N
N

N

HAL

open science

Polymorphism of phospholipid monolayers
O. Albrecht, H. Gruler, E. Sackmann

» To cite this version:

O. Albrecht, H. Gruler, E. Sackmann. Polymorphism of phospholipid monolayers. Journal de
Physique, 1978, 39 (3), pp.301-313. 10.1051/jphys:01978003903030100 . jpa-00208764

HAL Id: jpa-00208764
https://hal.science/jpa-00208764
Submitted on 4 Feb 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/jpa-00208764
https://hal.archives-ouvertes.fr

LE JOURNAL DE PHYSIQUE TOME 39, MARS 1978, PAGE 301

Classification
Physics Abstracts
05.70 — 64.70D — 68.10 — 87.20

POLYMORPHISM OF PHOSPHOLIPID MONOLAYERS
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Résumé. — Des monocouches de lécithines synthétiques ou d’acide phosphatidique & différents
degrés d’ionisation ont été étudiées par la technique de la balance & des pressions supérieures a la
pression latérale de vapeur. A partir des courbes isothermes pression-surface et des courbes isobares
surface-température on étudie la compressibilité latérale y en fonction de la densité superficielle de
lipides (a™!) et le coefficient d’expansion thermique («) en fonction de la température (7).

La transition entre les états fluides et condensés (T = T),) est caractérisée par une grande hystérésis
et apparait étre du premier ordre. On rencontre deux autres transitions 8 T > Ty et T < Ty. Les
discontinuités de y et « montrent qu’il s’agit de transitions du second ordre. Une expérience d’écoule-
ment montre que la transition & T > Ty, dans la région fluide est aussi caractérisée par une disconti-
nuité de viscosité. Pour les monocouches d’acides gras la transitiona I < Ty, dans la région condensée
est faiblement du premier ordre. ’

Les discontinuités de y et a ont été analysées en utilisant la théorie de Landau des transitions de
phase. Ceci fournit des informations sur la symétrie des états de monocouches. Cette symétrie est
décrite d’une part en fonction du vecteur d’élongation J caractérisant I’orientation locale dans le
milieu hydrophobe et le milieu hydrophile et, d’autre part, en fonction de I’onde de densité p carac-
térisant la symétrie de I’organisation latérale. Le diagramme de phase de a-DPL est établi. Pour une
pression supérieure 4 15 dyn./cm les états rencontrés, a surface décroissante, sont : le fluide isotrope (I)
ol les chaines sont normales a la surface, le fluide anisotrope (II) ou les chaines sont inclinées, le
cristallin incliné (III) et le cristallin droit (IV). Les états II et IV disparaissent du diagramme pour des
pressions inférieures & 10 dyn./cm.

La chaleur de transition (Qy) & T = Ty a été obtenue par I’équation de Clausius-Clapeyron.
Ou, constante a basse température, tend vers 0 & plus haute température suivant Qy = Q(T — T.)
définissant ainsi une température critique. On propose qu’il s’agisse d’un point tricritique au-dela
duquel la transition devient du second ordre. Ceci rend compte de la rupture de symétrie a la transition
phase fluide-phase condensée. Le comportement des isothermes dans la région de coexistence de la
transition T — Ty est expliqué en fonction de la coopérativité limitée de la transition ; puisque les
monocouches sont des systémes & deux dimensions, on s’attend & d’importantes fluctuations de I’ordre
a grande distance.

On établit une relation entre les transitions de phase dans les monocouches et les bicouches.
11 s’ensuit qu’une monocouche soumise & une pression extérieure de 12,5 dyn./cm est équivalente a
une double couche 4 son maximum d’hydratation. La pression extérieure déplace aussi la température
de transition. La prétransition observée dans les bicouches ne peut étre reliée 4 aucune transition des
monocouches, elle résulte plutdt d’un couplage entre couches.

Abstract. — Monolayers of synthetic lecithins as well as phosphatidic acid at different stages of
ionization were studied with the film balance technique at pressures above the lateral vapour pressure.
Pressure () versus area (a) curves (isotherms) and, by application of a special technique, area (a)
versus temperature (T') curves (isobars) were recorded. From these data, plots of the lateral compressi-
bility, , as a function of lateral lipid density (a~*) and of the thermal expansion coefficient, o, as a
function of temperature (T') were obtained.

The well known transition (at T = T),) between the expanded (fluid) and the condensed (crystalline)
states of the films, called the main transition, is characterized by a non-horizontal deflection of the
isotherms (and isobars) in the coexistence region. A pronounced hysteresis shows that it is a first order
transition. Two additional phase transitions, one at T > T, (fluid region) and one at T < T (crystal-
line region), were revealed by breaks in the slopes of the isotherms and the isobars. Discontinuities in
the compressibilities and in the expansion coefficients show that these transitions are of second order.
A flow experiment showed : that the fluid — fluid transition is also characterized by a pronounced
discontinuity in viscosity. In fatty acid monolayers the transition (at T < T),) between two crystalline
states is of weak first order (— 10 J./Mole).
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The signs of the discontinuities, in x and «, were analysed using the Landau theory of phase transi-
tions. This provided information on the symmetry of the polymorphic states of the monolayers.
The symmetry is described 1) in terms of the de Gennes stretching vector J, characterizing the orien-
tation within both the hydrophobic and the hydrophilic region of the monolayer and 2) in terms of
the density wave, p, characterizing the symmetry of the lateral organization of the lipid molecules.
For a-Dipalmitoyllecithin a phase diagram is established. For = > 15 dyn./cm the polymorphic
states of phospholipid monolayers observed at decreasing areas are : fluid isotropic (I) (hydrocarbon
chains normal to water surface) ; fluid anisotropic (II) (tilted chains) ; tilted crystalline (III) ; non tilted
crystalline (IV). Atz < 10 dyn./cm phase Il and IV are not observable.

Heats of transition (Q),) of the main transition were obtained from the Clausius Clapeyron equation.
Qu is constant (37 kJ./Mole) at low temperatures while it converges towards zero at higher tempe-
ratures, according to Qy = Q\(T — T.), thus defining a critical temperature. It is proposed that this
is a tricritical point above which the main transition becomes of second order. This allows for a
symmetry break at the fluid-to-crystalline (main) transition above this critical temperature. The
behaviour is explained by the Landau theory in terms of the strength in coupling between the lateral
order (density wave p) and the chain orientational order (stretching vector J). In analogy to the
Rodbell-Bean effect in magnetism a decrease in coupling leads from a first to a second order transition.

The non-horizontal behaviour of the isotherms in the coexistence region of the main transition is
explained in terms of the limited cooperativity of the transition. Since monolayers are quasi two-
dimensional systems, large fluctuations in the long range order are expected. By considering the phase
transition as a chemical reaction the areas (da) of the cooperative units have been estimated. For
a-DPL they vary from éa ~ 5 x 10* A2 (atz = 1dyn./cm) to da = 1.2 x 10* A2 (at = = 40 dyn./cm).
As expected the area da, that is the coherence length of the phase fluctuations, diverge upon approach-
ing the tricritical point.

