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ABSTRACT Monolayers of amphiphilic copolymers consisting of two-chain surfactants bridged by hydrophilic 
chains of various lengths as well as of mixtures of these macrolipids with phospholipids are studied and discussed 
in terms of the de Gennes-Alexander scaling laws of adsorbed macromolecules. The thermodynamic properties 
are studied by film balance experiments, and the microstructure is studied by a recently developed phase 
contrast electron microscopy technique and by electron diffraction. It is demonstrated that heterogeneously 
organized monolayers of coexisting (fluid or solid) phases of monomeric and polymerized lipid may be transferred 
from the air/water interface onto solid substrates without structural alterations. Copolymers with long 
hydrophilic chains exhibit an entropy-driven transition from a two-dimensional expanded into a condensed 
state with chains confined to a cylinder as predicted by Alexander. The monomer adsorption energy is -0.lkT 
to -0.5kT. The two-dimensional radius of the chains scales as (N  = monomer number) as predicted. 
Monolayers of the copolymers with long hydrophilic chains swell readily by incorporation of monomeric lipid. 
The swelling and its saturation behavior are explained in terms of a balance between the entropy of mixing 
and the entropic elastic free energy associated with the expansion of the hydrophilic chain. The two-dimensional 
foamlike state of monolayers (gas/fluid coexistence) at low densities is explained in the scaling approach as 
a counteraction of (1) a hydrophobic repulsion of the hydrocarbon chains from the water surface (repulsion 
energies 6 = +lkT for CH2), (2) the chain-chain attraction arising since air is a poor solvent, and (3) the 
translational entropy. The interesting analogy between the swollen copolymer and the two-dimensional networks 
(the cytoskeleton) of spectrin which is coupled to the inner monolayer of the red cell envelope is pointed out. 

Introduction 
The introduction of polymerizable amphiphiles into 

membrane research opens a number of exciting new pos- 
sibilities for the construction of mechanical models of cell 
plasma membranes or of models of two-dimensional 
macromolecular solutions or gels. 

The mechanical and dynamic properties of cell plasma 
membranes are to a large extent determined by the cou- 
pling of the lipid/protein bilayer to a quasi-two-dimen- 
sional meshwork of protein filamenta (such as spectrin and 
actin in the case of the red blood cell membrane). As 
described previously,' this membrane-associated part of 
the cytoskeleton plays an essential, although not yet un- 
derstood, role for shape transformations of cells or for local 
membrane instabilities associated with chemically induced 
bending moments.'-3 Thus, local changes in the intrinsic 
curvature of the membrane appear to trigger many cellular 
events such as the detachment (excocytosis) and the in- 
ternalization (endocytosis) of vesicles or the formation of 
local protrusions (pseudopodia) during cellular migration 
(e.g., chemotaxis). 

In recent experiments2 we showed that model mem- 
branes composed of macromolecular surfactants (also 
called macrolipids in the following) and lipid monomers 
may undergo similar shape transformations as the red 
blood cell or may display the initial steps of excocytosis 
and endocytosis. From these model membrane studies it 
follows that the above-mentioned cellular processes may 
be understood in terms of general physical principles: the 
membrane curvature elasticity and chemically controlled 
intrinsic bending moments (spontaneous curvature). 
Moreover, these experiments provided evidence that the 
interconnection of part of the lipids by chains possibly 
together with lateral phase segregation processes are es- 
sential for these processes. 
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In the present work we investigated monolayers of a new 
type of macrolipid that consist of two-chain surfactants 
interconnected by hydrophilic chains, the general structure 
of which is exhibited in Figure 1. These copolymers are 
expected to be even more suited for the preparation of 
mechanical models of cell plasma membranes than the 
macrolipids studied hitherto. The hydrophilic chains allow 
for the interaction of monomeric lipids between the am- 
phiphiles and can simultaneously adsorb to the membrane 
surface. They may thus exhibit the same behavior as the 
spectrin filaments in the red blood cell which are fixed to 
membrane-bound proteins at both ends, exhibit a folded 
structure, and adsorb electrostatically to the charged lipid 
moiety of the inner monolayer. Macrolipids with charged 
chains can be easily prepared. 

Addition of monomeric lipids to monolayers of the co- 
polymers leads to a swelling of the latter which thus ex- 
hibits typical features of a two-dimensional polymer melt. 
Such mixed monolayers appear to be of general interest 
as two-dimensional macromolecular solutions in order to 
test scaling laws.4 

A further purpose of the present work is to demonstrate 
for the first time that heterogeneously organized mono- 
layers composed of (fluid or solid) patches of macrolipid 
and of monomeric lipid, respectively, may be disturblessly 
transferred from the air/water interface onto solid sub- 
strates. Such ultrathin and partially polymerized films are 
hoped to promote the application of Langmuir-Blodgett 
films in mi~roelectronics~~~ for the preparation of biosen- 
s018,5" and the buildup of organized molecular assembliesa 
or in order to render surfaces bio~ompatible.~ During the 
past years a large number of different types of polymer- 
izable amphiphiles have been synthesized (cf. ref 9-18), 
and it has thus become possible to prepare partially po- 
lymerized lipid lamella with a variety of physicochemical 
properties for such purposes. 

In the second half of this paper the properties of pure 
and mixed monolayers are discussed in terms of the 
scaling-law theory of adsorbed macromolecules of de 
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(magnification < €@OX) and 0.125 cm (>SOOX). The physical basis 
of the contrast formation by charge decoration has been described 
in detail p rev i~us ly .~~  In order to minimize radiation damage, 
the low-dose unit is used in particular for the exposures. 

The electron diffractions are taken with the selected-area 
technique of RiekeZ6 which enables us to take diffractions from 
small sample areas down to 3 bm2. Such experiments are possible 
with the EM 400 T equipped with a twin-objective lens. 

