at least two days. If this
procedure was not followed few if any subtransition effects were observed.
Longer cooling periods had no further effects on the experimental results.
NMR-experiments were performed on a SXP 4-100-MHz spectrometer
(Bruker GmbH, Karlsruhe, FRG) operating at 80 MHz. The free-
induction decay (FID) data were acquired by a transient digitizer B-C
104 (Bruker GmbH) in connection with a HP 21 MX real-time computer
system. Averaging and data storage procedures were carried out with
homemade software. In case of the spin-pair dipolar-echo (SPDE)
experiments, the noise reduction of the echo amplitude was performed by
a boxcar integrator with time resolution of 2 us. Owing to the 8-us dead
time of the receiver, both the FID and the SPDE had to be extrapolated to
t = 0 by a Gaussian fit.

THEORY

Compared with other sophisticated NMR techniques, such
as proton-decoupled >C-NMR, the 'H-FID of disoriented
multilamellar DPPC-D,0O dispersions contains only few
details. A well established theoretical approach to describe
these broadline spectra is the method of moments. In this
formalism the FID of the transverse magnetization of a
homogeneous spin reservoir following a 90° radio fre-
quency pulse is described by a series expansion (31)

| I
G(t)=1—§Mzt +ZM‘t - (1)
where M,, M,, etc., represent the even moments of the
corresponding continuous-wave (cw) resonance line. In the
case of '"H-NMR in a rigid lattice the first two moments
are given by (32)

1
M, = 3 Y h? g bl (2a)
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where v is the gyromagnetic ratio of the proton, V is the
number of interacting spins, and b;, represents the dipolar-
interaction terms given by

31— 3c0s28,
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with the vector r; connecting the two spins forming an
angle 6; with the applied external magnetic field, Ho,.

These expressions were derived under the assumption
that spin j is representative for each spin of the sample, i.e.,
the spins form a homogeneous spin reservoir. It has been
established, however, that in DPPC-D,O dispersions at
least two molecular spin reservoirs have to be distin-
guished: the hydrocarbon chains and the head-group
moiety (21). The major contribution of the head-group
protons can be subtracted from the total magnetization
decay to analyze the chain signal separately. Owing to the
strong dipolar coupling, the protons of an extended chain
can be considered as a homogeneous spin reservoir (with
some modifications discussed below) and Eqs. 2a and b
apply to this part of the molecule.

The ratio of moments R = M,/M; provides some
information about the shape of the magnetization decay
and its Fourier transform, the corresponding cw-abrorp-
tion resonance line. With R = 3 the first three terms in Eq.
1 represent a Gaussian expansion, and the observable part
of both FID and the cw-resonance line can be fitted by a
Gaussian shape. A smaller value of R results in a flattening
of the top of the cw-resonance line or even a splitting into
two lines. In pulsed NMR this corresponds to an oscillatory
behavior of the FID. A detailed elaboration of this relation
requires taking into account the higher moments M, Mj,
etc., which would become very cumbersome because of the
complexity of the expressions for the higher moments. It
appears that the method of moments is not the appropriate
formalism for R « 3.

From Eq. 2b it is evident that for a homogeneous spin
reservoir a deviation of R in the other direction, i.e., R> 3
is impossible. Only the simultaneous existence of different
spin reservoirs with diverging second moments can give rise
to a ratio of moments higher than 3. In that case the result
is a narrowing of the cw-resonance line becoming Lorent-
zian-like rather than Gaussian. The corresponding FID
would be close to an exponential decay. A more detailed
discussion of this point is given in reference 33.

In the systems considered here thermal motions of the
molecules reduce the dipolar interaction between the spins.
In Eqgs. 2a and b therefore by, has to be replaced by (b, ),
the average dipolar interaction during the observation
time. In the liquid crystalline L, phase, where fast forma-
tion of gauche conformations and kinks occur in many
positions of the chain, the appropriate method to describe
the averaging process is given by the order parameter

Sjk - %<3 coszojk - 1> (4)

At lower temperatures, where the chains are assumed to be
in all-trans conformation, other dynamic models have to be
discussed.