A relation between the monolayer and the bilayer phase transitions is established. This is done by
equalizing both the transition heats and the areas of transition of monolayers and bilayers. For
L-a-Dipalmitoyllecithin it then follows that monolayers at an external pressure of 12.5 dyn./cm
correspond to bilayers at maximum hydration. A discrepancy in the corresponding transition tem-
peratures, Ty, is explained in terms of a shift in transition temperature by the external pressure. The
bilayer pretransition cannot be related to any monolayer phase transition but is due rather to the
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monolayer coupling as suggested previously.

1. Introduction. — Two-dimensional layers of
amphiphilic chain molecules with polar end groups
attached to a charged interface represent a class of
physical systems of growing interest. Such monolayers
bridge the gap between two-dimensional and three-
dimensional systems and, for that reason, are of
interest for physicists interested in cooperative pheno-
mena and phase transitions. In the field of molecular
biology monolayers of phospholipids have gained
great attention as potential model systems of biological
membranes [1]. Monolayers are used in a variety of
technical applications [2] such as the technology of
surfactants (e.g. soaps, detergents, foams), the inclu-
sion of foodstuffs (pharmaceuticals, dyes etc.), envi-
ronmental technology (e.g. purification of water and
recycling of rare organic substances). The classic
method of monolayer study is the Langmuir-Adam
film balance by which the behaviour of monolayers
may be studied over a wide range of temperatures and
pressures. A number of papers on phospholipid
monolayers studied with the film balance have been
published (cf. reference [1] and [3] for literature).

In the present work we restudied and compared
monolayers of a number of synthetic lecithins as well
as phosphatidic acids at different stages of ionization.
Besides the familiar pressure-versus-area curves (iso-
therms) we recorded also area versus temperature
curves (isobars) with a technique described in the
method section.

Our main concern was the possibility of poly-
morphism in phospholipid monolayers as found by
Adam [4] and Derichvian [5, 6] for monolayers of
aliphatic esters. A second point of interest was concern-
ed with the nature of the well known transition from
the so called liquid expanded to the condensed state,
that is whether it is a Van der Waals type or a fluid-to-
crystal type of transition. Discontinuities in the lateral
compressibility versus area density and in the thermal
expansion coefficient versus temperature indicated the
existence of several liquid and crystalline phases
separated by first or second order transitions. The data
were analysed on the basis of the Landau theory of
phase transitions. This analysis led us to conclusions
on the symmetry properties of these phases. As an
order parameter for the liquid phases we used the
stretching vector, J, proposed by de Gennes [7] for the
description of layers of amphiphilic chain molecules.
For the crystalline phases the lateral density, p,
was used as an additional order parameter. The
most prominent transition (!), the so called liquid
expanded — condensed transition, is first order at low
pressures. We show that this is due to a strong coupling
between the two order parameters. We provide
evidence that the main transition goes over into a
second order transition at a tricritical point, in analogy

(*) In the following this transition will be called the main tran-
sition.
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to the Rodbell-Bean effect in magnetism [8]. This
allows for a break in symmetry at the liquid-to-crystal
transition even at very high temperatures. At the main
transition a phase change from a fluid phase (either
non tilted (I) or tilted (II)) to a tilted crystalline
phase (III) takes place. The transition between the
fluid phases (I, II) is of second order and is accompani-
ed by a discontinuity in viscosity. The tilted crystalline
phases goes over into a non-tilted one (IV) at another
second order transition.

Judging from our experimental data the main transi-
tion does not behave as an ordinary three-dimensional
phase change. It is understood rather as a cooperative
transition of cooperative units containing of the order
of 150 molecules. The monolayer and the bilayer main
transitions were compared on the basis of the respective
changes in entropy as well as in area per molecule. This
comparison showed an intrinsic lateral pressure in
bilayers of about 10 dyn./cm.

2. Method and materials. — 2.1 MEASURING TECH-
NIQUE. — Both the isotherms (pressure versus area
curves) and the isobars (area versus temperature plots)
were taken on a commercial Langmuir balance
(MeBgeritewerk Dr. R. Wobser KG, Lauda) equipped
with a continuous measuring system. The measuring
bar, however, was endowed with a heater so that it
could be kept at a constant temperature (of 60 °C) in
order to reduce temperature fluctuations. In addition,
the bar was constructed in such a way that the appli-
cation of any glue was avoided. This provision was
necessary in order to minimize contamination effects.
After purchase the trough was cleaned by running
several hundred pressure versus area curves using fatty
acids in order to remove any spurious amphiphilic
contaminations and ions.

All isotherms were run twice in the direction of
increasing pressure. Each run was performed with a
freshly prepared film. If the trough had been carefully
cleaned, the two isotherms taken successively were
completely identical. The speed of compression for
most measurements was 5 A2 per molecule per minute.
Below this limit a change in the speed of compression
did not affect the isotherms. Kinetic hysteresis effects
could thus be excluded. The balance was calibrated
mechanically with weights.

The area versus temperature curves (isobars) were
taken by adjusting the pressure to a preselected value
using the automatic pressure control of the film
balance. All curves were run at both increasing and
decreasing temperature at a rate of 2 °C per minute.
The pressure could be kept constant to + 2.5 dyn./cm
during each|run. The accuracy of the area was 5 A2.

2.2 MATERIAL. — 2.2.1 Water-substrate and
spreading solvent. — The water was prepared by one
of the following two methods :

1. Demineralized water was first distilled from
potassium permanganate and was subsequently dis-
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tilled twice in a quartz still. Spurious amounts of
contamination (amphiphilic molecules and ions) of a
fresh water substrate were removed by running at least
two isotherms with the lipid under investigation.

2. Very pure water could be prepared from demi-
neralized water with a Millipore filtering system
(Mille Q™). The pH of the water substrate was varied
with a Britton-Robinson II buffer. Besides phosphoric
acid, boric acid and sodium hydroxide, the buffer
contained only acetic acid as an organic acid.

All lipids were applied to the substrate using a
mixture of n-hexane and ethanol in a 9 : 1 volume-to-
volume ratio. The n-hexane was spectroscopically
pure, the ethanol was pro analysis grade (Merck).

