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A series of four polymer—surfactant macromolecules, each consisting of a double-chain
hydrophobic moiety attached onto a monofunctional polyethylene gl§RBIS polymer chain,

were synthesized in order to study their effect upon the fluid lamellar liquid crystallipeghase

of the dimyristoylphosphatidylcholine/pentanol/water system. The main finding of this study is that
the addition of these compounds induces a new lamellar gel, dallgd We have determined the
phase diagrams as a function of PEG—surfactant concentratipg, and weight fraction water,

®,,. All phase diagrams are qualitatively similar and show the existence of the gel. Unlike more
common polymer physical gels, this gel can be induced either by incregsigor by adding water

at constantcpeg. In particular, less polymer is required for gelation as water concentration
increases. Moreover, the gel phase is attained at concentrations of PEG—surfactant far below that
required for classical polymer gels and is stable at temperatures comparable to the lower critical
solution temperature of free PEG—water mixtures. Small angle x-ray experiments demonstrate the
lamellar structure of the gel phase, while wide angle x-ray scattering experiments prove that the
structure isL,, notLg (a common chain-ordered phase which is also a. géie rheological
behavior of thelL, ; phase demonstrates the existence of three dimensional elastic properties.
Polarized light microscopy of , ; samples reveals that the, 4 is induced by a proliferation of
defect structures, including whispy lines, spherulitic defects, and a nematiclike Schlieren texture.
We propose a model of topological defects created by the aggregation of PEG—surfactant into
highly curved regions within the membranes. This model accounts for both the inverse relationship
between®,, and cpgg Observed along the gel transition line and the scaling dependence of the
interlayer spacing at the gel transition with the PEG molecular weight. Thgde/drogels could

serve as the matrix for membrane-anchored peptides, proteins or other drug molecules, creating a
“bioactive gel” with mechanical stability deriving from the polymer—lipid minority component.

© 1997 American Institute of Physid$0021-960807)50431-4

I. INTRODUCTION L, phase of the biological surfactant dimyristoylphosphati-
dylcholine (DMPC) and the cosurfactant pentanol dissolved
in water. This polymer—surfactant, PEG-DMPE, was ob-
tained by attaching the lipid dimyristoylphosphatidyletha-
nolamine(DMPE) at one end of a water soluble polyethylene
_ _ glycol polymer chain. Figure 1 schematically illustrates un-
dpermanent address: Laboratoire de Physique des Sdi@eRS, Bat. lati flui f the libi
510, Universite Paris Sud, 91405 Orsay, Cedex, France. dulating fluid membranes composed of the lipid DMPC, a

Ppermanent address: Boehringer Ingelheim KG, 55216 Ingelheim, Gercosurfactant pentanol and a PEG—surfactant. The hydropho-

A new kind of physical gel has recently been
discovered? by adding a polyethylene glycdPEG con-
taining polymer—surfactant to the classical liquid crystalline

jmany. ) o bic moiety inserts inside the fluid lipid bilayers while the
“Permanent address: Department of Physics, University of Waterloo, Wa- lvethv | | chai . . he | b
terloo, Ontario N2L 3G1. Canada. polyet ylene glycol chain remains in t e intermembrane
9Author to whom correspondence should be addressed. aqueous region. Fluid membranes comprise lthephase,
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FIG. 1. Schematic representation of undulating fluid membranes composed of €DIMIIC), a cosurfactantpentano), and a PEG—surfactant.

allowing the PEG-surfactant molecules to diffuse freelypresent study is distinct in that the PEG-containing polymer—

across the plane of the membrane. surfactants are hydrophobically anchored to the lipid bilay-
The new phase, hereafter calleg 4, has the same lig- ers; at the concentrations studied, these polymer-surfactants

uid crystalline lamellar symmetry as that of more commondo not engender phase separation. Furthermore, the molecu-

fluid L, phases but displays the rheological properties of aar weight of the PEG chains used is kept relatively low

gel. However, the., 4 phase comprises lipid chains in the (2000 and 5000 g/mal The lipid system is uncharged so that

melted state and thus should not be confused Wifh  the electrostatic interactions are not relevant; in addition, the

phase$in which gel properties derive from in-plane order- sosurfactant pentanol is used to thin the membrangs,

ing. In sharp contrast to the behavior of gels composed Ofreasing the value of the membrane bending rigidityo

free polymer plus a solvent, this lamellar biogel requires lesg 5 roximatelykgT. In large part thest,, phases are stabi-