Most of the samples are simultaneously studied by the low-angle 
platinum shadowing technique and by scanning transmission 
electron microscopy (STEM) in order to check the homogeneity 
of the deposited monolayers and to determine approximate 
thickness differences of different monolayer phases. As shown 
previously,23b quantitative information concerning the lipid- 
packing density can be obtained by the density-mapping method 
using STEM. 

The platinum shadowing is performed in a Balzers BAF 400 
D device under an angle of incidence of 01 = 15' at lo4 mbar. Pt 
layers of IC-12-A thickness are deposited. Thickness differences, 
h, are estimated from the shadowing lengths, s, according to h 
= s tan a. Normally the same sample is simultaneously studied 
by all three techniques with the platinum shadowing being 
performed after completion of the phase contrast and scattering 
experiments. 

Experimental Results 
Pressure-Area Diagrams of Macromolecular Lip- 

ids. In Figures 2 and 3 we present a series of isotherms 
of the  copolymers composed of two-chain surfactants 
connected by hydrophilic chains tha t  exhibit the  general 
structure shown in Figure 1. Isotherms of two types of 
copolymers with different lengths of the hydrophilic chain, 
C, and structures of the  surfactant, respectively, are com- 
pared. In  addition, Figure 4a shows the  isotherm of the  
polymerized lipid of structure I with no hydrophilic chain 
C. 

The  isotherms exhibit the  following characteristic fea- 
tures. (1) For short  hydrophilic chains (z = 0-2) one ob- 
serves the same pronounced phase transition from a two- 
dimensional fluid to  a two-dimensional solid (condensed) 
state as for normal surfactants. T h e  transition pressures 
?r, increase with increasing temperature as predicted by 
the  Clausius-Clapeyron equation for exothermic fluid-to- 
solid transitions.% (2) If the total length of the hydrophilic 
chain (consisting of the  monomers from the spacer S and 
of the  hydrophilic chain C, respectively; cf. Figure 1) is 
increased ( z  2 5 ) ,  the  form of the  isotherm changes in a 
characteristic way: First, the  limiting molecular area A,, 
(cf. Figure 2 for definition) below which a lateral pressure 
s tar ts  to build up is shifted to  very large areas and  in- 
creases with the  hydrophilic chain length. Second, the  
isotherms exhibit a remarkable break a t  a pressure ?rb 
(which is indicated in Figures 2 and 3 by arrows) above 
which the slope of the  isotherms decreases. This strongly 
suggests a transition from an  expanded to  a condensed 
state. It is very noteworthy, however, t ha t  t he  pressure 
?rb of the isotherms is nearly temperature independent or 
is slightly shifted to  lower pressures with increasing tem- 
perature. If we interpret the  break as a phase transition, 
as will be done below, this means tha t  the  Clausius-Cla- 
peyron coefficient d?rb/dT = ASIA4 is negative, where 
and A S  are  the  changes in area and  in entropy, respec- 
tively, at the  transition from the  expanded to  the  con- 
densed state. Normal behavior (d?rb/dT > 0) is observed 
if the  monolayer is further condensed. In  fact, a change 
in the sign of d r b / d T  occurs at about the same area ( A  = 
120 A2) for all copolymers. 

Microstructure of Monolayers. In  order to get in- 
sight into the  microscopic structural changes of the  lipid 
monolayer caused by the lateral compression we present 
in the following a number of electron microscopic studies 
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Figure 1. Schematic view of macrolipid composed of amphiphilic 
molecules carrying hydrophilic spacers (S) that are interconnected 
by hydrophilic chains (C). The copolymer is fmed at the air/water 
interface. The hydrophilic layer thickness is D, and u is the 
average area per amphiphilic molecule. Thus u''~ is the average 
distance between nearest-neighbor amphiphiles. 

Gennes2OP2l and Alexanderz2 where the  hydrophilic chain 
corresponds to  the  adsorbed macromolecule and  the  am- 
phiphatic par t  serves to anchor the  first t o  the  surface. 
Although in the  present case both ends of the  chain are  
confined t o  the  surface, many properties can at least be 
explained semiquantitatively by these models. 

Material and Methods 
Materials.25 The phospholipids, DMPC and DMPE, were 

obtained from Fluka and were used as purchased. 
The polymerizable phosphate (I) abbreviated as (4,16)-PO- 

MECY (where the first digit (4) stands for the number of CH2- 
CH20 groups and the second (16) for the number of C atoms of 
the hydrocarbon chain synthesized as described else~here'~). The 
thermodynamic and structural properties of bilayers of this lipid 
as well as of mixtures with DMPC were reported previously. 

The monomeric lipids were polymerized in a toluene/dioxane 
(1:l) mixture with 1 mol % 2,2'-azobis(isobutyronitri1e) (AIBN) 
as radical initiator. After the mixture was flushed with nitrogen 
at 20 "C for 15 min, the polymerization was carried out at 65 "C 
and the mixture was kept for 10 h at this temperature for homo- 
polymerization and for 5 h for copolymerization (conversion about 
50%). The polymeric lipids were precipitated in a suitable solvent 
(methanol, acetone) and vacuum-dried from benzene. The 
polymers were characterized by thin-layer chromatography and 
'H NMR spectroscopy. The composition of the statistical co- 
polymers was determined by microanalysis. 

Film Balance and Monolayer Transfer. Monolayers are 
prepared by spreading solutions of the lipids or the lipid mixtures 
on the air/water interface of a film balance (Wilhelmy-type 
measuring system) described previou~ly .~~ The solvent is 3:l 
chloroform-methanol and the lipid concentration about 0.5 
mg/mL. The water in the subphase is purified by distillation 
and pmed through a Millipore filtration system. For the electron 
microscopic studies the monolayers are deposited onto electron 
transparent substrates23 by pulling the latter out from the water 
subphase at a speed of 0.34 cm m i d  by using a film lift. During 
this procedure the lateral pressure is held constant automatically 
by controlling the position of the barrier. 

