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ABsTRACT The temperature dependence of the mean orientational order parameter in the vicinity of the liquid crystal to gel phase
transition is obtained from the first moment M, of deuterium nuclear magnetic resonance spectra for bilayers of chain perdeuterated
phosphatidylcholines with acyl chains of 12, 14, 16, and 18 carbons. The data clearly show an increasing temperature dependence of
the orientational order parameter in the vicinity of the transition, with the effect becoming more pronounced with decreasing chain length.
Assuming a linear relationship between the mean orientational order parameter and the extension of the acyl chain, estimates of the
change in area of the membrane at the transition are shown to be consistent with those obtained from other measurements. It is shown
that the transition may be modeled in terms of a Landau expansion of the free energy involving a small number of phenomenological
parameters. From this it is shown that the behavior of these systems in the temperature range of interest is, in large part, controlled by the

close proximity of a spinodal to the transition temperature.

INTRODUCTION

Considerable theoretical and experimental interest has
been focused on the properties of synthetic bilayer mem-
branes comprised of phospholipid molecules, particu-
larly the family of diacyl phosphatidylcholines. Much of
the interest stems from the fact that while such systems
model many of the structural features of biological
membranes, they are also amenable to systematic analy-
sis and interpretation. Of particular interest is the liquid
crystalline to gel phase transition observed in these sys-
tems. Experimental evidence strongly suggests that the
transition is first order (1, 2), which would imply a finite
latent heat and a discontinuous change in area per lipid
and in chain orientational order. Much work, both exper-
imental (3-12) and theoretical (13-23), has dealt with
the nature of fluctuations which might be manifested as
an enhanced sensitivity of some parameters to tempera-
ture near the transition. The possibility of fluctuation
effects has led some authors to postulate the existence of
a critical point on the gel/liquid crystal coexistence curve
(14, 17, 18). Some experiments suggest that the addition
of certain polypeptides to the bilayer can shift the first
order liquid crystal to gel transition into a continuous
phase change (24, 25) which implies the existence of a
critical point on the gel/liquid crystal coexistence curve
of the pure lipid bilayer. The behavior of various bilayer
properties as the transition is approached is often de-
scribed in terms of the approach toward a spinodal point,
sometimes referred to as a “pseudocritical point”, lying
within a few degrees of the transition temperature (6-9,
11, 22, 23, 26, 27).

One parameter which is believed to display an en-
hanced temperature sensitivity near the transition is area
per lipid (19). Recent theoretical studies have examined
the extent to which this behavior might depend on acyl
chain length. An experimental parameter which can be
closely related to area per lipid is the mean orientational
order of the acyl chains (29-34) which, in turn, can be
inferred from measurements of the first moment, M, , of

the 2H NMR spectrum of chain perdeuterated lipid bi-
layers. There has been little systematic study of the de-
pendence of the mean orientational order of the acyl
chains on chain length in the vicinity of the transition. In
the current work, we present mean orientational order
parameter data from chain perdeuterated lipid bilayers
for four members of the phosphatidylcholine family hav-
ing acyl chains with 12, 14, 16, and 18 carbons. These
are, respectively, dilauroylphosphatidylcholine (DLPC-
dy), dimyristoylphosphatidylcholine (DMPC-ds,), di-
palmitoylphosphatidylcholine (DPPC-d,,) and distearo-
ylphosphatidylcholine (DSPC-d,,). Data of this sort for
DLPC-d,;, and DSPC-d,, have not, to our knowledge,
been previously presented. A simple comparison of
mean orientational order parameter, expressed as M,,
for the four chain lengths illustrates a number of subtle
points regarding chain-length dependence of the bilayer
behavior. By relating M, to chain extension (29-34), it is
possible to approximate the behavior of area per lipid
near the transition. This allows the data to be interpreted
in terms of a simple Landau expression for the free en-
ergy which provides an excellent description of the ob-
served data in terms of three phenomenological parame-
ters. While the analysis is predicated upon the assumed
existence of a critical point in the liquid crystal/gel coex-
istence curve, we are unable to extract a meaningful esti-
mate of the critical temperature from the data without
further model dependent assumptions. The data and the
subsequent analysis do however indicate that the coexis-
tence temperature is within a few degrees of the spinodal
and that this, in large part, controls the thermodynamic
behavior of these systems over the temperature range of
interest. We conclude the paper with a discussion of the
significance of the results obtained in the present study.