2.2.2 Lipids. — L-a-Dipalmitoyllecithin was pur-
chased from Fluka (purissimum). Selected batches
could be used without further purification. The purity
was checked by thin layer chromatography. A very
good indication of purity was the sharpness of the main
phase transition of the monolayer. Since each isotherm
was run with a freshly prepared film, contamination of
the lipid by oxidation during the measurements was
minimized. DL-a-Dimyristoyllecithin (Fluka) was
purified by thin layer chromatography. S-Dipalmi-
toyllecithin (Fluka) was used without further puri-
fication since the thin layer chromatogram showed
only one sharp spot. Dimyristoyl phosphatidic acid
was prepared in our laboratory from Dimyristoylleci-
thin by application of phospholipase A by Dr. Galla.
The lipid was purified several times by preparative thin
layer chromatography on silica gel.

3. Experimental results. — 3.1 ISOTHERMS OF
UNCHARGED AND CHARGED PHOSPHOLIPIDS. — In
figures 1-5 we compare the pressure-versus-area
curves of some uncharged zwitterionic lecithins
(e.g. a-Dipalmitoyllecithin (a-DPL); «-Dimyristoyl-
lecithin (e-DML) ; B-Dipalmitoyllecithin (8-DPL)) and
charged phospholipids (e.g. a-Dimyristoyl phospha-
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F1G6. 1. — a) Continuously recorded isotherms of L-a-Dipalmitoyl-
lecithin (DPL) on pure water substrate. Note the arrow at mg which
indicates a break in the isotherm 2.8 °C. b) Continuously recorded
isobars of monomolecular film of L-a-DPL. The curves were
recorded at increasing temperatures.
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single negative charge. The arrow indicates a break in the isotherm
11.8 °C. b) Isobar taken at constant pressure of 7 dyn./cm.
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FIG. 5.—a) Isotherms of Dimyristoyl phosphatidic acid at pH 11.5.

At this pH the lipid has two negative charges. Substrate : Water +

Britton-Robinson II buffer. The arrow indicates a break in the
isotherm. b) Isobar.
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FIG. 6. — Schematic representation of pressure-area phase diagram
of phospholipid monolayers as suggested from figures 1-5 (small
area region) by reference [10] (low density region) and by reference
[11], Two critical points (Ty and T§) and two triple points (T, Tg,)
are shown. The isotherms may be classified according to 4 different
types : Type 1 (— - —) T > Ty, TG, Tra, Ty type 2(— " — " —)
Ty >T > T, Tgays Trystype3(...... )T TS > T > Tyy, Try
type 4 (----) Ta, TG, Trz > T > Ty type 5 (----- ) Tw, TG,
T2, Try > T.Thecritical pressure ng; is much smaller than nj,.

tidic acid at two different states of ionization (pH)).
All the isotherms may be classified according to the 5
different types of curve in figure 6. This clearly shows
that phospholipid monolayers exhibit a pronounced
polymorphism.

As an example consider the isotherms for Dimy-
ristoyl phosphatidic acid at pH 5.5 (cf. Fig. 4). It shows
all the features which are also characteristic for the
other lipids :

At low temperatures (below about 25 °C) all curves
are of type 5. The pressure starts to increase at a
relatively small value of the area (< 60 A2) per lipid.
At higher pressures (some ten dyn./cm) the curves of
type 5 exhibit an abrupt change in the slope. For
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the 11.8 °C-isotherm the break in slope is indicated by
an arrow in figure 4. Remarkable is the relatively
smooth increase in pressure just above the abscissa
n = 0. The break in the slopes of the isotherms
indicate a phase transition between two mesomorphic
states of the monolayer (see discussion below). At
higher temperatures, that is between 25 °C and 46 °C,
curves of type 2 and (or) of type 3 are observed. They
may be divided into three regions : At large areas the
curves seem to increase smoothly (%) up to a critical
pressure (cf. point M, in the 30 °C isotherm) where a
sharp decrease in area indicates a pronounced phase
transition. It is important to note that from the transi-
tion point M, to M, the curves follow a straight, but
not horizontal, line. If the area is decreased further,
the curves show the same behaviour as those at low
temperature (type 5 curves). The transition region
between M, and M, is the well known phase transition
between the so called condensed and the expanded
liquid film postulated by Derichvian [5] for fatty acids
and by Chapman, Phillips and coworkers [1] for
phospholipids. In the following we will refer to this
transition as the main transition.

The critical point : According to figures 1-5 the
centre of the main transition between the points M,
and M, clearly shifts to lower areas with increasing
temperature. The change in area at the transition seems
to converge towards zero upon approaching a critical
temperature denoted by Ty, in figure 6.

For the charged lipid, DMA™ (pH 5.5) the corres-
ponding critical isotherm could not be observed
within the temperature region accessible to our
instrument. However, for DMA ™~ at pH 11.5 (Fig. 5)
and for the Dialcyllecithins (cf. Figs. 1, 2, 3) the critical
region can be observed. For a-DPL the critical iso-
therm is located at about 43 °C. Now, the critical
point Ty is often considered as analogous to the critical
point of a Van der Waals gas (3). The following dis-
cussion of our experiments will provide strong evidence
that Ty; is in fact a tricritical point forming a junction
between a first order and a second order transition
curve. Accordingly, the two phase region in figure 6
degenerates into a second order transition line at tem-
peratures above Ty.

3.2 ISOBARS OF UNCHARGED AND CHARGED PHOS-
PHOLIPIDS. — Further information about the mono-
layer polymorphism can be obtained from the area
versus temperature curves (isobars). Some typical
isobars are also presented in figures 1, 4, 5. Consider
as an example the isobars of a-DPL (Fig. 15). Most
pronounced is again the main transition characterized
by a straight line connecting the two transition
points Mj and M. Since this straight line is not hori-

(> A more detailed analysis presented below will establish a
further phase transition at pressures below the transition point M,.

(®) Such a type of critical point is observed for the gas-to-liquid
transition at low densities at the temperature 7§ [10] and pressure
ng [10]. )
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zontal we define the transition temperature, T,; as the
midpoint between M; and Mj. The isobars exhibit
breaks in the slope in the small area region at the tran-
sition temperatures T. The phase transition indicated
by this break corresponds to the transition observed
in the isotherms at the transition pressure g (cf. Fig. 1).
The corresponding transition line is drawn in the
schematic phase diagram of figure 6.

The isobars show, however, a further pronounced
phase transition at large areas as indicated by the
breaks in the slopes at the temperatures T. It will be
shown below that this transition may also be found in
the isotherms. The corresponding transition line has
also been drawn in figure 6.

3.3 COMPRESSIBILITY AND THERMAL EXPANSION
COEFFICIENT. — In order to learn more about the
nature of the phase transitions indicated by the iso-
therms and the isobars we determined : 1) the lateral
thermal expansion coefficients, a, as a function of
temperature from the isobars and 2) the lateral
compressibilities, ¥, as a function of area density from
the isotherms.

In figure 7 the thermal expansion coefficient is
plotted as a function of temperature for different lipids
and pressures. The very strong central peak is due to
the coexistence of the two phases separated by the main
phase transition. The two discontinuities in the
versus T plots observed at the temperatures Tx and T
are due to breaks in the slopes of the isobars. This
clearly demonstrates that they correspond to second
order phase transitions.