In earlier studies (34-37) it was established that in
samples containing spin—1/2 pairs, such as the methylene
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protons of hydrocarbon chains, part of the decay of the
transverse magnetization can be reversed by applying a
second 90°-pulse that is shifted in phase by 90°. This
refocusing is due to the dipolar interaction within the spin
pairs. The height of the maximum echo amplitude there-
fore is determined solely by the interpair interactions. In
terms of the moments the quantity derived from the
spin-pair dipolar-echo decay is M, iyerpairs given by Egs. 2a
and b, when all intrapair interaction terms (Eq. 3) are
omitted.

RESULTS AND DISCUSSION

Entire Molecule

Fig. 1 presents linearized plots of four FID’s, each repre-
senting one of the four observed phases. The corresponding
SPDE decays are shown in Fig. 2. Each plot exhibits a

superposition of at least two Gaussian-shaped decays, a
result of the molecular inhomogeneity of the proton-spin
reservoir discussed above. Other types of inhomogeneities
within the sample were ruled out by a number of additional
experiments. (@) Samples with varying water content
(25-60%) exhibit similar "H-NMR lineshapes (38). (b)
FID and SPDE decays of compounds with a deuterated
choline moiety exhibit single, Gaussian-like decays (38).
(¢) PE-"C spectra do not show any evidence of inhomogen-
eities within the sample (22).

Therefore the fast part of the decay is due to the apolar
region of the molecule including the 5 glycerol protons,
which are in a configuration similar to the all-trans
arrangement of the hydrocarbon chains. In the gel and
intermediate phase this part amounts to some 85% of the
total signal. In this state the magnetization of all choline
protons decays with a substantially slower time constant as
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Four plots of free-induction decays (FID’s), each one (a—d) representing one of the four observed phases. The drawn lines are

least-square fits to a superposition of two or, in case of the fluid L, phase in d, three Gaussian decays.
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FIGURE 2 Four plots of spin-pair dipolar-echo decays, each one (a—d) representing one of the four observed phases. The drawn lines are

least-square fits to a superposition of two Gaussian decays.

the result of motional narrowing caused by a number of
intramolecular rotations (10, 39, 40). For our purposes we
shall divide the rotations into two classes: (a) rotations that
affect only the 9 methyl protons, i.e., the rotation of the 3
methyl groups about the N-(CH,); bonds and the rotation
of the entire N-(CHj;); group about the CH,-N bond («
and a, in the nomenclature of Seelig [41]); and (b)
rotations that affect the entire choline head group
(0,, a;— «s), such as the rotation about the P-O bond to the
glycerol moiety (a,).

It is well known that in the liquid crystalline L, phase
disordered kinks are rapidly formed along the hydrocarbon
chains. A decrease in both the segmental order parameter
(9, 42) and the rotational correlation time (43) towards the
chain end was found in earlier investigations. Kink forma-
tion thus gives rise to a motional narrowing of the 'H
linewidth, which is inhomogeneously distributed along the
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hydrocarbon chain. Moreover, the second moment of a
chain undergoing fast rotation is strongly dependent on the
angle of its long axis with the external field, as shown
below. It is no surprise, therefore, that the decays observed
in the L, phase cannot be fitted by a superposition of two
Gaussian decays.

At low temperatures, i.e., below the subtransition, the
lineshape changes drastically. The relative amount of the
slow decay drops to some 10% indicating that part of the
choline protons have stopped their rapid motion and thus
exhibit a second moment similar to that of the chains. The
view that fast rotations that affect the entire choline head
group are absent below the subtransition is supported by
the incomplete motional averaging of the *'P-shift tensor
observed by Fiildner in a recent study (29). Another
feature of the low temperature 'H-FID is the slight
oscillatory character of the chain signal. This aspect shail
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be discussed below in the lineshape analysis of the chain
signal.

Because of experimental errors in the baseline of the
spectrometer and the presence of ~1% 'H in the heavy
water, it is extremely difficult to obtain reliable data for M,
of the choline moiety. In the following section we want to
restrict our moment analysis to the apolar part of the
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FIGURE 3 Temperature dependence of the observed second moments
(@) M3 and (b) M nierpai; Of the hydrocarbon chains.
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DPPC molecule, whose moments are mainly determined
by the moment of the hydrocarbon chains.