The sandwich-type substrate is made up of three subsequent 
layers of (1) Formvar (Merck, Darmstadt, FRG) of 200-A thick- 
ness, (2) carbon (50 &, and (3) Si0 (50 A). The Formvar film 
is prepared by dipping a glass slide into a Formvar-chloroform 
solution using a film lift. After drying, the thin film is scaled from 
the glass onto an air/water interface. Subsequently, the latter 
two layers are vacuum deposited at lo4 mbar. In order to enable 
observations by transmission electron microscopy, the sand- 
wich-type substrate is deposited onto electron microscope grids. 
In order to avoid destruction of the monolayer during the transfer 
procedure, one or several substrate-covered grids are originally 
deposited onto glass microslides (2.4 X 2.4 cm2). In this way the 
danger of a disrupture of the monolayer by surface tension effects 
(during the drying of the deposited film) is minimized.= It should 
also be pointed out that the substrate has to be used within hours 
after preparation in order to avoid the Si0 surface becoming 
hydrophobic. 

For the electron microscopy a Phillips EM 400 T microscope 
is used. The phase contrast micrographs are taken in the low- 
magnification mode by defocusing (underfocus) between 1 cm 
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Figure 2. Isotherm of copolymer (CO-I$) of the structure shown 
in the f i r e  with increasing length of hydrophilic chain from top 
to bottom. L denotes the ratio of the number of hydrophilic 
CHzCHCOOCHzCHzOH groups to the number of surfactants: 
(top) z = 1; (middle) z = 5; (bottom) z = 10. Isotherms for the 
different temperatures indicated are given. a, denotes the 
transition pressure of the chain melting transition and ?rb the 
pressure at which the copolymers with long hydrophilic chains 
exhibit a break. The abscissa are given in units of square ang- 
stroms per amphiphile; note the different scale of the bottom 
curve. 

of the monolayers deposited onto the electron transparent 
substrates. Since we intend to demonstrate simultaneously 
that heterogeneously organized monolayers composed of 
polymerized and monomeric lipid domains (of which one 
at least is fluid) may be transferred disturblessly from the 
air/water interface to solids we present (with the exception 
of Figure 4) results for mixtures of polymerized and un- 
polymerized lipids. Here we report only results with 
DMPE as the monomer because with this component we 
managed to prepare the most stable monolayers. With 
other phospholipids-in particular synthetic lecithins-the 
transferred monolayers tend to exhibit cracks and holes 
which are attributed to a reorganization after transfer such 
as local crystallization. This holds especially for lipids 
forming crystalline phases with collectively tilted chains, 
such as DMPC. 

Figure 4 shows first an example of a binary mixture of 
monomers: DMPE and m-(4,16)-POMECY. The lipids 
exhibit fluid-to-solid transitions at  different transition 
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Figure 3. Isotherms of copolymer CO-II,z of the structure shown 
in the figure: (top) z = 1; (center) z = 5; (bottom) z = 10. The 
temperatures are indicated at the curves. 

pressures. The breaks in the isotherms (some are indicated 
in Figure 4a by arrows) correspond to discontinuities in 
the lateral compressibilities and thus indicate the phase 
boundaries of the mixed monolayer from which the phase 
diagram could in principle be established?& At the break 
of curve b (at arrow in Figure 4a), for example, lateral 
phase separation into a crystalline phase of nearly pure 
DMPE and a fluid phase poor in this component occurs. 

This phase separation is clearly demonstrated by the 
phase-contrast electron microscopy and diffraction ex- 
periments shown in Figure 4b. In the phase-contrast 
micrograph, dark dendrite-like platelets appear at pres- 
sures above the break point which grow in size with in- 
creasing pressure. They exhibit sharp hexagonally ar- 
ranged diffractions (inset of Figure 4b), demonstrating that 
the platelets are two-dimensional  monocrystal^.^^ The 
region between the platelets exhibits only diffuse dif- 
fraction rings. In contrast, it follows from platinum 
shadowing experiments that these regions are also covered 
by a monolayer which is obviously in an amorphous phase 
and which consists of nearly pure m-(4,16)-POMECY. The 
phase-contrast difference is attributed to a higher electric 
charging of the crystalline DMPE domains.23 

Figures 5 and 6 show two examples of mixed monolayers 
of the polymeric lipid without hydrophilic chain, namely, 
p-(4,16)-POMECY with two types of monomeric lipids: 
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Figure 4. (a) Isotherm of mixture of monomers, namely, monomeric (4,16)-POMECY and DMPE a t  20 OC. The molar fractions of 
DMPE are (a) XE = 1.0, (b) ;leE = 0.75, (c) X E  = 0.5, (d) XE = 0.25, (e) XE = 0.0. Arrows indicate liquidus lines of mixtures. (b) Phase-contrast 
micrograph of mixture containing 75 mol % DMPE and transferred from 18 m-l (cf. circle in a), that is, from the fluidsolid coexistence 
region. Inset: electron diffraction pattern of dark dendrite-like domains. 

DMPE (Figure 5)  and m-(4,16)-POMECY (Figure 6). 
These systems were .chosen because the chain-melting 
transition of the macrolipid is in one case higher (Figure 
5) and in the other lower (Figure 6) than the monomer 
phase change, enabling the preparation of monolayers of 
coexisting patches made up of solid macrolipid and of fluid 
monomeric lipid, respectively, and vice versa. As has been 
established in separate experiments, these compound 
monolayers can also be prepared by photopolymerization 
of the POMECY on the air/water interface. 