In figure 85, the compressibility for several lipids is
plotted as a function of the area density, p = a~ 1.
Again three phase transitions are observed. The
coexistence region which is hard to determine from

.
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F1G. 7. — Lateral thermal expansion coefficient, a, as a function of

temperature as obtained from the isobars for the following lipids :

(—) Dimyristoyl phosphatidic acid at pH 11.5 and =25 dyn./cm;

(----) same lipid at pH 5.5 and n = 2.5 dyn./cm; (--+---) a-

Dimyristoyllecithin at = = 37 dyn./cm; (--*-) a-Dipalmitoyl-

lecithin at = = 22.5 dyn./cm; (..... ) same lipid at 30 dyn./cm;
(- -~ -*) a-Distearoyllecithin at 6 dyn./cm.
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The breaks observed at mg and mg, respectively, indicate the two
additional phase transitions also found in the isobars. b) Plots of
lateral compressibility, x, as a function of area density as obtained
from the curves in figure 8a. The main region of the transition is
again indicated by M; and M,. The arrows (f) indicate the two
additional low and high density phase transitions for the curve
of L-a-DPL.

the 7-p plots (cf. Fig. 8a) or the isotherms can be rather
accurately determined from the end points M, and M,
of the central peak in figure 85. Two discontinuities at
the densities pr and py are due to breaks in the slopes of
the pressure versus density curves of figure 8a. This
again shows that the transitions at pp and pg are of
second order.

3.4 HYSTERESIS, VISCOSITY AND HEAT OF TRANSITION.
— In figure 9 the isobars of L-a-Dipalmitoyllecithin
recorded at increasing and decreasing temperatures
are compared. At high temperatures the two curves
nearly coincide. The absence of a hysteresis supports
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F1G. 9. — a) Isobars of L-a-Dipalmitoyllecithin recorded at increas-

ing (—) and decreasing («) temperature. b) Rate of flow of DPL-

monolayer through leak in the trough as a function of temperature.
The curve was determined from isobars taken at 30 dyn./cm.

our previous conclusion that the transition at T% is of
second order. The main transition exhibits a pro-
nounced hysteresis. Recording curves unier varying
experimentabconditions showed that this hysteresis is
not determined by the apparatus. The transition tem-
peratures observed at increasing (7y) and decreas-
ing (Ty) temperatures differ by about 2°C. This
clearly shows that the main transition is of first order.
- An unambiguous conclusion concerning the order of
the transition at Ty was not possible. The reason for
this is that the values of T as determined from the
break in the slope depend on the experimental condi-
tions. Most probably this is due to kinetic effects
caused by the very high rigidity of the high density
phases. The comparison of several equal isobars taken
under different experimental conditions showed that
more reliable results are obtained with increasing
temperatures.

In order to get information about monolayer visco-
sities flow experiments are necessary. Such an experi-
ment can be performed in a most simple way by creat-
ing a leak at the rim of the trough. The rate of flow of
monolayer through such a leak can be easily estimated
by comparison of isobars taken under leaking and
nonleaking conditions. A typical result of such an
experiment is presented in figure 95 where the rate of
decrease in area (that is the flow rate) is plotted as a
function of temperature. A sharp increase in the flow
rate, at Tf,, observed at increasing temperatures
indicates a corresponding discontinuity in lateral
viscosity. This again is indicative of the phase transi-
tion at T. A rather high flow rate is observed for both
phases which shows clearly that the transition at Ty
separates two fluid phases.

The heats of the main transition, Qy, can be obtained
from the isotherms by application of the Clausius
Clapeyron equation (%).
dny _ S — Su »

dT  ay —ay

() The derivation of the Clausius-Clapeyron equation is based
on a circular process. It does not depend on the slope of the transi-
tion curves (cooperativity of transition).
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II and III denote the phases separated by the main
transition.

S;; and Sy are the entropies of phases II and III,
respectively. The areas a; and gy are defined by the
transition points M; and M, of the isotherms (cf.
Figs. 1 and 8a). Using the definition

Ou = (Sn - Sﬂl)'TM s

the heats of transition plotted in figure 10 for Dimy-
ristoyl phosphatidic acid and a-Dipalmitoyllecithin
are obtained. Q,, tends to become constant at low
temperatures. At higher temperatures Q,, decreases
linearly with the temperature according to

Qu= Q)T —T). @

10

LATENT HEAT Q10" [JOULE/MOLE]

\ c
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Fi1G. 10. — Heat of transition of Dimyristoyl phosphatidic acid
(DMA, at pH 5.5) and of L-a-Dipalmitoyllecithin determined by
application of the Clausius-Clapeyron equation. The temperature
where the curves cut the abscissa define the critical temperature Ty,

This shows that Ty; is a critical temperature at which
the first order phase transition either ends or changes
into a second order phase transition (°). The limiting
values of Qy for both DPL and DMA ™ are close to the
values of the heats of transition obtained for the
bilayers of these lipids [12, 13]. These calorimetrically
determined values of Q) are indicated by the bars in
figure 10. On a reduced temperature scale (T" — T,)/T,,
the transition entropies for the charged lipid (DMA™)
are smaller then for the zwitterionic (uncharged)
lecithin. This is also verified by the temperature depen-
dence of the equilibrium pressure 7 . For DPL we
obtained

dny/dT = 2.35dyn. cm ™! degree ™! .
For DMA™ it is
dmy/dT = 1.05 dyn. cm ™! degree™ ' .

(%) At the present stage of the experimental monolayer technique
it is not possible to determine the critical exponents with reliable
accuracy. Such data would give better insight into the nature of the
phase transition.
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The Clausius Clapeyron Equation (1) thus leads to a
smaller change in transition entropy, ASy, if the sur-
face of the monolayer is charged.

Our experimental data are in contrast to the conclu-
sions obtained in a recent theoretical work by Forsyth
et al. [14]. These authors calculated the transition
entropies for charged lipid layers on the basis of a
discrete-surface-charge model. They obtain a higher
transition entropy if the lipid surface charges form a
discrete ordered lattice. Now, the entropy of a Gouy-
Chapman double-layer depends strongly on the Debye
length. In our case the Debye length is rather large
since pure water was used. The Gouy-Chapman layer
is therefore rather diffuse. Accordingly it is very
probable that the contribution of this diffuse layer to
the transition entropy is rather small compared to the
contribution of the rather bulky polar head groups of
the zwitterionic lecithin.