MATERIALS AND METHODS

Perdeuterated fatty acids were prepared using the method of Hsiao et
al. (35) and used in the synthesis of DLPC-d,;, DMPC-ds,, DPPC-d,,
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and DSPC-d,, using the method introduced by Gupta and co-workers
(36). Samples were pumped on overnight to remove residual traces of
solvent. The DPPC-d,, sample contained 64 mg of dry lipid. The other
samples contained approximately S0 mg of dry lipid. Each sample was
placed into a 0.5 ml NMR tube (8-mm diameter) and ~300 ul of 50
mM phosphate buffer (pH = 7.0) added. The suspension was warmed
above the phase transition and stirred gently with a fine glass rod. Sam-
ples were checked for degradation using thin layer chromatography. All
were found to run as a single spot.

2H NMR spectra were obtained using a locally built spectrometer
with a 3.5 T superconducting magnet supplied by Nalorac Cryogenics
Corp. (Martinez, CA). Details of the spectrometer have been reported
elsewhere (37). Transients were collected using the quadrupole echo
sequence (38) with a pulse separation of 35 us and a 7/2 pulse length of
2 us. For each spectrum, 2,000 transients, collected with a repetition
time of 0.9 s, were averaged.

Samples were allowed to equilibrate at 76°C for ~ 1 h. Sample tem-
peratures were changed in 1°C steps close to the transition and 2°C
steps otherwise. After each temperature change, the sample was al-
lowed to equilibrate for at least 30 min before collection of the tran-
sients was begun. To locate the transition more precisely, experiments
were repeated on some samples with temperature steps of 0.25°C near

the transition. Temperatures were controlled to +0.05°C using a com-,

puter-based temperature controller coupled to a copper-constantan
thermocouple near the sample. The accuracy of the temperatures was
estimated to be better than +0.5°C based on perdeuterated lipid transi-
tion temperatures.

In the liquid crystalline phase of a bilayer, the orientational order
parameter for a given deuteron on an acyl chain is given by (39)

Sep = l/2<3 cos® fcp — l>, (1
where 0cp is the angle between the carbon-deuterium bond and the

rotational axis of the molecule and the average is taken over the confor-
mations of the chain. The first moment of the half spectrum is given by

) f: dwwf(w)
. f: doftw)

where f(w) is the spectrum. Within the liquid crystalline phase, M, for a
chain-perdeuterated lipid is related to the mean orientational order
parameter along the chain, Scp, by (39)
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FIGURE 1 2H NMR spectra for DPPC-d,, at selected temperatures.
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FIGURE2 First moment M, versus T for (A) DLPC-d,, (O) DMPC-
ds4, (O) DPPC-dy,, (¢) DSPC-dy.
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where e2gQ/h = 167 kHz is the quadrupole coupling for deuterium in a
carbon deuterium bond. In general, there is a linear relationship be-
tween Scp and acyl chain extension (29, 30). While a specific relation-
ship of this type cannot be derived below the main transition, it is likely
that for gel spectra close to the transition temperature, there is a mono-
tonic increase in M, with increasing orientational order and extension
of the acyl chain.

RESULTS AND DISCUSSION

Deuterium NMR measurements

2H NMR spectra were recorded between 76°C and
—14°C for samples of DLPC-d,;, DMPC-d,,, DPPC-d,
and DSPC-d,,. Representative spectra for DPPC-dj, are
shown, in Fig. 1, at selected temperatures above and be-
low the main transition. Fig. 2 shows the temperature
dependence of the first spectral moment, M, , for each of
the lipids. It can be seen that at a given temperature,
above the main transition, mean orientational order in-
creases with acyl chain length. As the temperature is low-
ered toward the transition, mean orientational order in-
creases. The data suggest that shorter chain lipids can
accommodate more ordering than the longer chain lip-
ids before it is energetically favorable for the bilayer to
undergo a transition into the more ordered phase. The
mean orientational order parameter immediately above
the transition, for each lipid, is found to decrease with
increasing chain length.

