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A new phase in the simple lipid bilayer system (potassium palmitate-water) in the vicinity of the
L, to gel phase transition is studied using deuterium magnetic resonance. In this phase the hydro-
carbon chainsare observed to remain melted but become biaxially ordered. Measurements of the
motionally averaged quadrupole coupling constant and of the motionally induced asymmetry
parameter were made as a function of temperature and are interpreted in terms of orientational
order parameters. The analysis shows that the principal feature of the phase transition is the onset
of a transverse long range orientational order of the chains in the plane of the bilayer while the
order of the chains in the direction normal to the bilayer remains little affected. This order is sug-
gestive of a cooperative tilted arrangement of the melted chains in the bilayer. The uniaxial-
biaxial phase transition is observed to be of first order.

INTRODUCTION

The transition to the gel phase of lamellar phases has been of considerable
interest in recent years since it is believed to play a role in the function of bio-
logical membranes.' On a molecular level, the transition has generally been
regarded as one in which the hydrocarbon chains change from a melted state

T Presented at the Eighth International Liquid Crystal Conference, Kyoto, Japan, June 30-
July 4, 1980.

3 On leave from Centro de Fisica da Materia Condensada, Lisbon, Portugal.
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to a frozen state upon cooling through the transition.” In addition, x-rays**
have shown that in some lipids there is a decrease in interlayer spacing which
has been attributed to either a cooperative tilt or an overlap of hydrocarbon
chains within the bilayer. We have recently reported the existence of a new
lamellar phase in the (70% potassium palmitate-30% water) system near the
temperature normally regarded as the gel transition. The phase was detected
by the onset of a motionally induced asymmetry in the deuterium magnetic
quadrupole spectral pattern from the hydrocarbon chain region of the mole-
cule and interpreted in terms of biaxial orientational order.

This paper describes a detailed NMR study of this new phase and of the
associated uniaxial-biaxial phase transition. In this study the terminal end
segment of the hydrocarbon chain (methyl group) was selectively deuterated
for the deuterium magnetic resonance (DMR) study. This particular segment
ofthe molecule was chosen for study because it is most sensitive for the DMR
observation of biaxiality, a property brought on by a cooperative tilt or some
other asymmetry arrangement of the molecules in the bilayer.® Also, since this
segment is on the end of the chain, is sensitive to changes in the orientational
order of the chain which occurs at the transition.

The results of this study show a region of about 10°C in the vicinity of the
liquid crystal-gel transition where, on the time scale of the DMR measure-
ment, there is little significant change in the orientational order of the terminal
hydrocarbon segment about the bilayer normal indicating that the chains
remain in the same melted state as the L, phase at the transition. Also in the
new phase there is a strong biaxial component as observed and measured
by an asymmetry parameter on the DMR spectral pattern, At the uniaxial-
biaxial phase transition there is found to be a two-phase region about 5° wide
indicating the transition to be one of first order in contrast to those phase tran-
sitions which have been reported in the L  phase at higher temperatures in this
same system.’ At temperatures below the biaxial phase another two phase re-
gion occurs with the lower temperature phase appearing to be one where the
order of the hydrocarbon chain is freezing out.

The measured quantities in the experiment are the time averaged coupling
constant and asymmetry parameter of the deuterium electric quadrupole in-
teraction as well as the strength of the magnetic dipole-dipole interaction ob-
served as a slight broadening on the quadrupole spectra. These time averaged
quantities are discussed in terms of orientational order parameters which are
inturn related to various other aspects of the motion of the hydrocarbon chain
in the biaxial phase and at the uniaxial-biaxial transition.