3.5 PHASE DIAGRAM. — Figure 11 summarizes the
results of our monolayer study of L-a-Dipalmitoyl-
lecithin in the form of a phase diagram. Four different
phases (characterized by roman numbers I, II, III, IV)
are observed :

In the high temperature region (> 50 °C) the iso-
tropic fluid phase prevails (°). In the low temperature
region (T < 15 °C) rigid, and most probably crystal-
line phases [21], are observed. Our experiments stron-
gly suggest that the rigid phase (III) has tilted chains at
low pressure (cf. below).
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FiG. 11. — Phase-diagram of a-Dipalmitoyllecithin is obtained
from the isotherms and isobars. The transition curves clearly sepa-
rate 4 different monolayer phases denoted by I, IL, III, IV. The
thick line corresponds to the main transition in the first order
region. e is the tricritical point. The thin lines are supposed to
be phase transitions of second order. The line (—-—) corresponds

to the bilayer main transition (cf. Chap. 4.6).

A transition to a non-tilted phase (IV) takes place
along the (ng, Tx)-equilibrium curve. A nearly cons-
tant transition pressure of about 10 dyn./cm is
observed between 0 °C and 20 °C. It is this transition

(®) The gaseous state at very low pressure (cf. Fig. 6), which was
not accessible to our instrument, is not included in the phase dia-
gramm,
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which is clearly indicated in figures 1-5 by breaks
(at pressure mk) in the slope of the pressure versus area
curves taken at low temperatures. The (ng, Tx)-curve
exhibits an upward deflection at T > 20°C. The
absence of any discontinuity in the area at the III — IV
transitions strongly suggests a second order type of
transition.

The III - IV transition is more pronounced for
fatty acid monolayers. A typical low temperature
isotherm showing this transition at the equilibrium
pressure nk has been plotted in figure 12a. In constrast
to the phospholipids this transition is accompanied by
a small abrupt decrease in area at ng. Accordingly the
compressibility versus area plot shown in figure 125
exhibits a sharp peak together with a jump at the tran-
sition. From the temperature dependence of mx we
estimate an upper limit of the heat of transition
of — 10 J./Mol. by application of the Clausius-
Clapeyron equation (cf. eq. (1)). The transition sepa-
rating phase IV and III is thus, at least for fatty acids,
of weak first order. In the intermediate temperature
region (15-50 °C) the phase diagram of L-a-DPL is
rather complicated. The behaviour is dominated by the
main phase transition separating the fluid (I and II)
and the crystalline (III) monolayer phases. Up to the
tricritical point (@) at Ty, 7y the transition line is of
first order. However, the transition line can not end
there if phase III exhibits a crystalline phase [21] while
phase 11 is fluid. The transition line propagating from
the critical point (@) has been included in order to
allow for this symmetry break. A crystalline lateral
packing of phase III has been observed by Hui
et al. [21]. Experimental evidence of a crystalline
lateral packing of the lipid molecules in phase III has
been provided by electron diffraction [21]. Phase III has
to be compared with the bilayer phases below the chain
melting transition which have been shown to be crys-
talline by X-ray diffraction. Our conclusion therefore

T a) Z 10 b)
T4 2
K 20.8°C & tos
it ¢
[=
= 83ton
2130 &
3 éx.uom
w N 3
% 1 =0 T,— —n—zf—m—a_a_-—z%-.
. ‘
g 20 "5 K AREA PER MOLECULE a[A¢]
w "ol
o HCS 1
o “qc“
3 hh
o HO [ hch
.U_J WCLH
Has"H
S #4CS M
Hc/cH
I HoH
, .
10 15 20 25 30

— AREA PER MOLECULE a [A?] ——=

F1G. 12. — a) Low temperature isotherm of palmitic acid showing

the transition between phases III and IV at ng. b) Discontinuity

in compressibility of III-IV transition as obtained from the
isotherm.
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is : The main transition of monolayers of amphiphilic
chain molecules is different from a Van der Waals type
of transition.

An outstanding feature of the phospholipid mono-
layer is the appearance of the mesophase (II) in the
intermediate temperature region. The I — II transition
is clearly of 2nd order. Surprisingly the mesophase 11
can only exists at pressures above about 10 dyn./cm.
As will be shown below (4.6) it is expected to be
absent in bilayers.

At the present state of our study we do not have
experimental results concerning the behaviour of the
transition lines 7y and Ty at pressures above the tri-
critical point.

4. Discussion. — 4.1 THE ORDER PARAMETERS. —
4.1.1 The stretching vector. — Compared to the
variety of spectroscopic techniques (ESR, NMR,
X-ray) applied in membrane research, the data
obtained with the Langmuir balance at first sight seem
to yield only rather limited information on the mem-
brane organization on a microscopic level. Never-
theless, an analysis of these thermodynamic data in
terms of the phenomenological Landau theory (cf.
reference [15]) of phase transitions can yield rather
detailed information about the symmetry of the poly-
morphic states of phospholipid lamellae. A first step
in the application of the Landau theory is the search
for a suitable order parameter. A convenient order
parameter for lipid layers which avoids reference to
any specific molecular model is the stretching vector, J,
introduced by de Gennes [7, 16] which is defined as

J=p<Rm+l_Rm>=p’J0 (3)

p is the density of the monomeric units of the chain-like
molecules. It is isotropic for a fluid phase. R, to Ry
denote the locations of the monomers numbered
from 1-N for each chain of the lipid molecules.
{ ) denotes the statistical average over all configura-
tions. With this definition the order of the hydrocarbon
chain (hydrophobic) region (J = J,) and of the semi-
polar head group (hydrophilic) region (") (J = J,) may
be describes separately. For a given density p, | J |is a
measure of the length of the projection of either the
hydrocarbon chain or of the elongated polar head
groups onto the direction characterizing the average

"lipid orientation.

4.1.2 The density waves. — In the above definition
of the stretching vector, p was introduced as a para-
meter characterizing the average lateral densities of the
monomers of either the hydrocarbon chains or the
polar head groups. This is adequate for fluid or glass-
like rigid monolayers. For crystalline phases, the
density p is that part of the stretching vector which

(7) This region includes the polar head group and the glycerol
backbone with the carbonyl-groups.



Ne 3

describes the symmetry of the lattice. p is completely
described by a superposition of a discrete number, n, of
plane density waves with amplitudes C, ... C, [17].
The sum of the squares of these amplitudes then
define the square of the order parameter

)

4.2 CLASSIFICATION OF POSSIBLE MONOLAYER PHA-
SES. — Now the following lipid phases distinguished
by their symmetry are conceivable :

4.2.1 Gaseous and isotropic fluid phases (Fig. 13a).
— Isotropy of both the stretching vector and of the
centres of mass of the lipid molecules. High lateral
lipid mobility. J is very small and parallel to the normal
of the water surface (Fig. 13a). For racemic mixtures,
the symmetry is C,,,. The fluid and the gaseous phases
are only distinguished by their lateral densities and by
the length of J.