In Fig. 2, values of M, for some spectra fall between
the liquid crystal and gel values at the transition. In all
cases, these spectra are superpositions of the spectra
corresponding to the two phases rather than spectra
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characteristic of an intermediate state of the bilayer. This
coexistence reflects the fact that the sample is composed
of independent multilamellar vesicles which may display
a small degree of heterogeneity due to size, degree of
hydration, degree of deuteration, or purity. Thisunavoid-
able heterogeneity, coupled with the strong temperature
dependence of M, in the immediate vicinity of the tran-
sition, renders precise measurement of the jump in orien-
tational order at the transition unreliable. Nevertheless,
it is apparent that, for DMPC-d,, DPPC-d;, and DSPC-
dyy, the magnitude of the jump in mean orientational
order at the transition increases with increasing chain
length. This is an important point which has received
only limited attention in microscopic modeling of this
transition (23, 28).

The main transitions for DMPC-d,, DPPC-d;,, and
DSPC-d,, seen in the data of Fig. 2 are from the liquid
crystal L, phase to the rippled phase referred to as the P,
phase. Between 5 and 10°C below the main transition,
there is an additional transition from the Py phase to the
L phase (40). The transition between the P and the Ly
phases is not readily apparent in plots of M,. For the
purposes of this analysis, then, the main transition is
treated as occurring between the liquid crystalline phase
and a gel phase with no distinction being made between
P, and L, . Each of the three longer chain lipids displays
a broad transition, at lower temperature, from L, to a
more ordered phase identified as the L, phase. The spec-
tra in this lower phase begin to approach the axially sym-
metric, rigid lattice spectra characteristic of restricted ro-
tational motion.

The behavior of DLPC is somewhat more compli-
cated. The transition, occurring near 0°C, is known to
proceed in a number of steps over a range of few degrees.
The behavior has been reported to depend on sample
hydration and thermal history (41-43). Below the transi-
tion region, however, the orientational order parameter
is characteristic of the L, phase. The behavior of M,
above the transition is similar to that of the longer chain
lipids and it is possible that DLPC is tending toward a
liquid crystal to gel transition when the transition to the
more ordered phase intervenes.

Fig. 3 shows the dependence of M, on reduced temper-
ature for each of the lipids studied. It is immediately
apparent that reduced temperature alone does not pre-
dict mean orientational order for different chain lengths.
This observation reinforces recent comments on the util-
ity of reduced temperature in these systems (44).

One striking feature of the data in Fig. 2 is the increase
in the magnitude of the slope of M, versus T as the tran-
sition is approached. As the lipid chain length decreases,
this increase in slope appears to proceed slightly further
before the transition intervenes. A primary goal of this
work was to determine the extent to which the magni-
tude of this effect is sensitive to acyl chain length.
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FIGURE 3 First moment M, versus reduced temperature T — T,,/T,,
for (A) DLPC-d,g, (O) DMPC-d;,, (O) DPPC-d,, (O) DSPC-dy,.

The first moment data also provides information re-
garding the dependence of the area per lipid on tempera-
ture in the liquid crystal phase near the transition. For
DMPC, DPPC, and DSPC, the volume of the bilayer
changes by ~0.07% per degree away from the transition
and by ~4% at the transition (45). If the bilayer volume
is treated as being constant, the behavior of the area per
lipid may be approximated by (1)~' where (1) is the ex-
tension per segment of the acyl chain along the bilayer
normal. A linear relationship between orientational
order parameter and extension of the acyl chain on a
lattice has been derived under the assumption of axially
symmetric motion by Seelig and co-workers (29, 30).
Based on this relationship, we have obtained (1) from
M, using

<1>=1.25A%+ 3

7167 kHz M| @

Linear relationships between mean orientational
order and chain extension have been used in a number of
recent studies (31-33). While there has been little direct
testing of this relationship, it appears to be consistent
with some neutron and x-ray diffraction data on DPPC
(31, 46). Recent work (34) based on measurements of
area per lipid yields a numerically different relationship
between Scp and chain extension but the expression of
that relationship in terms of area per lipid rather than
chain extension complicates the comparison.