MATERIALS AND METHODS

Potassium palmitate (16, 16, 16-d3) was prepared by heating a mixture of 500
mg (1.93 mmoles) palmitic acid (16, 16, 16-d3) (Merck), 124 mg KOH and
0.25 ml D,0 at 60° C with stirring for S min. The dried solid was recrystallized
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from abs EtOH (using several filtrations to remove insoluble materials) to give
376 mg(65.9%) of thesalt. The sample was then prepared by making a mixture
of potassium palmitate with 309% by weight of water and mixing accordingto a
procedure described elsewhere.>’

The sample was placed in a magnetic field of strength 30.8668 MHz for
deuterium (Nalorac superconducting magnet) and the quadrupole echo tech-
nique was used to obtain the spectra.® The probe head was equipped with a
computer controlled temperature regulator in which the temperature gradient
across the sample was less than 0.2°C. The gel phase transition was ap-
proached from above and, at the expected temperature of the gel transition,*
50°C, a mixed phase region was observed which appeared to be inhomogene-
ous and not in equilibrium. Upon further cooling to 44° C a single phase and
stable DMR spectral pattern was achieved as shown in Figure lc which is
easily recognized as a typical biaxial powder pattern.” The experiment would
then proceed either by further cooling the sample or by raising the tempera-
ture and eventually crossing a two phase region (Figure 1b) and reaching the
lamellar L phase (Figure 1a); the spectral pattern of Figure la identifies a
uniaxial distribution and is characteristic of all L phases above 50°C.* Data
obtained for the gel phase in a cooling cycle agreed with the data acquired in
the heating cycle apart from a small hysteresis which is usual for these systems
which exhibit a two-phase region.*

The two-phase region was homogeneous and stable only on the heating
cycle. The inhomogeneity and instability on the cooling cycle may be tenta-
tively explained as a consequence of there being a tendency for the formation
of asmall fraction of free water'® as well as two separate phases which are not
in equilibrium. After some time, self-diffusion of the water brings the two-
phase region into equilibrium to produce a homogeneous system. The two-
phase region is a result of the two component feature of this system as
expected by the Gibbs Phase Rule.*’

Data were acquired to a temperature of about 10°C below the phase transi-
tion where the spectral pattern abruptly decreased in intensity. This was
believed to be due to a broadening of the pattern reducing the signal into the
noise beyond detection of the instrument. Even the singularities could not be
detected in the broadened spectrum, indicating that some of the asymmetry
was retained, destroying the edge singularities characteristic of Figure la.

RESULTS AND DISCUSSION

The deuterium quadrupole interaction can be observed as a perturbation on
the Zeeman interaction. In this case, aspinof I = 1 givesrise to a spectrum of
two lines with a splitting given by:"'

3 3 1 .
dvo = EVQ[(ECOSZOO - 5) + %smzao coquSo] , 0))
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where 8y and ¢ are the spherical coordinate angles giving the direction of the
applied magnetic field in the frame of the principal-axis system of the electric
field gradient. The quantity »ois the quadrupole coupling constant defined in
the usual manner.'' Ina liquid crystal phase, the measured coupling constant,
v'6, is usually a much smaller value than that observed in the solid phase, 3,
where the orientation of the molecule and its individual segments are rigidly
fixed.'' The measured values of v, at a particular site in the molecule of a
liquid crystal phase is a time average of its corresponding value in the solid
phase and gives information regarding the orientational motion and order of
the segment of the molecule at that site. The quantity n is the asymmetry
parameter.'' In a liquid crystal, " is only observed in those phases which are
biaxially ordered.®'>" Its value is a reflection of the asymmetry of the orienta-
tional order and motion in these phases and can be present in a liquid crystal
even though it may be absent in the solid phase of the same system, which is
the case in this study.

Equation (1) is convenient only for aligned bilayer samples. For unaligned
samples there is an isotropic distribution in the orientation of the principal
axis system and hence of the angles 8, and ¢o. This distribution gives riseto a
spectral pattern, the shape of which depends on the value of n.'*"* The shapes
of spectral patterns for n'° = 0 and " = 0.5 were calculated following Ref. 15
and are illustrated in Figures l1a and 1b (right traces), respectively, where a
small amount of dipole broadening to the quadrupole spectral lines was
included; the broadening was taken as Gaussian with a line width of
8vp =120 £ 20 Hz or 8vp = 430 * 80 Hzrespectively. The details of the line
broadening effects (i.e. Gaussian or Lorentzian) were found to be only of
secondary importance in the fitting results.