4.2.2 Anisotropic fluid phases (Fig. 13b). — Aniso-
tropic orientation of molecular stretching vector Jy,;
isotropic distribution of molecular centres of mass.
High but anisotropic lateral mobility of lipids. Two
types of phases are possible :

1) Smectic C (sm C) states. — The stretching vec-
tor J is uniformly tilted in one direction with respect to
the normal, N, of the water surface. That is, N xJ # 0.
For racemic mixtures the phase has C,,-symmetry.
This definition also includes rigid smectic lamellae
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F1G. 13. — Schematic representation of possible phases of phos-
pholipid monolayers : Left side : View of monolayers parallel to
water surface. Right side : Bird’s eye view of monolayer. In a) and
b) the hexagons give the centres of mass of the whole lipid mole-
cules. The arrows indicate the direction of the molecular stretching
vector projected onto the water surface. In ¢) the empty and filled
circles indicate the centres of mass of the hydrocarbon chains.
The bars between these circles represent the glycerol backbone.
The polar head group ‘of one molecule is hidden below the chain of
the adjacent molecule (cf. left side). This is indicated by the filled
circle. The vectors a and b are the primitive translation vectors of
the two-dimensional lattice. J, is the projection of the stretching
vector of the whole molecule onto the water surface. J, stretching
vector of hydrophobic part and J,, stretching vector of hydrophilic
part of the monolayer.
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without lateral long range crystalline order of the
molecules. The transition between a fluid and a
rigid sm C phase would only involve the melting of the
hydrocarbon chains (8).

2) Nematic lamellae. — The projection of the mole-
cular stretching vector onto the water surface assumes
two opposite orientation populated with equal proba-
bility. These projections would have the symmetry of a
nematic phase. For a racemic mixture one would
have C,,-symmetry.

4.2.3 Crystalline phases (Fig. 13c). — The sym-
metry of these phases may now differ with respect to
1) the lateral lattice formed by the molecular centres
of mass, 2) the orientation of the hydrophobic
stretching vector (J,) and 3) the orientation of the
hydrophilic stretching vector (J,). Accordingly, a
large number of phases are possible. The X-ray studies
of bilayers [19, 20] and electron diffraction studies of
monolayers [21] suggest that the hydrocarbon chains
form a triangular lattice. The polar head groups may
then, however, form two different lattices as shown in
figure 13c. A first lattice where the primitive translation
vector a and b form an angle of 60° and a second lattice
where a and b form a 120° angle. In an ideal triangular
lattice 2 |a| = |b|. According to figure 13c the
orientation of J, may be varied in both types of lattices.
It is thus understood that further types of crystalline
phases are possible.

4.3 THE MAIN TRANSITION. — The orientation and
length of the stretching vector, J, and both the density
and the symmetry of the lateral molecular packing will
change simultaneously at this phase transition. A
rigorous description in terms of the Landau expansion
of the free energy becomes extremely complicated [16].
However, the essential physical background of the
main transition in the neighbourhood of the critical
point may be understood by the following simplified
model :

At low temperatures the isotherms exhibit a very
large jump in the area per molecule (cf. Figs. 1-5).
Accordingly, it is the density p which undergoes the
most pronounced change, while the direction of J
changes only slightly. Now, both the value and the
symmetry of p change. To a first approximation the
difference in the free energies between phases III
and II may therefore be expanded in terms of the
change p; = pyy — pu of the lateral density (°) :

1
Fu(m, T3 p1) — Fulm, T) = 5 A, T).p% +

1 1
+ 7 B(m, T).pt + g C(m, T)-p7  (4)

(®) If the molecules had an average electric dipole moment fixed
with respect to the stretching vector J, the monolayer would have a
resulting macroscopic electric polarization P and would be ferro-
electric [18]. Since div P is proportional to div J a deformation of the
membrane would create a lateral space charge density p (= divP).

(®) We consider the example between phase II and III. The
consideration would also hold between phase I and III.
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pu is density of the anisotropic (°) fluid phase. py, is the
density of the crystalline phase 1I1. py is isotropic and
consequently phase II has the higher symmetry in the
sence of Landau. Since py is isotropic, p, may be
expressed in terms of a superposition of those plane
density waves which determine the lateral density of
the phase 111 alone. For symmetry reasons terms of odd
order in p, have to be omitted in eq. (4). This is evident
from figure 13c¢ since both lattices may be approxi-
mately described by a single plane density wave with
maxima at the position of the heavy polar head groups.

The above free energy cannot yet describe the main
transition since it neglects any coupling between the
simultaneous changes in density order parameter and
in the average chain orientation. This coupling may be
taken into account by the additional free energy
difference [9] :

1
F, = EK(Om — 0 —tlpy >0 — 6. (5)

In this equation, 6, and 0y, are the angles between the
stretching vectors and the normal, N, to the water
surface. The first term accounts for the elastic energy
involved in the change of the chain orientation upon
going from phase II to III. K is the orientational elastic
constant and is positive. The second term is the non-
trivial coupling term of lowest order. It can be linear
in 0 since the angle does not undergo a break in sym-
metry at the phase transition. The correlation between
chain orientation and density is obtained by minimiz-
ing the total free energy F = Fy; + F, with respect
to Oy This yields

t
O — O = Jre Loy I (6)
The free energy is then given by

1
Fy = Fy +§AP%+

+ %(B - 22/K) pt + %Cpf + @)
t and K are phenomenological coefficients which are
expected to depend on both the temperature and on the
pressure (or area). For thermotropic liquid crystals the
temperature and density dependence of K is well
established and a similar behaviour is expected for
lipid layers (see e.g. ref. [9]). From this analogy it then
follows that K must increase with increasing lateral
packing density or pressure. The temperature and
pressure dependence of the coupling coefficient # is not
known. Now, ¢ is expected to decrease with increasing
pressure since the density jump at the main transition
becomes smaller. Accordingly the correction to the
4th order coefficient decreases with increasing pres-
sure. Consequently the transition must become of
second order (C > 0) and the critical point (@) in
figure 6 is a tricritical point. The change from first to
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second order (at this point) is thus induced by the
coupling between the density order (p,) and the orien-
tational order (0). This is completely analoguous to
the Rodbell-Bean effect in magnetism [8]. Another
example is the nematic — smectic A transition [22].
According to figure 10 the heat of transition, Qy,
decreases linearly with the increasing temperature
upon approaching the tricritical point. This behaviour
of Oy follows directly from the free energy of eq. (7) :
The entropy change at the main transition is given by

Q 0(Fm — Fy)
T_: = (Sy — Sm) = __ﬂaT_"_ =
104 2
=3 3T, pi(Tw*. ()
0A4 . .
Since = 37 7|, is approximately constant, Qy is propor-

tional to p,(TM) This change in the density p,(Ty) is
obtained from the condition for the phase transition
Fy — Fy = 0. Using the usual approximation

A=A4yT — Ty

one obtains
pi(Ty? o (T — T). ®)

Far away from the tricritical-point, p,(7Ty)*> and
therefore Qy asymptotically approaches a constant
value in accordance with figure 10.