polymer—surfactant to aphieve gelation as water content inj,eq by long-range repulsive undulation foréds®

creases. Thé, 4 phase is even stable at ele\_/gted tempera-  The jow immunogenicity of polyethylene glycol makes

tures(90—120 °Q, comparable to the lower critical solution it an attractive polymer for biomedical applicatiéhsand

te_mpera'iure _Of _I_OW m_ole_culz_ir weight fr_ee PEG-waterg, s tants with covalently attached polyethylene glycol
mixtures” A significant finding is the formation of lamellar have been investigated in this light. In the field of drug de-

gels containing just 0.5 wt. % PEG-lipid, much less than a1ivery, PEG-coated liposomes, called “Stealth” liposomes,
monolayer coverage of the bilayers. A free-polymer hydro—inhibit the body’s immune system and have much longer

gel at this concentration would require a PEG molecular_. oo . L : ;
: - circulation times in blood, conferring interesting drug carrier
weight of order a million. Another unusual feature of the

L. . is that it forms from a liquidlikeL, phase through the potentialitiest!'* This increased lifetime is presently
aégition of water. but dissolves bacT< into a flowing two- thought to result from a repulsive steric interaction due to the
phase liquid through the further addition of water. In short,graft(:“d polymer chainS. Interactions between PEG-coated

thel, 4 does not arise from the direct entanglement of poly_memberanes have 'actually been measured b(,)th fort the ,
mer chains because it obtains only at very low PEGJahasé and for chain frozen membranes deposited on a solid

7 : i (s
surfactant concentrations and at lamellar spacings muchubstraté” These studies focussed on “stiff” it-kgT)
larger than the PEG radius of gyratity . membranes, as opposed to the highly flexible system under

The occurrence of this gel was explained by the nucle£onsideration here; such systems do not appear to form the

ation and proliferation of topological defetfswhose free  YP€ Of gel we report. However, PEG-based gels are gener-
energy cost is reduced by the influence of the polymer—a”y interesting coatings for more immunogenic compodhds
surfactant on the spontaneous curvature of the layers. Recdpgcause PEG chains efficiently repel proteins and cells,
freeze-fracture and polarizing optical microscopy studies reshielding the substrate material. The PEG—surfactant-based
veal that the microstructure of the, 4 consists of a variety g€l described here could extend the utility of PEG by acting
of liquid crystalline defects tethered together by shared®s the matrix for bioactive gels of enhanced mechanical sta-
membrane sheets: anisotropic and isotropic spherulites, creBility. Unlike free-polymer gels ot 5, gels which comprise
cents, and edge dislocation defects were clearly obsérved. solid membranes, this type of gel could be activated by the
Related studiéshave dealt with the interactions of free addition of membrane-embedded proteins.
water-soluble polymers with bilayers &f, phases. One of In order to test the generality of the gelation phenom-
the main observations from these investigations is the coexenon, we prepared a series of PEG—surfactant macromol-
istence of twolL , phases differing by their polymer concen- ecules, each consisting of a double chain hydrophobic moi-
trations. The system described in Refs. 1 and 2 and thety attached onto a monofunctional polyethylene glycol
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B. Sample preparations
C14H29'O COO0— CH2_0H2 O- CHQ_CHQ% OCH3 p p p
n-1

All samples were prepared in 13 mm diam glass test
tubes and carefully sealed. The tubes were first cleaned with
1a n=45 1b n=113 a 2:1 vollvol chloroform/methanol solution, rinsed once with
spectroscopic grade ethanol, rinsed multiple times with Mil-
lipore water and left to dry in an oven.

A molar ratio of pentanol to surfactant molecules

Cy4H29-0O

CygHsO COO— CHy—CHy—-0- CHy— CHy— OCH; (DMPC+PEG-surfactant) of 4:0/—0.5 was maintained
n-1 for all samples. This high ratio was used to ensure that the
C1gHa7O surfactant chains would always be in the melted state and
: 2a n=45 2b n=113 that the bilayers formed would be sufficiently flexible to

