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PHASE SEPARATION AND DOMAIN INTERACTION 
IN PHEOPHYTIN CONTAINING MONOLAYERS 

H.  HEITHIER, H.-J. GALLA and H. MOHWALD 

Universitat Ulm, Exp. Physik 111, Oberer Eseslberg, 7900 Ulm, Germany 

R6sumB. - On a mesurk simultankment la pression de surface et I'intensitk de fluorescence des 
couches minces monomolkculaires qui se composent du lipide contenant de la phkophytine a la 
surface de skparation de l'eau et de l'air. 

Nous avons trouvk une separation de deux phases diffkrentes. La phase 1 en domaines de pheo- 
phytine, par contre Ia phase 2 est composCe d'un seul domaine de lipide contenant 2 B 15 % de pheo- 
phytine dependant de l'ktat du lipide. 

La transition des domaines phkophytiniques est decrite par un modkle qui explique correctement 
la dkpendance observke de la pression de transition nk de la concentration. L'analyse des rCsultats 
prouve que les domaines phkophytiniques sont 6tendus a deux dimensions et qu'ils sont de grandeur 
limitCe (plus petites que l 000 molkcules). 

Les domaines sont stabilises par des forces sttriques provenant des environs. Nous avons calculC 
le changement des interactions pendant la transition de phase et nous avons obtenu le rksultat 
suivant : 0,6 X 10-l3 erg par molCcule au milieu et 1,2 X 10-l3 erg par molkcule au bord du 
domaine. 

Abstract. - Surface pressure and fluorescence intensity of pheophytin containing lipid-mono- 
layers are measured simultaneously at the air-water interface. A phase separation into two distinct 
phases is reported. Phase 1 exists of pheophytin domains whereas phase 2 is a lipid domain containing 
pheophytin in molar content between 2 % and 15 %, depending on the state of the lipid. 

The transition of the pheophytin domains is described within a model explaining correctly the 
observed concentration dependence of the transition pressure n,. The analysis shows that the pheo- 
phytin domains are two-dimensional and of limited size (smaller than 1 000 molecules). The domains 
are stabilized by their environment by steric forces. The change of the interactions during the phase 
transition is calculated. It amounts to 0.6 X 10-l3 erg per molecule in the bulk of the domain and 
to 1.2 X 10-13 erg per molecule at the domain wall. 

1. Introduction. - There is increasing evidence 
that the chloroplast thylakoid membrane contains 
the chlorophyll molecules in a non-random distri- 
bution [l, 21. This is quite important since the function- 
ing of the photosynthetic unit critically depends on 
the kind of molecular arrangement within the mem- 
brane [3]. In order to get structural information it is 
therefore of interest to study interactions between 
chlorophyll molecules and lipids, proteins, water or 
other chlorophylls. 

Mixed monolayers containing chlorophylls have 
proved one of the most well-defined model systems 
to study these interactions [4, 5, 61. We investigated 
these systems containing the lipid a-dimyristoyl- 
lecithin (DML) and pheophytin in a different relative 
amount [7]. The pheophytin fluorescence and the 
surface pressure were measured simultaneously as a 
function of molecular area a t  the air-water interface. 
This enabled us to detect and to characterize pressure 
induced phase changes of the monolayer [8]. It also 
enabled u6 to establish phase separations on the 
monolayer surface that will be briefly reviewed. The 
purpose of this work is the presentation of a model 

to describe domain interactions and will draw conclu- 
sions with respect to the type of interactions and 
the shape of the domains. 

2. Results and discussion. - 2.1 PHASE SEPARA- 

TION BETWEEN PHEOPHYTIN AND DIMYRISTOYLLECI- 
THIN. -Very recently we could establish a phase 
separation of the mixed monolayer into two distinct 
types of domains [8]. Domain (1) exists almost 
exclusively of pheophytin molecules whereas domain 
(2) exists of DML molecules solubilizing pheophytin 
in a concentration X,, its solubility limit. X, was 
determined as 15 $. 5 mole % in the fluid DML 
phase and was supposed to decrease to only a few 
mole % on transition from the fluid to  the solid phase. 
The phase separation was proved from the fluorescence 
as well as from the pressure data. 