In the uniaxial patterns there are basically no shape fitting parameters other
than a small contribution from 8v p which only rounds off sharp corners and
edge singularities on the theoretical spectral patterns. The splitting between
the 90° singularities gives the value »5." In the biaxial patterns the edge
singularities become logarithmic singularities and are more easily rounded off
by évp.'* The splitting between the singularities and the overall shape is now
governed by both " and »§. Each of these parameters has a different effect on
the shape and their values are easily obtained from a shape fitting procedure.

In the two-phase region the spectral patterns (illustrated in Figure 1b)are a
combination of both uniaxial and biaxial ones, and it becomes necessary to
include an additional fitting parameter which gives the relative amount of
each phase present. The percentage of uniaxial phase in the two-phase region,
P,, has been calculated from the theoretical reconstruction of each spectrum
and proportional to the ratio of the area under the uniaxial spectral distribu-
tion and the area under the total spectrum. In Figure 1b, right trace,
P,=50.13%. In this same figure the other fitting parameters are:
vo = 4.00 = 0.02 kHz and évp = 120 + 20 Hz for the uniaxial distribution,
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(a)

FIGURE | Deuterium spectra at 30.8668 M Hz of potassium palmitate-d; in a lamellar disper-
sion containing 30% by weight of water and taken at three different temperatures are shown in the
left-half of the figure. They are characteristic isotropic powder patterns representative of the
a) uniaxial phase at 60° C with 10,800 scans, b) two phase region at 47.63°C with 20,000 scans, and
c) biaxial phase at 44.75° C with 41,000 scans. Each spectral width is 8 KHz. The right-half of the

figure shows the corresponding simulated DMR powder patterns. The parameters used to
generate these simulated spectra are given in the text.

and vo = 6.00  0.05 kHz and v, = 300 X 40 Hz for the biaxial distribution.

The temperature dependence of the measured asymmetry parameter and
the relative contribution of the uniaxial phase to the total mixture in the two-
phase region are given in Figure 2a. The temperature dependence of v ob-
tained from fitting the spectral patterns is given in Figure 2b. In both figures
the arrows indicate the transition temperatures as calculated from extrapola-
tion to 0 and 100% of the straight line that best fits the experimental values of
P,. They are observed to agree very well to those observed experimentally.

In order to examine molecular models for this biaxial phase, it is useful to
express the data in terms of orientational order parameters which describe
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FIGURE 2 a) Temperature dependence of the asymmetry parameter, n°, (solid dots, left
vertical axis) and of the percentage of uniaxial phase in the two phase region, P., (open circles,
right vertical axis). Broken lines are drawn to aid the eye. Arrows indicate the onset of the two-
phase region. b) Temperature dependence of the time averaged quadrupolar coupling constant as
determined from the theoretical fits. Arrows indicate the onset of the two-phase region.

various aspects of the motion of the hydrocarbon chain and its biaxial order.
In this interpretation we first of all apply a simple model used in our earlier
studies of the L, phases above the gel transition.'® In discussing this transition
it is convenient to first of all discuss the temperature variation of the time
averaged coupling constant.
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A Motional averaging of »¢

In the principal axis frame for the orientational order the coupling constant in
the liquid crystal, v$, is related to that in a solid by the equation (see Appendix
A):

v& = v3(50,080,0 + 350,250,2) 2

where v is the coupling constant of the terminal methyl group measured in
the solid state at a temperature where the group is still rotating about the ter-
minal C—C bond. Because of the three-fold nature of this bond, there is no
asymmetry associated with this interaction in the solid where the group is
under rotation. The conformational averages, so,m, and the molecular order
parameters, So .., are given by:

50,0 = <% coszﬁ - 2[> So,o = <% 00520 - 111>
02 = <sin’B cos2a> So.2 = <sin6 cos2y>

where 0 and i are the polar angles which give the orientation of the principal
z-axis, M: of the molecular frame relative to the principal z-axis of the time
averaged field gradient. M. is fixed to the fluctuating molecule and is its most
ordered axis (essentially the long axis). The parameter So,0 gives the degree of
order of the molecular long axis whereas So 2 gives the anisotropy in the order
of that axis. The angles 8 and « give the orientation the terminal C—C bond
relative to the molecular frame. It is normal procedure to fix the molecular
frame to the most ordered segment (a position of the chain). Under this choice
the conformation parameters, so. reflect the relative orientation of the termi-
nal segment relative to the a-position.

Equation (2) is only valid for a suitably chosen molecular frame (principal
molecular axis frame); otherwise, there would be additional order parameters
and additional terms in that equation. Furthermore, it is known that Eq. (2)
may be valid for one liquid crystal phase whereas insufficient for another
phase in the same system in that there can occur a change in the orientation of
the principal axis frame relative to the molecule introducing added terms at
the transition. Although we did not specifically test for this possibility, the
temperature dependence of v$, in Figure 2 does not seem to indicate that such
is the case for the uniaxial-biaxial transition. At this transition the tempera-
ture dependence of v §, follows the same upward trend exhibiting only a small
discontinuity which could be a discontinuous change in either so,; or So in-
stead of the onset of an off-diagnona! parameter.

Below the two-phase region, the value of év g is seen to decrease. It does not
seem reasonable that this could be due to the first term in Eq. (2) as that would
simply further decrease in the order of the chain either through more averag-
ing of 50,0 or So,0. A more likely cause of the observed decrease in v g would be
through an increase in Sp» where, if the second term of Eq. (2) were of opposite
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FIGURE 3 Temperature dependence of the dipolar broadening. The error bars reflect the
spread in 8vp necessary to fit at the best either the peaks or the shoulders of the powder patterns.
Thedipolar width was taken to be constant(frequency independent). Arrows indicate the onset of
the two-phase region.

sign, it would subtract from the first term to decrease the sum. From a physical
point of view an increase in Sy, is quite reasonable if the chains are tilted in the
bilayer. This is because fluctuations in the orientation of the long axis can be-
come more anisotropic in tilted layers as fluctuations in one direction cause a
modulationin thethickness of the bilayer which is energetically less favorable
than in a perpendicular direction which does not. Likewise, opposite signs for
the first and second terms in Eq. (2) is also reasonable in that they were found
to be of opposite sign in a study of the La phase'’ and also because a change in
the principal molecular axis frame at the transition to the biaxial phase does
not appear to be likely.

B The asymmetry parameter, n”
The motionally induced value of ' in terms of orientational order parameters
has been examined in previous publications.*”'? From Appendix A the
asymmetry parameter can be expressed as:
e _ $v% (50,0820 + 2502522)
n = le
vo

&)

where S50 = <sin’f cos2¢ > describes the degree of cooperativity in the ani-
sotropic fluctuation of the long axis. The angle ¢ is the third Euler angle



Downloaded by [Tomsk State University of Control Systems and Radio] at 03:12 23 February 2013

BIAXIAL ORDERING [967] 19

-~ l 1 I
I -
x | o 015
Ll o, o
s % X
= ® ’.‘>O
21— o0 ° 2
% . ~
-1.010
1P~
~-1.005
| |
(0] 5 90000 e 10
| 1
40 50 60

T(°c)

FIGURE 4 Temperature dependence of the biaxial order parameters as indicated by n v g.
Arrows indicate the onset of the two-phase region.

introduced by the second principal axis of the biaxial system. The other pa-
rameter S;, = $<(1 + cos’0) cos2¢ cos2y — cosf sin2¢ sin2y> describes a
long range order in M, and M;.