Ipsen et al. (32) have pointed out that the assumptions
used to derive a relation, such as that upon which Eq. 4 is
based, are not satisfied below the main transition and,
indeed, give nonphysical results at very low tempera-
tures. Nevertheless, it is reasonable to expect that some
change in area per lipid occurs over a small temperature
range below the main transition and that this will have
some effect on the value of M, in the gel phase. We have
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FIGURE4 Inverse chain extension (1)™' versus T. {I)™' is obtained
from M, using the relationship given in Eq. 4. (A) DLPC-d,, (O)
DMPC-ds,, () DPPC-dg,, (¢) DSPC-d,,. The open symbols are ob-
tained from the data presented in Fig. 2. The solid symbols are addi-
tional data sets collected from the same samples or samples prepared in
the same way from the same stock material in order to better localize
the transition.

applied the transformation of Eq. 4 to all of the M, data
including some additional runs in which the tempera-
ture was changed in smaller steps near the transition in
order to better localize the transition temperature. Fig. 4
shows the temperature dependence of (1) for the four
chain lengths studied. Some care must be taken in inter-
preting this figure. For temperatures above the main
transition, for a given lipid, {I)' can be taken as being
proportional to area per lipid. At temperatures for which
the sample is in the L, phase, {I)~" is certainly not pro-
portional to area per lipid. For temperatures just below
the main transition, there is no theoretical reason to ex-
pect that the values of (I)~" plotted are proportional to
area per lipid. Based on the arguments given by Ipsen et
al. (32) one would expect the change in area per lipid to
be overestimated by the relationship used to obtain Fig.
4. It is, however, very interesting to note that neutron
diffraction measurements indicate that, for DPPC, the
ratio of area per lipid at 20°C to area per lipid at 50°C is
about 0.75 (46). X-ray diffraction measurements (40,
47) give, for the same ratio, a value of ~0.72. From Fig.
4, the ratio for DPPC of <l>" at 20°Cto its value at 50°C
is also ~0.72 which suggests that the extension of the
relationship given by Eq. 4 into the gel phase, while not
justified on theoretical grounds, may give a useful pic-
ture of how area per lipid changes immediately below the
transition. In the discussion which follows, a phenome-
nological model is developed to represent the data
shown in Fig. 4.

Modeling of the transition

A variety of theoretical models have been constructed to
address phenomena associated with the liquid crystal to

gel transition in lipid bilayers. Statistical mechanical
models have been used to provide a microscopic picture
of bilayer behavior near the transition (28, 48-52). The
model presented by Marcelja (49) suggests that the first
order transition occurs close to a critical point and many
subsequent treatments have been more specifically con-
cerned with the effect of fluctuations near the transition.
Much of the initial effort, in this regard, was directed
toward explaining the increase in ion permeability of the
bilayer, near the transition, in terms of fluctuations
(14, 15).

Landau models have been used extensively to provide
a picture of behavior occurring near the transition in-
cluding the tendency of proteins to drive the phase tran-
sition toward a critical point (18, 53-55) and the effects
of interbilayer interaction (27). Landau phenomenology
has also been used to address ultrasonic relaxation (5, 6)
and specific heat (7, 8) near the spinodal point which, in
these cases, has been referred to as a “pseudocritical”
point (26). This type of analysis has also been applied to
observations on ordering of water (9) and fluorescence
lifetime heterogeneity (11) near the transition. Some of
these studies have implied that the divergence of various
quantities near the transition is “classical” (5, 6, 8, 11)
and that the spinodal points lie within a few degrees of
the transition temperature (6, 8).

Many theoretical studies of fluctuation effects near the
transition have been based on “g-state” models where ¢
is between 2 and 10 (14, 16, 17). Two state models have
been used to account for diffusion of ions through bi-
layers (10, 14), the behavior of bilayers containing inte-
gral proteins (56), and the behavior of lateral compressi-
bility and specific heat near the transition (21). Monte
Carlo simulations employing a ““10-state” version of this
model have also been used to examine the properties of
the bilayer near the transition (19, 20, 22, 23). Results
from Monte Carlo calculations have also been related to
the phenomenological picture in order to obtain infor-
mation about the location of the spinodal (22).