4.4 Second order transition (1 — 11 and 111 — IV).
— It is characteristic of these transitions that both the
compressibility, x (cf. Fig. 8) and the thermal expan-
sion coefficient, « (cf. Fig. 7) exhibit a jump only. This
shows that these transitions are of second order. As
shown by Landau the direction (sign) of the disconti-
nuities in k and a give information about the symmetry
break at the transition : By using the Ehrenfest condi-
tion for a second order transition (Aa = 0 and AS = 0)
the changes in k(Ax) and in a(Ax) may be related to the
change in the specific heat, AC,, at constant pressure
according to :

1

dT
Ao = 7., d— * AC, (10a)
1 (dT
Ax=7,(d ) - AC, . (105)

For a second order transition from a more symmetric
to a less symmetric phase the Landau expansion leads
to

%0

AC,z =2—§

T, 1y
where T, = Tg for 1 - Il and T, = Tk for 1II — 1V.
For the 2nd order transition B > 0. For T > 10 °C

(cf. Fig. 11) dT/dn > 0 along all transition lines.
Accordingly, both Aax and Ax should undergo an
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abrupt increase (positive jump) if one goes from a more

symmetric (p; = 0) to a less symmetric (p; # 0)
phase.

4.4 SECOND ORDER TRANSITION (I -II AND III-1V).

We first consider the expansion coefficient, «. At the
transitionI — II a exhibits a positive jump and phase IT
is less symmetric. Since both I and II are fluid phases
(cf. Fig. 9b) it follows that II must be an anisotropic
fluid phase (cf. Fig 11). The relatively large decrease in
viscosity upon going from I — II (cf. Fig. 9b) strongly
suggests that phase II is smectic C rather than nematic
(cf. Fig. 13). The viscosity difference between an iso-
tropic and a nematic phase is expected to be much
smaller [9].

At the transition from III - IV Ax <0 and
phase 1V should be more symmetric than phase III.
This can be understood by assuming that phases III
and IV are both crystalline [21]. According to
figures 1-5 the area per molecule in phase III changes
continuously upon approaching the phase transition.
This strongly suggests that the transition is due to a
change in the tilt of the molecules. This leads to the
conclusion that phase 111 is crystalline tilted while IV is
crystalline non-tilted. The transition would thus be
characterized by a symmetry break of the order
parameter J,. For palmitic acid, where 111 — IV is of
weak first order the above argument does not apply.
This situation is more complicated for the compressi-
bility change.

For the transition III — IV Ax again undergoes a
negative jump (Ax < 0) in agreement with the sign of
the change in the expansion coefficients. For f~-DPL
it is Ax > 0 at the transition I — II which again
agrees with the behaviour of . For a-DPL and phos-
phatidic acid, however, Ak becomes negative at this
transition as seen in figure 8b.

These difficulties arise due to the fact that the mono-
layer is a true 3-dimensional system. In the above
consideration it was assumed that the changes in
lateral pressure and in area are not connected with
changes in the third dimension or in the stretching
vector J (*°) : the question arises which of the two
thermodynamic parameters, the compressibility &,
or the thermal expansion coefficient, a, gives more
reliable information on the symmetry break involved
in the second order phase transition. Now, x is only
sensitive to changes in the curvature at the minimum
of the free energy. a, however, is rather dependent on
the asymmetry of the free energy curve about the
minimum. This suggest that it is «, rather then x, which
gives more reliable information on symmetry changes
connected with changes in J. It is for this reason that we
come to the conclusion that phase I is anisotropic
while II is isotropic. This picture could change if a
further mesophase was detected between the gaseous
phase and the 7/ Ty equilibrium line.

(*% Note that the stretching vector was introduced to extend the
monolayer in the third dimension.
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The second order transition III — IV was inter-
preted as a change in tilt of the lipid chains with respect
to the normal of the water surface. In the isotherms
of figures 1-5, phase IIl started at the transition
point M, the end point of the straight line of the main
transition. The isotherm of phase III is characterized
by a rather soft increase in pressure at decreasing
areas. This is interpreted as being due to the change in
the tilt angle 6. The tilt angle at point M,  has been
estimated by assuming that at the III - IV tran-
sition 6§ = 0. We obtain a value of 8 ~ 30°, which is in
reasonable agreement with X-ray data [19].

4.5 COOPERATIVITY OF MAIN TRANSITION. — An
outstanding feature of the main transition is that both
the isotherms and the isobars are non-horizontal in the
transition region. This is in striking contrast to the
behaviour of ordinary three-dimensional systems in
the two phase region.

The first suggestion is to attribute this peculiar
behaviour of the monolayers to impurities. In order to
test this possibility we took great care in purifying the
lipid and the water phase. Although the slope of the
transition region was strongly dependent on the purity
of the lipid and even more on that of the water, the
slope did not change further after a certain degree of
purity. The finite slope thus seems to be an intrinsic
property of the monolayer.

Some authors attributed the finite slope to an addi-
tional surface pressure caused by the electrostatic
interaction of the two-dimensional electric dipole
layer of the polar head group region [14, 23]. A rough
estimate indeed shows that this -additional -surface
pressure amounts to about 10 dyn./cm for a molecular
dipole moment of 1 Debye. For an ordinary phase
transition such an additional surface pressure could
shift the transition temperature but it should not alter
the typical behaviour of a true two phase region. Thus,
the finite slope has to be attribute to the limited size of
the cooperatively transforming units. In fact, it has
been pointed out by Landau [17] that in systems
restricted in the third dimension the fluctuations lead
to a finite size of the cooperative units.

The size of cooperatively transforming units may be
estimated from the width of the transition line by
considering the phase transition as an all-or-nothing
transition between two states (phases) A and B

K

A2B (12)
K is an equilibrium constant. A and B symbolize the
clusters of the phases which may transform simulta-
neously and reversibly into each other. The number of
molecules in each cluster is denoted as n, and np,
respectively. The equilibrium constant is equal to
the ratio of the concentration in phase B ([B]) and
phase A ([A]), respectively

B]

k=@

(13)
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The degree of transition is characterized by the order
parameter ( ;

[B]

TR B a9

Now the Van t’Hoff equation relates the equilibrium
constant K to a) the heat of transition AQ (at
IT = constant)

dlnK,) AQ
0T  RT? {13)
and b) the change in area-Aa (at T = constant)
dnK;) Aa
. _ RT (16)