Hydrocarbon Chain

The data for M, (chain) (Fig. 3) were derived from the
observed decays by a double Gaussian fit, indicated by the
drawn lines in Figs. 1 and 2. The experimental errors in the
second moments are below 5%. Four phases of the DPPC-
water dispersions are separated by steps in the plots of
M, a1 (chain) and M i (Chain) vs. temperature: the
well-known liquid crystalline L, phase, the Py (interme-
diate) phase, the Ly (gel) phase, and, by a surprisingly
sharp drop, a fourth low temperature phase that is identi-
fied as the recently detected L, phase below the subtransi-
tion (28, 29, 30). An interesting feature of this transition is
the hysteresis of 11 K that was found to last at least several
days.

An example of the kinetics of the subtransition is
demonstrated in Fig. 4. At temperatures slightly above the
transition temperature of 12°C, the adjustment of the gel
phase occurs extremely slowly, whereas at higher tempera-
tures the kinetics are considerably faster. Presumably this
is the reason why there was some uncertainty about the
precise transition temperature in the calorimetric study of
Chen et al. (28). Even slower kinetics were observed when
the temperature was decreased to near 1°C.

Basically two features of our data need to be interpreted
in terms of geometrical arrangement and motional behav-
ior of the chains in the bilayer (@) the function M,(T), and
(b) the lineshapes of FID’s and SPDE decays. The first
approach to understanding the sharp drop of the second
moment at T is to assume the onset of some kind of motion
of the hydrocarbon chains around their long axis. It is well
known that a free rotation around a single axis with a
correlation time, 7 « M5 '/, causes a significant reduction
of the second moment by motional averaging. In particu-
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FIGURE 4 Time dependence of the phase transition around 12°C with
increasing temperature.
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lar, for two spins of one chain the term 1 — 3 cos’d in Eq. 3
transforms into

(1 — 3c05°0) g = (1 — 3 cos’®) (3cos™y — 1), (5)

where & and v are the angles of the long-chain axis with the
applied external field, H,, and the connecting vector r,
respectively. In the case of two neighboring methylene
protons, where ¥y = 90°, the resulting reduction factor for a
polycrystalline sample is exactly 4. In fact the intramethy-
lene second moment derived from Figs. 3 a and b,

MZ intra = MZ total — M2 inters (6)

decreases from 4.7 x 10°s 2at T < T, t0 1.0 x 10°s~%in
the intermediate phase below the main transition, which
yields a factor of 4.7. So far this interpretation gives a
rough picture of the two extreme ends of the low tempera-
ture range: more or less immobile chains in the L, phase
and free or hindered rotations with 7. < M;'/? about the
chain axis in the P4 phase.

A more detailed model can be worked out considering
some crystallographic data. According to x-ray results of
Hentschel (17) the packing of the hydrocarbon chains
(demonstrated in Fig. 5) changes from hexagonal with a
ratio a/b = 1.73 in the intermediate phase to orthorhombic
with a/b = 1.69 below the pretransition. The data of
Fiildner (44) yield a/b = 1.44 for the L, phase. Within the
experimental errors this value is consistent with the paraf-
fin ratio, a/b = 1.49. The sharp drop in the chain-packing
density at the subtransition is likely to coincide with the
onset of some kind of chain motion around their long axis.
The model suggested here for the gel phase is a correlated
disrotatory oscillation between the two equivalent configu-
rations as shown in Fig. 5.

On the basis of these crystallographic data we have
calculated the theoretical values of the second and fourth
moments corresponding to the following models: (a) the Py
phase, hexagonal lattice with fast rotating chains; (b) the
L phase, orthorhombic lattice with a 90° flip-flop of the
chains; and (c) the L, phase, paraffin lattice with rigid
chains. They hydrocarbon chains were assumed to be in an
all-trans conformation with C—C and C—H distances of
1.54 and 1.09 A, respectively, and binding angles C—
C—C and H—C—H of 111° and 109° (44), respectively.
Note that in these computations it is assumed that all spins
in the chain are equivalent, neglecting boundary effects at
both ends of the chain. Also the two protons of a methylene

Ctorir 90

FIGURE 5 Two dimensional hydrocarbon lattice of the lecithin bilayer
(a) orthorhombic (L, ) and, (b) hexagonal (Ps).
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group in an orthorhombic lattice are not in equivalent
positions, leading to diverging results in the interchain
second moments. We assumed a value equal to the average
of the two.