In the following analysis we wish to demonstrate how
a satisfactory account of the data presented in Fig. 4 and
discussed in the previous section, can be provided by a
simple expansion of the free energy in terms of area per
lipid.

We begin our analysis by noting that the liquid crystal/
gel coexistence temperature, T,,, is determined by a vari-
ety of factors that may, in principle, be varied in a contin-
uous manner. In the subsequent analysis we wish to
think not of a single coexistence temperature (namely
that observed experimentally) but instead of a coexis-
tence curve which may, in principle, be generated by
continuously varying one of the factors referred to
above. We furthermore assume that an increase in the
coexistence temperature leads, in some sense, to a
weakening of the transition which could be observed, for
example, through a reduction in the latent heat asso-
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ciated with the transition. Consistent with this picture is
the existence of a critical point beyond which the transi-
tion from the liquid crystal state to the gel state is contin-
uous. While the continuous variation of the coexistence
temperature and the existence of a critical isotherm in
such systems represents a valid theoretical generaliza-
tion, direct measurement of the coexistence curve is
likely impractical if not impossible. We nevertheless de-
note, by 7, and (1);', the critical temperature and the
value of (1) at the critical point respectively. Defining
an order parameter s by

D~ = (D!
O

and noting that the magnitude of this parameter is never
greater than 0.25 over the temperature region of interest,
we assume that the free energy can be expanded in a
power series in the order parameter s as

®)

s =

54 52
G=Goj4—+a(T—Tc)7+ﬁ(Tm—T)S s (6)

where 8 > 0 and a > 0. The parameter G, which deter-
mines the overall scale of any variation in the free en-
ergy, does not enter into the present calculation and can-
not be determined from any of the data presented. As
shown in the Appendix, the above form of the free en-
ergy is consistent with similar expressions given in the
literature (18, 25, 27, 53, 54) and represents the simplest
form that nevertheless provides an adequate description
of the experimental data. The expression for the free en-
ergy G given by Eq. 6 is illustrated in Fig. 5 as a function
of the order parameter s for the case T < T,and T < T,,,,
T=T,,or T> T,. We note that for T < T, the free
energy has two minima, the positions of which may be
determined from the solution of the equation
dG

P Gols* + (T — T)s + B(T,, — T

=0. @)

For T < T, the thermodynamically stable phase yields
s < 0 indicating that the system is the gel phase while for
T > T,, the thermodynamically stable state yields s > 0
indicating that the thermodynamically stable state is the
liquid crystal state. For 7= T, the two minima yield the
same value for the free energy indicating that at T, the
liquid crystal and the gel phase are both thermodynami-
cally stable from which we identify the parameter T, as
the transition temperature. At T = T, the two solutions
to Eq. 7, corresponding to the minima in G, are readily

obtained as
5= VT, — Ty) (®)
Sg = — va(Tc - Tm)a (9)

where 5; and s, denote the values of the order parameter
at the transition temperature in the liquid crystal and the
gel phase respectively. Note that, in this model, the lig-
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FIGURE5 A schematic representation of the free energy versus order
parameter relationship given by Eq. 6 for (@) T < T,,, (b) T = T, and
©T>T,.

uid crystal and gel branches of the coexistence curve are
symmetric with respect to the line s = 0. From Eqgs. 8 and
9 we obtain the result that the change in the order param-
eter s at the phase transition is given by

A= N SB
= 2VaT. - T,). (10)

Eq. 10 may be used to replace the Landau parameter « in
the expression for the free energy in Eq. 6 to give

4 2 _
G=Go[s A (T T,

Z+—8— .= Tm)s2+B(Tm—T)s], (11)
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FIGURE 6 A schematic illustration of order parameter versus tempera-
ture as given by Eq. 7. The points (7., s.) are spinodals. The coexis-
tence curve crosses s = 0 at the critical temperature T,. The transition
occurs at the coexistence temperature 7, (unlabeled) which is indi-
cated by the solid vertical line between 7', and 7_.