The interesting conclusions following from Figures 5 and 
6 are the following. (1) Continuous monolayers of coex- 
isting fluid and solid phases may be deposited on solids 
in both cases. One of the phases is a two-dimensional 
polymer melt (fluid in Figure 5 and solid in Figure 6) and 
the other a solution of the macrolipid in the monomer. (2) 
The mixture of DMPE and p-POMECY behaves as a eu- 
tectic system since the onset of the transitions of both 
DMPE and p-POMECY are shifted to higher pressures 
if the second compound is added. (3) Polymerization leads 
to a strong shift of the phase transition to lower pressures 
(corresponding to higher temperatures), which strongly 
suggests that its causes condensation of the monolayer. 
This is a consequence of the restriction of the freedom of 
motion of the hydrophilic head groups. 

Figures 7 and 8 summarize some important results 
concerning the microstructure of the copolymer COP-II,lO 
together with mixtures of this lipid with DMPE. The 
transfer pressures are indicated in the isotherms of Figure 
7a. 

Figure 7b shows a phase-contrast electron micrograph 
of a monolayer of the pure copolymer transferred from a 
pressure (S in Figure 7a) slightly above the break (at ab) 
of the isotherm. Small dark platelets are observed. These 
grow in number and size and merge at  increasing pressure 
and finally exhibit a crystal-type electron diffraction 
pattern. This provides strong evidence that the monolayer 

condensation at  q, is associated with a crystallization of 
the hydrophobic chain region. This would imply a col- 
lective tilting of the hydrocarbon chains in order to allow 
for a tight packing of the chains. Direct evidence for such 
a tilting is also provided by the finding of Figure 7c that 
the monolayer transferred at  a high pressure (34 mN m-l; 
point R in Figure 7a) exhibits a corrugated (rippled) 
surface profile with amplitudes of about 25 A. Chain tilting 
is indeed expected for all lipids that exhibit very large head 
groups such as is the case for the copolymer. 

As is demonstrated in Figure 8, continuous monolayers 
made up of mixtures of the copolymer with DMPE can be 
transferred onto solid substrates a t  all compositions. In 
this case two-dimensional single crystals of nearly pure 
DMPE form at  lower pressures; the crystals increase in 
number but not very much in size with increasing pressure. 
At further increasing pressures the copolymer crystallizes 
as well. In Figure 8c it is demonstrated that the monolayer 
deposited from the completely condensed state is homo- 
geneous. However, this is also the case for films transferred 
from the fluid-solid coexistence. The circular DMPE 
domains are about 15 A less thick than the intermediate 
regions, which is indeed expected since the thickness of 
the DMPE is determined by the hydrocarbon chains and 
that of the polymeric lipid by both the hydrophobic and 
the hydrophilic chains. 

Swelling of the Copolymer. Figure 7a exhibits an- 
other interesting behavior of the copolymer monolayer that 
is of more general interest. The DMPE readily dissolves 
in the fluid monolayer of the copolymer up to about an 
equimolar composition of the two types of surfactants. 
Further addition of DMPE leads to decomposition of the 
monolayer into the saturated phase and the nearly pure 
DMPE. This conclusion is suggested by the finding that 
above the saturation point DMPE crystallizes at  about the 
same pressure as the pure compound. In contrast, the 
transition pressure ?rb of the expanded-bcondensed phase 
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Figure 5. (a) Isotherms of mixture of homopolymeric lipid p- 
(4,16)-POMECY with monomeric lipid DMPE taken at 20 "C. 
The molar fractions of DMPE are (a) XE = 1.0, (b) = 0.75, (c) 
~ c E  = 0.5, (d) XE = 0.0. (b) Phase-contrast electron micrograph 
of monolayer of 1:l mixture transferred from 7 mN m-l. (c)  Dark 
field scanning transmission electron micrograph of same mono- 
layer as in (b) after platinum shadowing. The small platelets 
indicated by short arrows correspond to the dark precipitates (one 
is marked by dashed contour line). 

change of the copolymer is only shifted to a slightly lower 
value by the swelling. The circular precipitates formed 
at  ?rb (cf. Figure 8b) are probably made up of the con- 
densed copolymer containing DMPE. At  higher pressures 
(?r > 30 mN m-l) a recrystallization occurs, leading to 
decomposition into the two nearly pure crystalline com- 
ponents. 

Below, the swelling is explained in terms of a balance 
between the gain in free mixing energy and the expense 
in entropic elastic free energy associated with the expan- 
sion of the hydrophilic chains. 
Discussion 

Introductory Remarks. As compared to normal am- 
phiphiles, the monolayers of surfactants connected by 
hydrophilic chains exhibit the following new properties. 
(1) A lateral pressure arises a t  very large molar areas. The 
area, A,, of this pressure onset increases strongly with 
increasing hydrophilic chain length. (2) Copolymers with 
long hydrophilic chains exhibit a pronounced transition 
from an expanded to a condensed state, exhibiting at least 
a short-range crystalline order. The transition pressure, 
?rb, decreases slightly with increasing temperature (A?rb/AT 
< 0), which suggests that the condensation transition is 
an entropy-driven process. A crossover to a regime with 
normal behavior (A?r/AT > 0) is observed at  an area of 
about 120 A2 for all copolymers. (3) Monolayers made up 
of copolymers with long hydrophilic chains can dissolve 
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Figure 6. (a) Pressure-area curves a t  20 "C of the polymerized 
surfactant p-(4,16)-POMECY of structure I and of mixtures of 
this lipid with the unpolymerized component are shown for 
different compositions: (a) pure polymer (x, = 0.0); (b) molar 
fraction of unpolymerized component x, = 0.1; (c )  x, = 0.5; (d) 
x, = 0.75; (e) x, = 0.9; (f) pure monomer (x ,  = 1.0). Note that 
x, is equal to the number of monomeric lipids to the total number 
of monomeric and polymerized surfactants. (b) Phase-contrast 
electron micrograph and electron diffraction pattem of monolayer 
of 1:l mixture transferred on substrate from a pressure of 21 mN 
m-l where a fluid m-POMECY-rich phase coexists with crystalline 
p-POMECY. Simultaneously the diffraction pattem of this phase 
is given. (c) Platinum shadowing of above monolayer. The small 
platelets (short arrows) correspond to the dark precipitates of 
Figure 5b. Arrow indicates shadowing direction. 

large quantities of monomeric lipid by swelling. The 
swelling is associated with an expansion of the hydrophilic 
chain and exhibits saturation behavior. 