An example for these measurements gives figure 1 
that shows the surface pressure versus area diagrams 
for monolayers containing DML and pheophytin 
in varying amount. For pheophytin concentrations 
below l0 mole % one clearly observes the DML 
main transition at a pressure between 14 and 
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area per molecule ib) - 
FIG. 1.  -Surface pressure versus area diagram of DML mono- 
layers containing pheophytin in different concentrations X. Tem- 
perature 8 OC. (1) : X = 0 mole %, (2) : X = 4 mole %, 
(3) : X = 10 mole %, (4) : X = 20 mole %, (5)  : X = 40 mole %, 
(6) : X = 60 mole %, (7) : X = 80 mole %, (8) : X = 100 mole %. 

20 dyneslcm, whereas for larger pheophytin concen- 
trations the pheophytin main transition is clearly 
observed. It is important to note that the pressure 
corresponding to the latter transition strongly depends 
on concentration. The model that we will subsequently 
present describes this concentration dependence of 
the pheophytin transition more quantitatively. 

2.2 THE PHEOPHYTM MAIN TRANSITION. - Figure 2 
gives data on a pheophytin monolayer that are 
relevant with respect to a physical interpretation of 
the phase transition. The pressure versus area diagram 
(curve 1) changes abruptly at an area of 87 A2/molecule 
to become nearly horizontal at smaller areas. At an 
area below 45 A2/molecule the slope increases again, 
but remains finite for even the smallest areas mea- 
surable with our film balance (10 A2/molecule). The 
simultaneously recorded fluorescence intensity (at 
680 nm) changes drastically at an area of 130 A2/mole- 
cule which is probably due to an unwrapping of 
pheophytin from water molecules. The main transi- 
tion is only slightly reflected as a change in the slope 
(arrow 4 in figure 2). A more pronounced change in 

area per molecule 16) - 
FIG. 2. - Surface pressure (1) and fluorescence intensity J (2) as 
a function of area for a pheophytin monolayer. T = 8 OC. Curve 

(3) represents the product Jx molecular density. 

the slope of the fluorescence versus area curve occurs 
at an area of about 45 A2/molecule (arrow 5). It is 
remarkable that, although the molecular density 
is doubled in going from arrow 4 to arrow 5, the 
fluorescence intensity of the layer does hardly increase. 
This indicates that a change in the area between 
these two points does not involve a change in the 
density of fluorescing molecules. It can be understood 
if during the pheophytin transition the molecular 
density of the fluorescent surface layer remains 
unchanged. Hence on further increasing the pressure 
molecules are pushed into the subphase where they 
do not fluoresce. 

There are also other facts showing that during the 
transition pheophytin molecules are pushed into the 
subphase, still interacting with the surface layer : 

1) Curves 1 and 2 in figure 2 are reversible, repro- 
ducible and do not show any discontinuities, as to be 
expected for an unstable layer. 

2) The absorption spectrum measured by Bel- 
lamy et al. [4] for their so-called unstable region 
shows an additional band near 700 nm. This band 
has to be expected for pheophytin aggregates which 
are supposedly formed below the surface [9]. 

3) At a pressure of 30 dyneslcrn the area per 
molecule in figure 2 is less than 10 A2. This is much 
less than the area needed by a pheophytin molecule. 

4) Figure 3 gives the area per molecule as a function 
of concentration at a pressure of 40 dyneslcm. The 
measured points are rather close to line 11. This 
shows that the area is essentially determined by the 
fraction of DML molecules within the layer. Hence 
only a small part of pheophytin molecules remains, 
within the surface layer at this pressure. 

2.3 QUALITATIVE MANIFESTATION OF THE DOMAIN 

INTERACTION. - During the previous two sections 
we have established the existence of two types of 
domains within the monolayer surface and we gave 
some interpretation of the transition of the pure 
pheophytin monolayer. The latter is expected to 
hold also for the transition of the pheophytin 
domains (1) in the mixed monolayer. We now turn 
to the main topic of this work, the interaction between 
the domains. In our understanding a domain exists 
of a regular arrangement of molecules, in the environ- 
ment the molecules are arranged differently. 