The results for M, given in Table I are in good agree-
ment with those obtained by other authors (45, 46, 47). In
our computation we have distinguished between the intra-
and interpair contributions to M, ... The polycrystalline
averaging was done numerically varying the magnetic-
field vector in small steps (< 5°) uniformly in all directions.
This effort would not have been necessary for the mere
calculation of M,, where the spatial averaging leads to

<(l -3 00320)2> _4

Thus this term can be taken outside the summation in Eq.
2a. But as made evident by Eq. 2b this procedure does not
apply to the fourth moment. This has some implications
concerning the lineshape of the observed polycrystalline
sample as discussed in the next section. As for the second
moments this cumbersome procedure leads to the same
results as those obtained by the simpler calculation accord-
ing to Eq. 7 within 0.1% tolerance.

The results are listed in Table I in comparison with the
experimental findings. In all phases the calculated values
of M, . and M, ;.. are about two times larger than the
experimental values. Such discrepancies were already
observed by other authors for soaps (46, 47) and DPPC
(24, 48) and can be explained in part by boundary effects
(46), but obviously the main source of the reduction in the
observed residual second moment lies in intrachain
dynamics. The calculations were carried out without con-
sidering any kind of vibrational motion within the chain,
such as e.g., small torsions of the segments around the
long-chain axis (24). The negative slope in each phase of
the function M,(T) indicates the existence of a degree of
motional freedom, which reduces the dipolar broadening.
Still other types of motion may cause narrowing in the
observed spectra. As discussed in the preceding paper we
doubt, however, that fast lateral molecular diffusion within
the two-dimensional lattice, which is confirmed by many
x-ray studies for all phases below the main transition
(14-18), is sufficent for the observed dipolar-line narrow-
ing.

Considering the relative changes in M,(T), however, the
theoretical calculations are in good agreement with the
experimental data. This confirmation of the suggested
model finds further corroboration in the theoretical com-
putation of the ratio of moments, R = M,/M3. As pointed
out above, this parameter provides some information about
the shape of the decays. The cumbersome calculation of R
has been carried out for the case of rigid (L, phase) and
fast rotating chains (P, phase). In the latter case inter-
chain interactions were neglected. The results for the
subphase is R = 2.5. There is indeed some qualitative

. ©)
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TABLE 1
COMPARISON OF CALCULATED AND MEASURED VALUES OF THE SECOND MOMENTS OF THE
HYDROCARBON
CHAINS IN A POLYCRYSTALLINE SAMPLE FOR THE THREE LOW TEMPERATURE PHASES*

Theoretical Experimental
MZ total M2 interpair MZ total MZ interpair

Rigid lattice

a-1780A 16.6 8.5 8.4 3.7 T=17C

b=533A (subphase)
90° flip-flop

a=814A 6.2 4.1 29 1.7 T = 32°C

b=486A (gel phase)
Rotation

a=-836A 5.2 3.1 2.2 1.2 T = 38°C

b=486A (intermediate phase)

*All data are givenins=2 - 10°.

experimental evidence for this low value of R in our data:
the FID’s recorded in the L, phase (Fig. 1 a) show a slight
oscillatory behavior.

An interesting problem arises from the computational
result for the intermediate phase, R = 4.8. The correspond-
ing experimental evidence for R > 3 is found in the
deviation of the FID from a double Gaussian fit as
illustrated in Fig. 1 ¢. Similar experimental features were
observed by MacKay (24), who derived R by integration of
the Fourier transform of the FID. His data yield an
increase in R from 3.0 to 4.0 at the pretransition, which is
consistent with both our qualitative observation and quan-
titative theoretical calculation.

At first sight a value of R larger than 3 seems to imply
the existence of inhomogeneities in the sample. This model
calculation, however, shows that R > 3 is solely produced
by the angular dependence of M, of a fast rotating chain.
In this case the values of M, and M, vary in a wide range
from a maximum of M, = 5.5 x 10°s72 for & = 90° to zero
at the magic angle, but the ratio of moments remains
constant at R = 2.24. Thus the resulting FID is a superpo-
sition of decays with very different second and fourth
moments, and the inhomogeneities are simulated by the
simultaneous observation of many fast rotating chains with
a uniform angular distribution with respect to the external
magnetic field. Thus the observation of a polycrystalline
sample yields a ratio of moments R > 3, instead of R =
2.24 for any single field direction.