AQ is the heat of transition of the whole cluster under-
going a spontaneous phase transition in the all or
nothing process (Eq. (12)) : Similarly, Aa, is the change
in area of the whole cluster. In the center of the
transition ({ = 1/2) n, = ng = N and therefore :
AQ = N.gy and Aa = N.Aay. Aay is the change of
area per molecule and gy, is the heat of transition per
molecule. Aa and AQ, respectively, may be determined
from plots of the order parameter { versus pressure
(from isotherms) and of { versus temperature (from
isobars) according to ‘

- %
Aa = 4kTM<an> i an
AQ = 4 kTE (g—CT> o (18)

Since in the region of the main transition the isobars
and isotherms are straight lines, 0(/0r is given by the
reciprocal of the pressure difference between the onset
and the end of the transition (my, — my, in figure 1).
0¢/0T is obtained in the same way from the isobars.
gy has been determined from figure 10. Aay;, the jump
in area per molecule is taken directly from the iso-
therms. For L-a-DPL the size of the clusters deter-
mined in this way is given in Table 1. Reasonable
agreement between the values obtained from the iso-
therms and from the isobars is observed. The values
from the isobars are somewhat smaller due to experi-
mental difficulties (e.g. loss of lipid, fluctuation in
pressure). The cooperativity increases upon approach-

TaBLE 1

Number of molecules, N, in a cooperative unit as a
function of temperature and pressure for L-a-dipal-
mitoyllecithin. The first two columns are obtained
from isobars. The other results are from isotherms.

A 3001 4 12 20 29 4
cm

T[C] 26
N 60 100 [ 80 90

34117 21 26 30 34 39
130 150 160 190
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ing the tricritical-point. This is consistent with the
observed decrease of the heat of transition near the
tricritical-point (cf. Fig. 10). This increase in coopera-
tivity is in complete agreement with the Landau theory
which predicts a divergence of the coherence length of
the fluctuations of one phase in another in the neigh-
bourhood of a tricritical point.

The finite size of the domains undergoing a coope-
rative phase transition may be caused by other mecha-
nisms. One further possibility is that the density of
dislocations and disclinations in the smectic mono-
layer is rather high and thus may limit the size of the
clusters. Secondly, the tendency of lipids to form
micelles may lead to fluctuation in the surface cur-
vature which again would limit the size of the coopera-
tive units. Such a model of surface modulation has
recently been proposed to explain the ripple structure
of lipid bilayers [24].

4.6 COMPARISON OF MONOLAYER WITH BILAYER
MAIN TRANSITION. — Lipid bilayers undergo two
phase transitions at the temperatures T, and T,,
respectively. The so called main transition (at T;) has
been attributed to the transition from the isotropic
fluid to an anisotropic (tilted) crystalline phase while
the two opposing monolayers are supposed to be
completely independent. The transition at T, the so
called pretransition, has been attributed to the
coupling of the two opposing monolayers [24]. It would
be most desirable to relate the phase transition of the
bilayers with the phase diagram of monolayers,
because for monolayers the phase may be studied over
a large temperature and pressure range. For two rea-
sons it is not straightforward to obtain such a connec-
tion :

(i) The phase diagram is a planar section through
the three dimensional pressure-temperature-concen-
tration (c,)-diagram (c,, = molar fraction of water).
The most reasonable assumption is that the section is
parallel to the n-7-plane near ¢ = 1.

(i) More seriously, the surface pressure may be
completely different in the bulk and at the water
surface. As a way out of these difficulties Phillips
et al. [13], Nagle [3] and Hui et al. [21] propose to
equalize the transition temperature of the monolayer,
Ty, with that of the bilayer, T;. They therefore
conclude that for DPL the main transition of a bilayer
is identical to the main transition of a monolayer at a
surface pressure nz = 50 dyn./cm. However, this
pressure would be about equal to the pressure my at the
critical point of the monolayer. For thermodynamic
reasons this cannot be allowed, since at the critical
point of the monolayer, both the heat of transition Qy
and the change in area Aay, are zero. In DPL-bilayers,
however, one observes a rather large transition heat
of AQy = 32,2 kJ/mole [12] and a large change in area
of Aay = 10 A2/molecules [20]. In our opinion it is
therefore more appropriate to equalize the change
in area and the change in entropy of the bilayer with
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the corresponding values of the monolayer. From
figure 10 and figure 1 it follows that the values of
Oum ~ 32 kJ/mole and of Aa ~ 10 A%/molecule are
observed for monolayers at a surface pressure of
12,5 dyn./cm. This seems to be a contradiction, since
the transition temperature of 26 °C is much lower than
the value of 7, = 42 °C for the DPL-bilayers.

A way out of this difficulty is again obtained by
application of the Landau theory. In order to compare
monolayers with bilayers it is necessary to introduce an
additional surface pressure ¢. The contribution of this
surface pressure to the Landau free energy is given by

e
=)

F, accounts for the fact that in a monolayer the hydro-
carbon chain surface is free while in bilayers one has to
consider the interaction between two hydrocarbon
surfaces. It is important to realize that this additional
surface pressure is a function of the area a. The mono-
layer interaction depends on the degree of penetration
of the hydrocarbon chains of one monolayer into the
hydrocarbon region of the opposing monolayer. This
penetration depth and therefore ¢ depends on the
packing density a~!.

In the neihgbourhood of the phase transition F may
be expanded in terms of the change in the order para-
meter p,; :

Fa=a0+b0/;l + copi+

o(a) da (19)

(20)

According to the Landau model the free energy
cannot contain terms linear in p, (b, = 0). At the
phase transition the total free energy F (= Fyy + F,)
must have a minimum. From dF/dp, = 0 it follows

2¢ops + AT —T) py +

+ Bp; + Cpi + - =0. (21)
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The transition temperature of the monolayer is then
given by

Tu=T.- 7"

(22)
T, is identical to the transition temperature of the
bilayer for which F, = 0. It is clear that the mono-
layer indeed has a lower main transition temperature
than the bilayer for identical values of change in
entropy and area. In the treatment of Nagle [3]
the dependence of the additional surface pressure
on the area was ignored and therefore ¢, = 0.
Our above conclusion that the DPL-monolayer at
about 12.5 dyn./cm has to be compared with the
DPL-bilayer is also consistent with the phase diagram
(cf. Fig. 11, line —. —. —). There the (ng, T)-equi-
librium curve is nearly horizontal between 0 and 20 °C
and the III — IV transition should be absent in the
bilayer. The crystalline phase of the lecithin bilayer is
indeed tilted [19, 25]. It is also clear that the III — IV
transition cannot be identified with the bilayer pre-
transition. This follows from the findings that the
monolayer III — IV transition is at most of very weak
first order. The bilayer pretransition, however, is
accompanied by a rather large value of the heat of
transition [12]. This is a further proof for our conclu-
sion presented in a previous paper [24]. There we
provided strong evidence that the pretransition is due
to a decoupling of the two opposing monolayers (at
increasing temperatures) rather than to a transition of
the polar head group region.
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