have a large undulation repulsion. We also fixed this ratio in
order to isolate the effect of PEG—surfactant on membrane
fluidity, bending rigidity, and shape. With this ratio fixed, the
remaining compositional degrees of freedom are water con-
tent®,, (water weight fractionand the molar ratio of PEG—
monomethyl ether. The chemical structures of PEG-syrfactant to total surfactant moleculesgg (expressed in
surfactants are given in Fig. 2. The hydrophobic part is baseg).
on a 3,4-bigalkoxy)benzoic acid moiety. Two different Samples were prepared by weighing in the appropriate
lengths of then-alkyl chains(la,1b n=14 and2a,2bn  amounts of lipid, pentanol, PEG—surfactant, and water. Pen-
=18) were used in order to influence the hydrophobic intertanol was always added last. Samples were centrifuged to
action. The molecular weight of the attached getitylene  collect all compounds at the bottom of the tube and then
glycol) polymer chain was 2000 g/moh¢45) for 1a,2a  subjected to approximatelyh of sonication to break up any
and 5000 g/moli¢=113) for 1b,2brespectively. In this pa- clumping. After mixing with a Vortexe(Fisher Scientific,
per, we show the effects of the addition of these new PEG-Tystin CA, USA the samples were centrifuged again and
surfactants on thé , phase of the dimyristoylphosphatidyl- |eft to stand for 1—4 weeks before phase determination. After
choline (DMPC)/pentanol/water system. Phase diagrams fothe initial phase determination, samples were checked for
all PEG—surfactants in terms of weight fraction water VSany changes every few months. For a “line” of increasing
mol % PEG-surfactart,, vs cpee) were explored in order water concentration, a homogeneous master batch was made
to characterize the ,—L, 4 transition. and the appropriate amounts of water added. In certain cases
we spot-checked our results with samples not prepared via
the master-batch method along the same line.

FIG. 2. Chemical structure of PEG—surfactahés 1b, 2a, and2b used in
this study.

Il. EXPERIMENT

Except where specified, measurements were carried o@. Definitions and formulas

at ambient or “room” temperaturé22-25 °Q. . C .
P @ 9 In order to visually distinguish between a fluig, phase

A. Materials and al, 4 gel phase, we adopted the following “opera-

A series of four PEG—surfactantsa, 1b, 2a, and 2b tional” definition of a gel: any sample which does not flow
(Fig. 2 was synthesized by the coupling reaction of 3,4_f0r at 'Iea.$5 s after tu'rning the test tube upside down. M'ore
bis(alkoxy)benzoic acid chloride with monofunctional poly- quant_ltanv:_a rheometric tes_ts were also performed and will be
(ethylene glycol monomethylether of different molecular d€Scribed in the next section. _
weights. For the synthesis pothylene glycol monometh- Densities used in all calculations are watgf,o
ylethers(Aldrich) with a number average molecular weight = 1.0 glcn¥; DMPC, ppypc= 1.1 g/cnt [Refs. 3b) 20]; pen-
(M,) of 2000 and 5000 g/mol were used. Gel permeatiorfanol, ppen=0.81glcnd; PEG in solution with water,
chromatography(GPQ in chloroform (standard: polysty- PH,0+pec=1.03 g/cni (Ref. 21); hydrophobic part of PEG—
reng gave a polydispersityM,,/M,) of 1.13 and 1.11, re- surfactant,pynonic= pompc- Molecular weights are denoted
spectively. The calculation of the molar weight of PEG—by the following symbols: DMPC: MWypc, pentanol:
surfactants is based on tih, values given by Aldrich and MW ,; PEG-—surfactant: Mg _surfactant PEG: MWbgg
arela 2530 g/mol,1b: 5530 g/mol.2a: 2642 g/mol, an®b: hydrophobic part of PEG-surfactant: M\, The head-
5642 g/mol. The detailed synthesis and characterization afroup areas for DMPC and pentanol are estimated as de-
these compounds and other PEG-containing surfactants widicribed in Ref. 2 to beAne.72.8+.1 A% and Apentanob
be published separately. 12.7+0.1 A%, The headgroup area of the surfactant part of

DMPC of a purity >99% was purchased from Avanti the PEG-surfactants is assumed to be equal to that of
Polar Lipids Inc., pentanol of 99%purity was purchased DMPC.
from Sigma Chemical Co., both compounds were used as For each of the phase diagrams, the relevant definitions
received. We also used the purified 18)Mvater provided given below are used. For all equatiogs,is the weight in
from a Millipore unit. grams of materiak.
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27 stepsize in x-ray scaixd?
- (1) Adz( P y 58 : 2
do ™
whereq= position of the first harmonic in the lamellar x-ray
diffraction pattern. In this paper,

whereAd is the uncertainty in the value af.