CONCLUSION

In spite of the lack of spectral details the 'H-NMR data of
this study allow some insight into dynamics and crystalline
structure of DPPC bilayers. The conclusions from this
investigation can be summarized as follows. (a)Below the
subtransition any kind of rotational motion in a time
domain accessible to 'H-NMR ceases. Other kinds of
motion are likely to be still present, such as torsion in the

TRAHMS ET AL. Three Low Temperature Phases of DPPC

C—C bonds of the chains around the long axis. It is
plausible that a change in chain packing accompanies the
freezing of rotational motion. Also the fast rotation of the
entire choline head group disappears, whereas the fast
rotation of the N (CHj,), group is still present. This finding
suggests a superlattice of the head groups aligned in the
bilayer plane by electric interactions between the P"—N*
dipoles. (b) Spectral changes at the subtransition to the gel
phase are explained as the onset of some kind of restricted
chain rotation. The model of a cooperative flip-flop around
the long-chain axis yields a quantitatively satisfying inter-
pretation of both shape and time constants of the magneti-
zation decays. The entire choline moiety appears to be in
rapid motion, which can be understood as a rotation
around the P—O bond to the glycerol backbone. (c) At the
pretransition to the intermediate phase the hydrocarbon
chains start a fast rotation regarded as free or weakly
hindered with six equivalent positions. This concept is
supported by x-ray results that indicate that the pretransi-
tion process is accompanied by a change in the chain lattice
from orthorhombic to hexagonal.

In contrast to some other authors our dynamic model is
based on rotational motions of the chains rather than on
rotational and lateral diffusion of the entire molecule. We
sum up the main arguments that support our model in
comparison with molecular diffusion. In our opinion the
idea of rotational chain motion is favored by the existence
of a two-dimensional chain lattice, i.e., orthorhombic in the
gel and hexagonal in the intermediate phase.

In the L, phase the orthorhombic lattice and the chain
tilt restrict the pathways of lateral diffusion as the mole-
cule has to be deformed and the local tilt changed at almost
every diffusion step. Therefore, it is not surprising that the
lateral-diffusion coefficient of the order of 10~'' cm?/s
found for the L, phase by Smith and McConnell (49) is by
far too small to explain the observed reduction of the
proton second moment at the subtransition. The short
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correlation times found in our “C study (22) indicate,
however, that there is molecular motion in the L phase
accessible to the NMR time scale. A correlated rotational
chain hopping between the two preferential orthorhombic
chain positions (Fig. 5) appears to be the most favored
molecular motion in the Ly phase. Although we do not
exclude lateral molecular diffusion in the hexagonal lattice
of the P, phase, we regard free chain rotation as the
significant motional change occurring at the pretransition
from Lg to Pg. This view is supported by various argu-
ments. The diffusion rate as measured by Smith and
McConnell (49) does not change discontinuously at the
pretransition but increases continuously with temperature.
The hexagonal lattice in the P, phase indicates a cylindri-
cal chain symmetry that is most effectively generated by
free rotation of the chains around their long axes. Thus, the
large discontinuous change of the motional correlation
time reported in the preceding paper (22) is consistently
interpreted as a change of the rotational motion of chains.
In addition, our model is consistent with the absence of
drastic effects of the pretransition on the second moments
of the '*C-, 'H-, and 2H-NMR lines (21-24).

Interesting features of the subtransition are the
extremely slow kinetics and its hysteresis. A plausible
interpretation for the time dependence of the transition
could be the building up new crystalline arrangements.
The striking time-independent hysteresis indicates the
existence of metastable crystalline states over a tempera-
ture range of 11 K. A further question possibly related to
the preceding ones concerns the molecular cause of the
subtransition. One aspect deserving consideration is the
interaction of the monolayers at the ends of the hydrocar-
bon chains. “C-NMR spectra with resolved terminal
methyl groups might yield more information about this
point. On the other hand, we have shown that the choline
head group ceases its rotation below the subtransition. It
was found in the preceding study (22) that at the pretransi-
tion the *C-'H cross-polarization rate in the head-group
moiety becomes liquidlike. These observations suggest that
both low temperature transitions are linked to changes in
the head-group arrangement.
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