Itis seen from Eq. (3) that the increase in ' with temperature is primarily
due to the decrease in »'g which appears in the denominator. The biaxial order
is proportional to the product n* v§ which is shown in Figure 4. There is little
temperature dependence in this order other than the discontinuity at the phase
transition. Without further data (patterns from other segments) it is not pos-
sible to separate the relative contribution of these two biaxial terms. Both
terms are clearly present in that S, would only vanish for a cylindrically
shaped molecule or a phase where there was free rotation, and the presence
So,2 rules out this possibility. It is possible that one could have a non-tilted
phase with the same two parameters present; however, the fact that tilted
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phases have been identified in thermotropic liquid crystals tends to favor the
tilted model.

CONCLUSIONS

These data show the presence of a first order uniaxial-biaxial transition near
the temperature which has been classified as the gel transition. The transition
is into a phase where the hydrocarbon chains are melted in the bilayers. Ata
lower temperature there appears to be another transition where the hydro-
carbon chains freeze out. A uniaxial pattern has been observed for the frozen
chains.'®

One possible model for the uniaxial-biaxial phase transition might be one
where, in the uniaxial phase, there is cooperative tilt within the bilayers but no
cooperativity between bilayers such that self-diffusion'’ between bilayers
would causethe phase to appear uniaxial on theaverage. At the transition, the
onset of cooperativity between bilayers would cause the phase to appear
biaxial in the NMR experiment.

A similar experiment is currently under way to examine the gel transition in
the hydrocarbon chains of phospholipids where a tilted structure has been
suggested for the temperature region between the upper and lower transitions
in these compounds.'® Biaxial order of the head group in phospholipids in the
gel phase has been observed in *'P NMR by others."”
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Appendix A

The nuclear spin quadrupole interaction for deuterium is measured on per-
turbation on the Zeeman interaction in the presence of an applied magnetic
field. From Eq. (9) of Ref. 20 the time averaged quadrupole Hamiltonian
when expressed in the same frame as the Zeeman interaction is written as:

hvo
4121 —-1)

where Rn = <Dim (@, 0, ¥)> <Dio(a, B, v)>and where v 5 = ezq’Q/ h
is the quadrupole coupling constant associated with the deuterated methyl
group which is rotating about the terminal C—C bond and as measured in the
solid state where the electric field gradient g’ is not further time averaged by
fluctuations in orientation of the terminal C—C bond but there is still rotation
about the C—C bond axis.

In the principal axis frame of the time averaged field gradient of the liquid
crystal m = 0 and 2 only and the polar angles 6, and ¢ give the orientation
of that principal axis frame relative to the direction of the applied magnetic
field. The time dependent Euler angles ¢(r), 6(¢) and y(r) give the orientation
of the molecular frame (which is fixed to some rigid segment of the molecule)
relative to the principal axes of the time averaged field gradient. The angles
a(t), B(1), and y(¢) give the orientation of the C—C bond of the terminal
methyl group relative to the molecular frame.

When treated as a perturbation on the Zeeman interaction, to the first
order, the splitting for / = | becomes:

8vg = vo[A(3 cos® 8o — ) + B sin® 6, cos 2¢).

<Io>= {373 — I(I + 1)]Dmo(Bo, ¢o) R

Where, if we also choose a suitable orientation for the molecular frame on the
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molecule (principal molecular axis frame for the orientational order) then
m’ =0and +2 and 4 and B are given:”

A = 3(s0,0S00 + 350,250,2)

and
B = §(500820 + 250,2822)
where
Soo = <3 cos’B — 1> Soo = <3 cos’ — 1>
So2 = <sin’B cos2a> So2 = <sin’@ cos2y>

S50 = <sin’d cos2¢>
82 = i< i+ cos’8) cos2¢ cos2y
— cosf sin2¢ sin2y>.
We can now define a time averaged quadrupole coupling constant, »§, and

asymmetry parameter, 7, for the liquid crystal phase relative to these values
in the solid phase as:

and