The above summary of unique properties of the mono- 
layers of copolymeric lipids suggests that a t  large expan- 
sions their behavior is determined by the adsorption of the 
hydrophilic chain to the interface and in the completely 
compressed state (<120 A2) by the interaction of the hy- 
drocarbon chains. 

In the following we provide evidence that the special 
features of the copolymers can be understood in terms of 
the scaling theory of adsorbed macromolecules of de 
G e n n e ~ ~ * ~ * ~ '  and Alexander.22 Moreover, the transition to 
a two-dimensional foam above the area (A,) of the pres- 
sure onset, which is characteristic for all sur fac tan t~ ,2~*~~ 
is explained in terms of the scaling approach. 

The adsorbed macromolecular layers are characterized 
by the following parameters: (1) N, the degree of polym- 
erization, which in our case is assumed to be equal to the 
number of monomers of one hydrophilic spacer (S; Figure 
1) and of the connecting chain (C; Figure 1); (2) D, the 
thickness of the adsorbed macromolecular layer, which in 
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Figure 7. (a) Isotherm of mixture of copolymer COP-I1,lO of 
Figure 3 with DMPE taken at 20 "C. The molar fractions of 
DMPE (x,) are given in the figure. x, is equal to the ratio of 
the number of DMPE molecules to the total number of surfactants 
(DMPE and polymerized lipid). (b) Phase-contrast electron 
micrograph of pure COP-I1,lO monolayer transferred from 
pressure (10 mN m-l) slightly above the break of the isotherm 
(S, in Figure 7a). The dark spots grow in size with increasing 
pressure, and the monolayer exhibits a crystalline diffraction 
pattern that vanishes, however, very rapidly. (c) Micrograph of 
platinum-shadowed monolayer of pure COP-I1,lO transferred at 
high pressure (R, in (a)). Clearly, a closed film results that exhibits, 
however, a wavy surface profile. 

our case consists always only of one chain; (3) 6, the in- 
teraction energy of one monomer (in units of kBT) with 
the interface (6 < 0 for attraction); (4) B, the average area 
per surfactant (or polar head) of the copolymer, so that 
all2 is the average distance between neighboring surfac- 
tants and the number density, c, of monomers (per cubic 
centimeter) is given by N/aD; (5) a, the dimension of one 
monomer. 

According to Daoud and de GennesmS1 and Alexander,= 
the behavior of adsorbed polymers is determined by the 
balance of the following interactions: (1) the adsorption 
of the hydrophilic chain to the interface, which is deter- 
mined by the fraction of monomers (a/D) in contact with 
the surface, so that the free energy of adsorption per chain 
is given by 

(2) the interaction between the monomers, which is re- 
pulsive since the water is a good solvent, so that the free 
energy per chain is 

fad z -kT6N(a/D) (1) 

a3W 
frep z kT- 

DB 
(In order to simplify the discussion the Flory-Huggins 
approximation is used instead of the correct scaling law 
approach (frep = ( N / B D ) ~ / ~ )  since the difference of the 

exponents (1.0 instead of 1.25) is outside of our experi- 
mental accuracy.) (3) the loss in entropy resulting from 
the confinement of the chain, which is brought about by 
its adsorption to the surface and which accounts for the 
entropic elasticity of the chain. 

fe l  N ( u / D ) ~ / ~  (3) 
In the scaling approach all numerical coefficients are ig- 
nored, which is indicated in eq 1-3 by using the equiva- 
lence symbol (=) instead of the equal sign. Finally, one 
has to account for the translational entropy of the two- 
dimensional arrangement of amphiphiles. The free energy 
per chain is 

(4) 
Up to pressures of about 40 mN m-l (where the monolayers 
start to collapse), the copolymers can be treated as com- 
pletely insoluble in the aqueous phase at  least in the time 
scale of several hours in which our experiments are per- 
formed. Moreover, the molar area is changed so slowly 
(A/t = 0.5 cm2/s-l) that an optimal thickness D can adjust 
for each value of the molar area B. Thus the equilibrium 
thickness, D, is determined by minimizing the total free 
energy: f = fd + fRp + fd + f- The free energy can then 
be expressed in terms of N and B. 

Hydrophilic Chain Length Dependence of Onset 
Pressure. Starting at  the low-density limit a finite lateral 
pressure will begin to build up if the area is reduced to such 
an extent that the hydrophilic chains start to interpene- 
trate. This occurs if the area per surfactant, Q, becomes 
equal to the square of the two-dimensional Flory radius, 
Rm, of the hydrophilic chain. According to Daoud and de 
Gennes21 the latter is given by 

ftrms = k T  In B 

RF2 = ~ l V / ~ ( a / D ) l / ~  (5) 

A, = $w/263/4 (6) 

and therefore the following power law follows for the onset 
area by minimizing f with respect to D: 

This scaling law appears to be well fulfilled if copolymers 
of similar structure are compared. In Figure 9 the onset 
areas of the copolymers of Figures 2 and 3 are plotted as 
a function of MI2. A linear relationship is indeed found 
that fits the data certainly better than the linear power 
law A, a N. Remarkably, the onset area of the homo- 
polymer p-POMECY is in good agreement with the value 
predicted by eq 6. 