4 Gwater
=""g D= @)
q A sin 6. W Gtotal
( IPEG-surfactant
IlePEG— rfactant
Cpec= =T - (4)
( 9PEG-surfactant dpmpc )
MWPEG—surfactant I\/lvaMPC

9PEG-surfactant
( x
t

( MWPEG) + ( Mthobic)

© MW peG_surfacta PH,0+PEG Pphobic ©
MeMbec IPEG-surfactant IVI\NPEG I\/lvvphobic dpmpc gpent 0.02 .
X + + + >< 1 - gH O ppp—
MW peg_surfactant PH,0+PEG Pphobic PpmpcC Ppen 2-10.97

Qualitatively,d)mem:EG is the volume fraction of membrane occupied by the polymer—surfactant.

We also use the classical relationship between the intermembrane sgamingthe volume fraction of membradeg, o,
to find &, the bilayer thickness.

6=dX P em: (6)

where

( JpreG —surfa\ctaat><

Ivlvvphobic )
|

MW peg_ 0.02
PEG-surfactal + dpmpc +11— 9 o( j } % ( gpen:)
Pphobic PpmpPc, 2-10.97 Ppen
D mem= ™
Mthobic WPEG
(gPEG—surfactar)tX MW (gPEG—surfactal)t>< MW + gHZO
PEG-surfactal t+ ( gDMPC) + ( gpen‘t) + PEG-surfactant
Pphobic PpmpPcC Ppen PH,0+PEG

In Egs. (55 and (7), the factor of [1 D. X-ray diffraction

—gH20(0.026/0.974) multiplying the pentanol volume takes X-ray scattering studies were performed on a Huber
into account the 2.6 w/w % solubility of pentanol in watér. four-circle diffractometer using an 18 kW Rigaku rotating
In Eqg. (5), the volume fraction of PEG—surfactant in the anode generator(Rigaku, Danvers, MA (CuK,, A
bilayer includes the polyethylene glycol moiety of the =1.54 A), a cylindrically bent focusing pyrolitic graphite
polymer—surfactant as part of the bilayer while in Eg), (002 monochromator and a Bicron point detect@&icron,
the polymer part of the PEG—surfactant is excluded from thélewbury, OH, USA. The in-plane resolution, defined using
calculation of the volume fraction of the membrane. ThisSlits, waséq=0.01-0.015 A*, and the out-of-plane reso-

. _ 71. .
paradox results from the dual nature of the PEG-surfactan{ution Wf‘ls 6q—(_)._14—0.3 A ; scan stepsize was generally
(1) it acts to swell the intermembrane distance like and.001A . Additional experiments were carried out at the

. ) . tanfor nchrotron Radiation Laboratory on mlin
equivalent volume of solvent, hence in the theoretical rela-S anford Synchrotro adiation Laboratory on beamline

ionshio b andd. it should b q fth 10-2 using either a Bicron point detector or a 180 mm MAR
tionship betweerd andd, it should be counted as part of the image-plate 2D x-ray detectqMar Industries, San Diego,

solvent but(2) the PEG—surfactant has a much larger headCA, USA). A Si (111) double bounce monochromator was
group to chain area ratigrig. 1) than either DMPC or pen- ysed at 8 keV with focus at the sample position. In the Bi-
tanol, and hence can be expected to prefer a higher spontgron experiments, in-plane resolution, again defined by slits,
neous curvature. We use E@) to express the first idea and was 5q=0.0014—0.0028 A*, and the out-of-plane resolu-
Eq. (5) to express the second. tion was 6q=0.01-0.02 A'1; scan stepsize was usually

J. Chem. Phys., Vol. 107, No. 9, 1 September 1997
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0.0005 A™%. For the 2D detector experiments, resolution
was defined by the detector pixel size and the distance from
sample to detector. Images were radially averaged to produce
powder scans with a stepsize of 0.0007*Aand a radially
averaged resolution of 0.0027 A. Exposure times were
typically 1-2 h.

For all experiments, samples were sealed in either quartz
or glass 1.5 mm x-ray capillary tubé€harles Supper Co.,
Natick MA, USA). These capillary tubes were then set on a
translation stage for automatic data acquisition. We found it
necessary to heat and quench some fluid samples to obtail
the proper isotropic distribution of lamellar domains.