while Eq. 7, which gives the minima to the free energy,
may be rewritten as

A’ T-T,
3 = c — =
s° + 2 (Tc— Tm)s+ﬁ(Tm T)=0. (12)
The solution to Eq. 12 is plotted schematically in Fig. 6.
The spinodals are shown in Fig. 6 at s = s, with T=T,.
The values of the order parameter s at the spinodals, s, ,
are related to the spinodal temperatures, 7', , by the rela-
tion

d’G _ , AT, —T,
e 00[351 Ay (r,,, = Tc)

=0. (13)

From this relation together with Eq. 12 we obtain the
following equations

s:\'_ 1 (T, — T,
(‘A—) prlie Tm)’ (9
and
a=5a. -1 (1)

The simultaneous solution of the above equations yields
an explicit expression for the order parameter at the
spinodal together with the corresponding spinodal tem-
perature in terms of the Landau parameters. If however
we assume that

|T:_Tm|<|Tc—Tm|9 (16)
then the value of the order parameter at the spinodal is

simply given by

(17)

5y~
+ —\/E7

while the spinodal temperatures 7', are given by
(18)

The assumption given in Eq. 16 will be used in subse-
quent analysis of the data in terms of the model pre-
sented.

Analysis of data

In comparing the results of the analytical model pro-
posed in the previous section and the data displayed in
Fig. 4, the comments regarding the validity, in the gel
phase, of the relationship between the first moment and
the average extension (1) given by Eq. 4 must be borne in
mind. Our comparison of the model with the data of Fig.
4 focuses primarily on the interpretation of the liquid
crystalline phase. The data in the gel phase is used, in the
first instance, only to obtain an estimate of the relative
change in area per lipid at the transition. As discussed
above, the values obtained are consistent with other inde-
pendent experimental estimates (40, 46, 47). As we will
demonstrate, however, the predictions of the model
show a surprising consistency with the data even in the
gel phase.

Given that our primary consideration is the liquid
crystal phase in the neighborhood of the phase transition
and assuming that the transition temperature, 7,,, is
close to the spinodal temperature, T, , as evidenced by
the increasing slope of (I)~' versus T as the transition is
approached, we find it convenient to introduce the
quantity

b=5—s5,. (19)

By substituting s = 5, + 6 into Eq. 12, making the as-
sumption indicated by Eq. 16, and discarding higher
order terms, it is possible to obtain the relation

B (Tm—T)[,[0)\ , (0}

The form of Eq. 20 suggests an approach to be taken in
modeling the data. The symmetry of the model suggests
that (I);' should be the value of (1)~! at the midpoint of
the transition. In practice, this parameter was chosen so
that data within a few degrees of the transition, above
and below, would be symmetric about the midpoint of
the transition. Because the transition in DLPC is not
from liquid crystal to gel, this parameter could not be
estimated for that lipid and no fitting was attempted for
DLPC. Using the value for (1);', the model order param-
eter, s, was determined from (1)~'. An initial value for s,
was chosen using Eq. 14. Using data from the liquid
crystalline phase only, plots of T versus [3(8/s,)? +
(6/s,)%] were drawn. Any spectra which showed a super-
position of gel and liquid crystal spectral components

Morrow et al. Lipid Chain-length Effects

23



L T R —
350
340
330

T (K]

320
310
300

0 500 0 30 0 20
3((S—S,)/S,)*+(Is-8,)/s,)?

290

FIGURE 7 Plots of T versus 3[(s — s,)/s.]* + [(s — 5.)/s5.]’ in the liquid
crystal phase for (a) DMPC-ds, using {1);' = 1.092 A~!, () DPPC-dj,
using (1);' = 1.123 A™', and (c) DSPC-dy, {1);' = 1.141 A~ The
intercept gives the spinodal temperature 7, and the slope give
(T — T,)/2. Values of 5, = ()" — (17)/K1);" were adjusted to
obtain consistent values of 7', from the slope and the intercept. Spectra
which contained any gel component were omitted from this analysis.