From the slope of the straight line in Figure 9 the mo- 
nomer interaction energy can be estimated. For a value 
of the monomer dimension of a = 5 A2 one obtains 6 = 
-0.lkT. 

Area Dependence of Surface Pressure. In Figure 
10 a double-logarithmic plot of the isotherm of the co- 
polymer CO-11.10 is presented. Two straight-line regions 
are clearly observed: one at  pressures below the break 
point 7rb = 7 mN m-l (200 A2 I A I 280 A2) and one that 
extends to rather small areas (A 1 60 A2). These define 
regimes of different power laws, namely, 

u - Eo 0: u-l for u > ?rb 

and 
u - Eo = for 7r < 7rb 

where Eo is the surface pressure of a pure-water surface. 
The power laws predicted by the scaling approach de- 

pend, on the regime considered. For very low densities 
where the chains are well separated a linear relationship 
7r - Eo a-l is expected. But this case is not realized in 
monolayers which do not form a two-dimensional gas but 
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Figure 8. (a) Phase-contrast electron micrographs of 1:l mixed monolayer of copolymer COP-I1,lO with DMPE transferred at 20 "C 
from 13 mN m-l (Q in Figure 4a). Inset shows diffraction pattern. (b) Phase-contrast electron micrograph and diffraction pattern 
of monolayer at 35 mN m-l. (c) Demonstration of continuity of monolayer of 1:l mixture transferred at 35 mN m-l by dark field scanning 
transmission (STEM; bottom) and platinum-shadowing experiment (top). Arrows indicate boundaries between two phases. Long 
arrow indicates shadowing direction. The height difference of the two phases is about 15 A (shadowing angle 15'). 

a foamlike state up to very large areas (a > 1000 A2). 
At densities where the hydrophilic chains overlap, the 

power law depends on the adsorption energy 6: (1) For 
strong adsorptions the law for the two-dimensional sem- 
idilute regime holds20p22 

(7) 
which corresponds to the highest power predicted. (2) For 
weak adsorption (when the chains are removed from the 
surface during the compression) the monolayer exhibits 
again a softer power law 

(8) 
At first sight the scaling law predictions seem to disagree 
with the experiment. In contrast, the exponent a t  large 
areas (near Aon) depends very critically on the assumption 
concerning the pressure of the foamlike state A > Aon. 
This has been assumed as zero, which is not correct since 
the two-dimensional gas coexisting with the condensed 
patches will certainly exhibit a finite surface pressure. In 

7r - CO a a-3 

.rr - Eo a g-11/6 

fact, a pressure of about 1 mN m-l of the foam state would 
decrease the exponent from m = -4.6 to m = -3, which is 
in agreement with eq 7. A pressure of 1 mN m-' would 
correspond to an area per molecule of a = 500 A2 in the 
gas state. This is a reasonable value since ellipsometric 
and electron microscopic (mass density mapping) exper- 
iments performed in our laboratory provided evidence that 
the gas-state density is only by about a factor of 5 smaller 
than that of the condensed state at  the onset pressure 

Expanded-to-Condensed Phase Transition. The 
transition of the copolymers at  the break point 7rb exhibits 
two interesting features: (1) it occurs at  remarkably large 
areas (200 A2 for z = 10) and (2) it exhibits an anomalous 
temperature dependence. Since it is accompanied by a 
crystallization of the hydrophobic chains it is considered 
a first-order transition. 

A first-order transition from an expanded two-dimen- 
sional regime with significant surface attraction (6) to a 
high-density state in which the hydrophilic chains are 
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It should be noted that an additional possibility con- 
tributing to the entropy increase at the expanded-to-con- 
densed transition is a reversible transfer of amphiphiles 
from the monolayer to the aqueous phase. Such a mech- 
anism has been postulated to be responsible for anomalous 
polymer adsorption isotherms showing increasing adsorp- 
tion from the solution with increasing temperatures.2s 
Such a mechanism is, however, rather unlikely for mono- 
layers of the pure copolymers since the solubility of this 
type of macrolipid in water is extremely small. 

Swelling of Two-Dimensional Copolymer and Sat- 
uration Behavior. As follows from Figure 7a copolymers 
with large hydrophilic chains can incorporate large 
amounts of monomeric lipids (for instance, up to 50 mol 
% DMPE) without affecting the expanded-to-condensed 
phase transition. They thus exhibit the same type of 
swelling as ordinary three-dimensional gels. One inter- 
esting aspect of the swelling of the two-dimensional ma- 
crolipid is the saturation behavior which follows from the 
finding that above about 50 mol 5% DMPE two clearly 
separated transitions are observed instead of a broad 
transition region characteristic for continuous-phase sep- 
aration at  increasing (or decreasing) pressure. The two 
phases, that is, the nearly pure DMPE and the copolymer 
saturated with DMPE, appear to behave as two inde- 
pendent fluid monolayers below the transition pressure of 
the monomeric lipid. 

The swelling and saturation behavior can be understood 
by combining the scaling concept with the regular solution 
theory. It is obviously determined by the balance of several 
forces: (1) The driving force for swelling is the entropy 
of mixing of the two kinds of amphiphiles. (2) The swelling 
leads to an increase in the average distance, u1l2, between 
the amphiphiles of the macrolipid. The entropic elastic 
energy associated with the stretching of the hydrophilic 
(adsorbed) chain opposes swelling. (3) The swelling be- 
havior is further modulated by the interaction of the hy- 
drophilic chain with the interface. If the interaction of this 
chain with the head group of the monomer was higher than 
with a free water surface, swelling would be favored and 
vice versa. Particularly strong effects are expected for 
charged lipid monomers and hydrophilic chains. 