There are essentially two experimental facts proving 
that there is an interaction between a pheophytin 
domain and its environment and that this interaction 
tends to stabilize the pheophytin surface layer : 

1) The pheophytin solubility in the DML phase 
was estimated to about 2 mole % [8]. However, at a 
pressure as large as 40 dynes/cm the area per molecule 
increases with pheophytin concentration in the concen- 
tration range between 2 and l0 mole % (Fig. 3). 
This shows that pheophytin present in excess of 
2 mole % is not completely segregated into the 



FIG. 3. - Area per molecule for a surface pressure of 40 dynes/cm. 
Line I1 gives the area of the solidified DML domains containing 
2 mole % of pheophytin. The measurements would obeye line I, 
if the pheophytin domains would remain in the surface layer. The 
area of these domains was calculated from an extrapolation of 
curve 8 in figure 1 to higher pressures (see footnote in the text). 

water phase. Thus there exist pheophytin domains 
within the surface layer and these domains are also 
stable at a pressure well above the transition pressure 
;n, of the pure pheophytin monolayer 

The domains of the mixed monolayer are obviously 
stabilized by their environment. 

2) The pressure n, increases with increasing DML 
concentration. This can be understood if the domain 
interaction depends on concentration. In the next 
section we will describe a model that gives a physical 
picture of this concentration dependence. 

2.4 MODEL FOR THE QUANTITATIVE EVALUATION OF 

THE DOMAIN INTERACTION. -We consider a pheo- 
phytin domain containing N molecules, of which 
NW form the domain wall. The free energy G of the 
domain in two states (1) and (2) is then given by the 
equation 

where d) is the pressure, a') the area per molecule, 
X )  the interaction energy per molecule in the interior, 
fi) the interaction energy per molecule at the wall 
in state i. 

We now assume a transition from state (1) to 
state (2) specified by the following conditions : 

a) n l )  = n2) = 71,. The transition occurs at a 
constant pressure. This corresponds to a horizontal 
surface pressure versus area diagram and is reasonably 
well fulfilled in figures 1 and 2. Under this condition 
the enthalpy is also conserved, i.e. G(l) = G(2) 

b) a' = 2 a2 = a,. We define state (2) as the state 
where the molecular area of the domain amounts to 
half of its value in state (1). This definition was used 
since between a, and 112 ak (arrow 4 and 5 in figure 2) 
the surface pressure in figures 1 and 2 does not change 
significantly and since near an area of 112 a, the 
slopes of surface pressure and fluorescence curves 
change significantly. . 

c)  N:) = N:). The assumption of identical num- 
bers of barrier molecules is not necessarily valid in 
the system under investigation. It holds if the mono- 
layer bends and forms ripples as is observed from 
electron micrographs of vesicles [10]. One may also 
imagine changes where an ordered structure in the 
subphase builds up [8]. In that case a relation 
N i )  = CN;) is expected, c being a constant of the 
order of unity. Using this more general relation would 
somewhat complicate the calculation and change the 
numbers finally presented, but it would not qualita- 
tively alter our calculation. 

With these assumptions we obtain from eqs. (1) 
and (2) 

If the domain size is rather small the number of 
molecules near the barrier is not negligible with 
respect to the total number of molecules within the 
domain. Therefore the second contribution in equa- 
tion (3), due to changes in internal energy of barrier 
molecules, is also important. It is essentially this 
term that determines the observed concentration 
dependence of the transition pressure n,. 

4 For a twodimensional domain the relation 

generally holds. For simplicity we assume a circular 
domain for which we obtain the relation 
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e) Whereas equation (3) gives a relation between 
transition pressure zk and domain size, the measure- 
ments yield .n, as function of concentration. Therefore 
we have to connect domain size and concentration. 
This is done by using a model that holds to describe 
phase separation on lipid bilayer vesicles : we assume 
a constant number of pheophytin domains in the 
concentration range 20 mole % G X' G 80 mole %, 
hence the domain size depends on concentration 
according to : 

N = x' .NO ( 5 )  

is the concentration of pheophytin that is not dissolved 
within the DML domains (X, x 2 mole X). 

N o  represents a maximum domains size which for 
monolayers and vesicles is estimated to be some 
hundred [l 1-1 31. 