was omitted. The value of the order parameter at the
spinodal was adjusted until the slope and intercept of the
plot gave the same value for T, as required by Eq. 20.
Such plots for DMPC, DPPC and DSPC are shown in
Fig. 7. The fact that the data fall on a straight line when
plotted in this way provides some assurance that this
model is appropriate for these systems. The parameters
associated with this fitting are displayed in Table 1. Us-
ing the values of s, and T,, determined in this way,
along with an estimate of A obtained from Eq. 14, (1)
was calculated as a function of T for DMPC, DLPC,
DSPC. The resulting fits are plotted with the experimen-
tal data above and below the transition in Fig. 8. The
stars indicate the positions of the spinodal point deter-
mined by the procedure outlined above. It should be
emphasized that gel phase data was not used in the fitting
procedure except to estimate the size of the discontinuity
at the transition. The fact that the model reproduces the
temperature behavior of the gel phase data over most of
the range above the Ly to L, transition is surprising. It
suggests that the behavior of orientational order in these
systems is particularly simple and, more surprisingly,
that the relationships between mean orientational order
and area per lipid retain some validity even into the gel

TABLE 1 Fitting parameters

DMPC DPPC DSPC
T (K) 292.5 310.65 324.15
B AY 1.063 1.068 1.074
BHATY 1.092 1.123 1.141
T, (K) 292.3 309.3 321.7
(T — T2) (K) 0.2 1.3 24
8 x 10* 2.03 2.10 2.02
AT (AT .100 .189 232

<I>7" (A7)

ST (O 1 I O D (0 (I 0

20 40 60 80
T (°C)

FIGURE$ Inverse chain extension {I)~' versus T. {I)”' is obtained
from M, using the relationship given in Eq. 4. (A) DLPC-d,, (O)
DMPC-ds,, (O) DPPC-dg,, (O) DSPC-d,,. Different samples of a given
lipid are not distinguished. Spectra in which gel and liquid crystal com-
ponents were found to coexist have been omitted for the purposes of
clarity near the transition. The solid lines are solutions to Eq. 7 ob-
tained using parameters found with the procedure illustrated in Fig. 7
and listed in Table 1. Solid stars mark the spinodal points obtained in
this way.

phase. Presumably these relationships break down com-
pletely in the L. phase where rotational motion becomes
even more restricted.

Some observations can be made regarding the parame-
ters listed in Table 1. It can be seen that 7, — T, de-
creases with decreasing chain length. While this would
seem to indicate that the transition is occurring closer to
the critical temperature with decreasing chain length, it
is impossible to extract this information from the model.
A determination of 7, — T,,, using Eq. 14 would require
an extremely precise experimental determination of A.
Because of the intrinsic heterogeneity of the samples and
the rapid variation with temperature of M, near the tran-
sition, it is impossible to make this measurement with
sufficient precision to separate o and T, — T,, in Eq. 10.
It is intriguing, however, to note that 3, which is related
to the curvature of s versus T near the spinodal, is effec-
tively independent of chain length for the group of lipids
examined here. Furthermore, it is shown in the Appen-
dix that by assuming a more restricted temperature de-
pendence of Landau coefficients (18, 53-55), one ob-
tains the relationship « = . If this assumption is used,
the data in Table 1 yield T, — T, values of 11°, 37°, and
58° for DMPC, DPPC and DSPC, respectively. This ob-
servation provides some justification for the assump-
tions implicit in Egs. 8, 9, and 16.

The behavior of M, , for DMPC, DPPC, and DSPC, is
thus seen to be adequately reproduced between ~20 and
76°C by a classical phenomenological model for first
order phase transitions. Two of the parameters, T, and
A, can, in principle, be measured. The chain length de-

24 Biophysical Journal

Volume 63 July 1992



pendence seems to be associated with these. The third
parameter, 8, appears to be independent of chain length.

CONCLUSIONS

First moment (M) data has been used to obtain the be-
havior of area per lipid as a function of temperature for
bilayers of DLPC-d,;,, DMPC-d;,, DPPC-d;,, and
DSPC-d,,. The relationship between M, and chain ex-
tension is extended into the gel phase. While there is little
theoretical justification for this extension, the result is
consistent with diffraction experiments. The magnitude
of the slope of area per lipid versus 7'is found to increase
as the transition is approached. As the lipid chain length
is shortened, there is a slight tendency for this change in
slope to progress further before the transition intervenes.