In order to simplify the following more quantitative 
discussion we ignore the adsorption free energy and discuss 
its influence at  the end. Furthermore, the hydrophilic 
chain is considered to behave ideally, so that the elastic 
free stretching energy is given by f,,  = 3/2kT(a/Ro)2 .  The 
ideal free energy of mixing is fmir  = x1 In x1 + x 2  In x 2 ,  
where x1 and x 2  are the molar fractions of the lipid mo- 
nomer (xl) and the polymerized surfactant ( x J .  

In order to find the relationship between the length u1J2 
and the degree of swelling it is useful to introduce the 
molar ratio m ( = x l / x 2 )  of the total number of monomers 
to the total number of polymerized surfactants, so that x1 
= m / ( l  - m) and x 2  = 1/(1 + m). The average distance 
between two polymerized surfactants (and thus the length 
of the hydrophilic chain) can then be related to the molar 
ratio m by 

al/' = 1,(1 + m)1/2 

where lo is the average cross section of the two amphiphiles 
which are assumed to be identical. The free energy of 
swelling (of a fluid phase of the copolymer) AF, is then 
given by 

AfSW/kT = 

- 

. 

1 I ,-& 
40 80 120 160 - N' 

Figure 9. Limiting area, A,,, (onset area) below which a lateral 
pressure starts to build up is plotted as a function of the degree 
of polymerization, N (equal to number of monomers in the spacer, 
S, of one surfactant and of the hydrophilic chain, C) to  the power 
3/2 for copolymers of Figures 2 and 3 (-) COP-11 with z = 1-10; 
(- - -) COP-I with z = 1-10. The point corresponds to monomeric 
(4,16)-POMECY and x to  the polymerized compound. 
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Log A r e a [ A * ]  
Figure 10. Double-logarithmic plot of lateral pressure vs. area 
per molecule for the copolymer CO-II,lO. The crossover between 
the two straight-line regions occurs at A = 200 A2. 
stretched perpendicular to the membrane surface (6 non- 
significant) was indeed predicted by Alexander.22 Since 
the area change is AA < 0, the very small negative value 
of drb/dT is due to a small increase in total entropy AS 
at the expanded-to-condensed phase transition. Since it 
is accompanied by a crystallization of the hydrocarbon 
chains (ASmelt = -10 cal K M-l) the change in the hydro- 
philic chain configuration must provide a correspondingly 
large positive entropy change ASc. I t  may be estimated 
from the difference in free energy per chain between the 
expanded state with a pancake-like structure of the hy- 
drophilic chain and the condensed state where the chains 
exhibit a brush like configuration. According to eq 2.20 
and 2.11 in ref 22 it follows 

A s c  = -kN(g-5/6 - gs/2) 

The degree of polymerization of the copolymer with the 
longest hydrophilic chain is N = 30, and the molecular area 
is A = 150 A2 (or u = 10 since u2 = 16 A2). In order to 
compensate the melting entropy the surface attraction 
energy would therefore have to be 6 = -0.5kT, which ap- 
pears to be a reasonable value. In view of the fact that all 
numerical coefficients are ignored this is only an order of 
magnitude estimation. I t  shows, however, that the con- 
densation transition a t  r b  can well be an entropy-driven 
process. 

In - 1 + - m In - m + ? ( L ) m  (9) 
1 

l + m  l + m  l + m  l + m  2 Ro 
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such with small head groups), it is essentially a conse- 
quence of the interaction of the hydrophobic chains with 
the airlwater interface. Although these are rather short 
(N = 15)) we assume that the scaling description can be 
applied to the very flexible hydrocarbon chains (persistence 
length of order of monomer diameter) as suggested by 
Alexander.22 

The free energy of a highly diluted collection of sur- 
factants on the airlwater interface is determined by the 
following contributions: (1) The free translational energy 
ftr = kT In A ( A  area per lipid). ( 2 )  The hydrophobic 
interaction of the chains with the water surface. This 
corresponds to a repulsive adsorption energy that is a 
positive value of 6 in eq 1. According to critical micelle 
concentration studies, the hydrophobic interaction energy 
per CH, is about 6 = 2kT.28 ( 3 )  The mutual interaction 
of the hydrophobic monomers. Due to the low density of 
air it is supposed to behave as a poor solvent, so that the 
monomer interaction becomes attractive at  the low den- 
sities considered here. In the Flory-Huggins approach this 
is accounted for by a negative Flory parameter u.* (4) The 
confinement energy. In order to simplify the discussion 
the free confinement energy of an ideal chain is considered 
below instead of the expression of eq 3. 

The second and third contributions strongly favor a 
condensation of the surfactants, while the first term acts 
in favor of the gaslike state. The total free energy per 
hydrophobic chain is then given by 

I o  1 - m i l i m  

Figure 11. Plot of free energy change f, (per hydrophilic chain 
and in units of k T )  associated with the swelling of the copolymer. 
The dashed curve corresponds to the molar free energy of the 
crystalline mixture (which is lowered at increasing lateral pressure). 
Note that m/ (1 + m) is the molar fraction of the monomeric lipid. 

In Figure 11 Afs, is plotted for a value of 12 = 80 A2 and 
Ro2 = 200 A2 (Ro2 equal to area A,, of pressure onset) as 
a function of the molar fraction of monomers. The min- 
imum corresponds to the saturation limit. Of course, 
further addition of monomers will not lead to a lateral 
phase separation on a macroscopic scale. It is, however, 
possible that the monomer forms small micropatches. 
However, a small excess attraction between the two types 
of surfactants could change the situation drastically by 
leading to a free energy curve with a double minimum 
resulting in lateral phase separation also in the fluid state. 