From equations (3), (4) and (5) one finally obtains 
a relation between the volume work done during the 
transition and the pheophytin concentration x' 

This is exactly the functional dependence that is 
observed in the experiment and is represented in 
figure 4 (l). This figure is the highlight of our work 
giving rise to the conclusion discussed in the next 
paragraph. 

3. Conclusions. - The model describing the 
domain interaction depends on the assumptions a)-e) 
just discussed. some of these assumptions are neces- 
sary only for a quantitative evaluation of the data 
but some of them are crucial for the applicability of 
the model. On the other hand, we think that the 
validity of equation (6) also proves the validity of 
its basic assumptions and leads to the following 
conclusions : 

1) An appreciable part of the number N of mole- 
cules within the domain are near the barrier. This 
indicates a domain size not exceeding 1 000 molecules. 
Otherwise the second term in equation (6) could be 
neglected, leading to a constant transition pressure 
Xk. 

(l) In the derivation of figure 4 the area per pheophytin molecule 
a, within a pheophytin domain had to be determined for different 
pressures n,. This was done by extrapolating the pressure versus 
area curve 8 of the expanded state of figure 1 to higher pressures 
as if the phase transition at 20 dyneslcm would not occur. This is 
somewhat arbitrarily, but one estimates the error induced by this 
procedure to only about 2 %. 

FIG. 4. - Volume work performed during the pheophytin tran- 
sition as a function of pheophytin concentration X'. 

2) The domains are twodimensional. If they existed 
of single onedimensional arrays every molecule of 
the domain would also be one of the barrier. 

(N = NW). Insertion of this identity into equa- 
tion (3) would also result in a constant transition 
pressure E,. Hence if the pheophytin molecules are 
stacked in arrays, as is expected from X-ray data of 
pheophorbides [9] and from optical measurements 
and exciton calculations [l, 21, these arrays are arrang- 
ed in a twodimensional lattice within the domain. 
This result is also of interest with respect to the 
discussion of the chlorophyll arrangement on the 
photosynthetic membrane [l-31. 

3) The assumption of a domain number inde- 
pendent of concentrations and a concentration depen- 
dent domain size seems to be valid on the monolayer 
surface too. An alternative picture regarding a concen- 
tration independent domain size does obviously not 
hold. It would lead to a concentration independent 
transition pressure. 
4) An a priori not anticipated result is also that 

even the measurement of the pure pheophytin mono- 
layer obeyes the straight line of figure 4. This indicates 
that with respect to the interaction between domain 
and environment it does not matter whether the 
latter is composed of pheophytin or of DML mole- 
cules. This indicates that the contributions of the 
steric forces dominate those of the chemical forces. 

5) From slope and intercept of the line in figure 4 
one can further calculate the energy changes per 



molecule involved in the transition. One obtains for 
the change in energy per molecule in the bulk of the 
domain : 

A') - A') = 0.6 X 10-l3 erg. 

To calculate the changes in the interaction energy of 
molecules at the domain wall one has to know No,  
the maximum number of molecules per domain 
and the shape of the domain (see assumptions c) 
and d)) .  Therefore we can only give a rough estimate 
of this value. Assuming a realistic number 
N o  = 100 [10, 121 one obtains from equation (6) 
and from the slope of figure 4 : 

The latter value is supposed to be accurate to only 
a factor of two. However, the positive slope of the 
line in figure 4 shows that according to equation (8) 
the value is larger than that given by equation (7). 
This again reflects the fact that it is the interaction 
a t  the domain walls that stabilizes the monolayer 
surface : more energy is needed to transfer a molecule 
at the wall from state (1) into state (2) than to transfer 
a bulk molecule into the area below the surface. 

Secondly the values given by equations (7) and (9) 
differ by less than a factor of five. This is conceivable 
if the forces responsible for the interactions at the 
wall and in the interior are of the same type. 

(f:' - f i ) )  - ((X) - .h1)) = 0-6 lop l3  erg . Achowledgment, - Helpful discussions with 
Hence Profs. E. Sackmann and H. Gruler are greatfully 

acknowledged. We also appreciate the technical 
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