It is possible to obtain a satisfactory description of the
observed behavior by means of a simple Landau expan-
sion of the free energy in terms of the area per lipid.
Analysis of the data in terms of the model parameters
indicates that the behavior of the bilayer near the transi-
tion is largely controlled by the close proximity of the
spinodal temperature 7', to the transition temperature
T,.. The parameter 3 is found to be independent of chain
length within the group of lipids examined. The value
{1):;" is found to depend only weakly on chain length.
The separation between the spinodal temperature and
the transition temperature decreases with decreasing
chain length. This result accounts for the increasing
value of the slope, at the transition, with decreasing
chain length. That both the temperature difference,
T,, — T, and the discontinuity in the area at the transi-
tion decrease with decreasing chain length suggests that
the system is approaching a critical point as the chain
length is reduced. This suggestion is further supported by
the values of T, — T, obtained by assuming a more re-
stricted temperature dependence for the Landau coeffi-
cients as discussed above. This leads to the interesting
possibility, for DLPC, that if the transition to the L,
phase did not intervene, the liquid crystal to gel transi-
tion might be of a continuous nature. While such ques-
tions cannot be addressed within the framework of the
present analysis, a more detailed analysis based on a
more microscopic theory may offer some insight on this
matter.

It should be noted that while Eq. 4 has been used to
convert M, to chain extension, the qualitative picture
presented here is independent of the numerical details of
the specific linear relationship used for the conversion.

APPENDIX
The Landau free energy used in Ref. (18) is of the form

G(T, u) = —ayu + '/,a%(T — T*W? — '/za31® + /,a4ut, (A1)

where the order parameter characterizing the transition is ¥ and the
coefficients a,, d,, a; and a, together with T* are phenomenological

parameters which are assumed to be independent of temperature. The
equation of state, obtained by minimizing the free energy, given above,
with respect to the order parameter, is
a, = ay(T — T*) — a;u* + aas’. (A2)
Equation A2 does not always provide a unique value of u for a given
temperature 7. In these cases, the equilibrium value of the order param-
eter is determined by minimizing the free energy. At the transition
temperature, T,,, the equilibrium value of the order parameter changes
discontinuously. This implies that there exist two solutions to the equa-
tion of state, denoted here by % and u,, which yield the same value of
the free energy and hence satisfy the conditions

G(Trn’ ug) = G(Tm’ ul)’ (A3)
a) = a(Ty — T*) — a3 + ag, (A4)
and
a, = ayTn — T*) — asui + aui3. (AS)
Solving Eqs. A3, A4, and AS yields
2
Tp= %+ 28 4 0l (A6)
9aa, asas
2a,
u+ u, = 3—(14 (A7)
and
i, = 34 . (A8)
as

We note that the expression for the first order transition temperature,
T .., reduces to that given in reference 18 if we set a, = 0.

Within the model, the transition temperature and the discontinuity
in the order parameter at the transition may be varied simply by chang-
ing a,. At a critical value of this parameter,

_4a
27a;’°

arc (A9)

the order parameters for the coexisting phases coalesce and the transi-
tion disappears and u becomes a monotonic function of T. At this
critical point, the order parameters 1 and u, both become

U, = —— (A10)

and the transition temperature is found to be

a
3aa,

T,= T*+ (All)

From the results outlined above, the equivalence between the form
of the free energy given in Eq. Al and that of Eq. 6 may readily be
established by defining a reduced order parameter, s, as

U.—u
S—T. (A12)

The sign of the reduced order parameter in Eq. A12 reflects the fact
that, at the transition, u changes in a direction which is opposite to that
of the change in area per lipid, which is proportional to the order param-
eter used in this work. Identifying 7, and T, asin Eqs. A6 and A1, the
free energy given by Eq. A1 may be rewritten as
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G =G+ ayd(Ty— T)s
+ a5 T — T)s* + Y,auls®. (A13)

This is equivalent to free energy given in Eq. 6 if we identify

a=8=a’ (A14)
It should be noted that the equality of the coefficients « and 8 implicit
in the above derivation follows from the assumption that the Landau
coefficients, particularly a,, are independent of temperature. Relaxing
this assumption leads to the more general form of the free energy given
by Eq. 6 in which the coefficients « and 8 are not necessarily equal.
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