An important feature of the free energy curve is the 
sharp rise at  high monomer concentrations because it 
causes a crossover of the Af,, curve with the free energy 
of the crystallization mixture if the lateral pressure ap- 
proaches the transition pressure of the pure DMPE. Then 
the mixture decomposes into a crystalline phase of nearly 
pure DMPE and a slightly oversaturated gel phase. It is 
for this reason that the DMPE in the mixture crystallizes 
at  practically the same pressures as in the pure lipid 
monolayer. 

The adsorption energy c f ,d  in eq 1) increases less strongly 
with m than does the elastic energy ( fads  a -(1 + m)3/4); 
it will therefore only shift the minimum and the sharp 
uprise of Afsw to somewhat higher m values. The situation 
would, however, change dramatically if a certain fraction 
of the monomer and the hydrophilic chains would become 
oppositely charged. Then the attraction energy contrib- 
uting to Afs, would increase with increasing monomer 
concentration up to a saturation point. The swelling en- 
ergy Af ,  would exhibit a double minimum and one would 
observe phase separation. This is an interesting situation 
because it is encountered in cell plasma membranes such 
as the red blood cell where the spectrin filaments are 
coupled to the partially charged lipid bilayer. This point 
will be discussed in the Conclusions section. 

Formation of Two-Dimensional Foamlike State at 
A > A ,,. Insoluble surfactant molecules do not spread 
completely at  low densities ( A  > A,,), forming a two-di- 
mensional gas, but exhibit a foamlike (or vaporlike) state 
compwd of a coexisting condensed and an expanded (gas) 
phase. The density of the former is equal to the fluid 
phase at  A = Ao,. The foam formation is also the reason 
for the finding that the pressure becomes suddenly very 
small at  A = Aon. Convincing evidence for the foamlike 
states comes from recent microfluorescence studies.2*,2k 

The formation of a foamlike state instead of a two-di- 
mensional gas can also be understood in terms of the 
scaling law approach. Since it is found for all lipids (also 

The free energy can be expressed in terms of the area per 
head group A by minimizing f - f o  with respect to D and 
by inserting the optimal D value into eq 10. 

The free energy per chain is then given by 

(11) 
Nlul f = f o  - kTN6 - kT- + kT In A 

A 

f o  includes the interaction of the head groups with the 
surface and the repulsion between the head groups which 
depends also on A. It is, however, a weak interaction in 
the low-density limit and is therefore neglected. The free 
energy is a nonmonotonic function with a maximum at a 
molar area of about A, Na2 for 6 = 1 and minima at  A - and A - 0. At  low molecular densities ( A  = 300 A,) 
a phase instability and decomposition into a condensed 
and a gaslike phase is therefore indeed predicted by the 
scaling law approach. 

Conclusions 
The polymeric lipids of the type studied in the present 

work seem to be more suited for the preparation of models 
of cell plasma membrane than normal polymerized am- 
phiphiles. There exist, for instance, some analogies of the 
copolymers to the spectrinlactin network coupled to the 
inner monolayer of the plasma membrane of the red blood 
cell, the so-called cytoskeleton. 

The major component of this network is spectrin, a 
filamentous protein dimer of lO00-A contour length, which 
exhibits the following special features: First, spectrin is 
quite flexible and is thus expected to be substantially 
folded. Second, two filaments are interconnected at one 
end by an actin oligomer, whereas the other ends are at- 
tached to an integral protein of the membrane (the so- 
called band I11 protein). This is analogous to the coupling 
of the amphiphilic chains of the copolymers to the lipid 
molecules. Third, the spectrin filaments are cross-linked 
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by the actin oligomers, thus forming a quasi-two-dimen- 
sional network. Finally, recent model membrane experi- 
ments in the Munich laboratory provided evidence that 
the spectrin filaments adsorb to the negatively charged 
lipid component, the phosphatidylserine of the inner 
monolayer of the plasma membrane (comprising about 
20% of the total lipid). By the introduction of (1) am- 
phiphiles with more than one functional group per polar 
head and (2) partially charged hydrophilic chains, the last 
two features of the cytoskeleton could be mimicked as well. 

Most probably, the spectrin filaments are also partially 
stretched owing to the separation of the anchoring points 
(the band I11 molecule) by the lipid and the electrostatic 
coupling of the (folded) chains to the bilayer. They act 
as entropy springs. For that reason it has been postulated 
that the spectrin/actin meshwork behaves as an ionic gel 
and that the shape and the deformability of the red blood 
cell are determined primarily by its shear elastic proper- 
ties.30 The partial stretching of the chains by the lipids 
should also lead to saturation behavior at  a certain lipid- 
to-spedrin ratio. This is interesting from the point of view 
of the evolution of the cytoskeleton of the maturing cells. 
Recent experiments by Lazarides and Moon31 suggest that 
the cytoskeleton evolves by successive addition of spectrin 
to the lipid/protein bilayer of the plasma membrane until 
saturation is reached, after which the nucleus is expelled. 

Many of the physical properties of the monomolecular 
films of the copolymer and of its mixtures with monomers 
can be explained in terms of the scaling concept of ad- 
sorbed macromolecules, so that systems as studied here 
may provide interesting models to test scaling laws. 

Of special technical interest is the demonstration that 
compound monolayers of polymerized and monomeric lipid 
patches may be deposited onto solid substrates. This is 
of interest from the point of view of the preparation and 
stabilization of Langmuir-Blodgett films containing 
membrane proteins since the latter can only be incorpo- 
rated into fluid phases. The polymerized domains can 
serve to stabilize the films. Proteins have been successfully 
incorporated in partially polymerized vesicles.16 
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