E. Rheology

. . . FIG. 3. Series of test tubes filled withb based mixtures of different
Constant-stress oscillatory shear-strain experiments Welgmpositions.  From  bottom  to  top increasing ®, .

carried out with a Rheometrics dynamic stress rheometeg,..=[mole PEG—surfactarithole PEG—surfactartmole DMPQ] x 100.

model 17100(Rheometrics, Piscataway, NJ, USAn the Bottom sample:®,,=0.72 andcpge=1.9 in the fluid L -phase; second
cone and plate geometry with a 40 mm diam plate, a conéag‘géef;v&:0-782""2di‘r’1pliﬁz i-o in ;‘e';]ggeget'ophg‘;i tlt‘gd Sg“;g'ei’r:vd
angle of 0.04 rad, and a gap size of 0.05 mm. For this ge; =, '\ e " 0 0 reai%r?. Phase; op sampleby

ometry, a volume of 0.7 cfis recommended. In our experi-

ments, a volume of 1-1.5 chwas used. In order to mini-

mize evaporation during testing, a small housing was placedpserved with an Optiphot 2-Pol microscofiéikon, Tor-
around the set up which enclosed pentanol and water-soakegdnce, CA, USA using polarized light at different magnifi-
cotton balls. All experiments were performed at room tem-cations(50X—500X. Textures were photographed using an
perature. MFX-DX automatic camera and posemetgikon, Tor-
Samples were subjected to three different tests. In ordefance, CA, USA The microscope was also equipped with
to establish the regime of linear viscoelasticity, we per-z, Fpg2 heating stage and an FP80 central processor

formed a dynamic stress sweep test in which the stress i etiler-Toledo Inc., Hightstown NJ, US&or temperature
increased from about 0.6 to 100 dyn/cat a frequency of 1 annealing experiments.

Hz. Within this regime, each sample was tested in a transient
single point test to ensure the sinusoidal strain response fol-
lowed the sinusoidal stress by a phase angle. Finally, a d))“- RESULTS AND DISCUSSION
namic frequency sweep test was run at a constant stress ov&r Visual inspection of test tubes

a frequency range of 0.01-10 Hz to determine both the real . . . .
All samples are examined in test tubes in natural light to

(storage elasticitymodulus,G’, and the imaginaryloss determi heth t th inale oh Biohasi
modulus,G”. For each sample, two sets of tests were run. etermine whether or not they areé singie phase. Biphasic
amples will be turbid, and, if centrifuged long enough, will

The first set included the dynamic stress sweep test, the traé: | | . bet the t h S |
sient single point test, and the dynamic frequency sweep te ISpiay a clear meniscus between the o phases. samples

In the second set of tests, the sample was replaced with fre e then allso dgxtgmm'eg. n %olt?,\r;zed |Igﬂht't0 c:eck fordblre-
sample from the same test tube and only the dynamic frel'NgeNce. In distinguishing between a uig, phase and a

guency sweep test was run. This second dynamic frequenégﬂ’g gel phase, any sample which does not flow for at least 5

sweep test was used to check the reproducibility of the firs after inversion of the sample is labeled a gel. All samples

set of tests. In particular, we wished to ensure that the dy"-:lre Iabgled accordlng to these S|mple tests. .
To illustrate this method, Fig. 3 shows a series of

namic moduli were not merely products of alignment pro- -
duced during the high stresses imposed by the dynamic Streggmples containing  the PEQ—surfactdr’ﬁ. For all four
samplesgcpee~2.0%, butd,, increases from bottom to top.

sweep test The test tubes have just been tilted in the horizontal position
to demonstrate the different flow properties of the samples.
The lowest water concentration sample flows as expected for
Optical glass capillariegVitro Dynamics, Rockaway, a dilute L, phase. As the water proportion increases, a
NJ, USA) of thicknesses ranging from 0.05 to 0.2 mm werethreshold (¢,,~0.76) is reached beyond which the samples
filled with sample and flame sealed. Some capillaries werelo not flow any more, showing elastic properties instead
cleaned first with a 2% solution of PCC-54 concentrate(middle two samplés As the water content increases even
(Pierce, Rockford, IL, USA then rinsed with spectroscopic more, the samples become turbid and biphasic, losing their
grade ethanol, rinsed multiple times with Millipore water, gel behavior(top sample
dried and then subjected to 30—90 min of UV light in order =~ When examined between crossed polarizers, the bulk ap-
to heighten the hydrophilicity of the glass, thus increasingpearance of the samples from the two differeptregimes is
the probability of homeotropic alignment. All samples werestrikingly different. Samples from thé, fluid phase are

F. Optical microscopy

J. Chem. Phys., Vol. 107, No. 9, 1 September 1997
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A low and high water concentrations were identified for all
compounds. The lower 2-phase boundary depends only
slightly on cpgg and occurs around 42%-45% water for
compounddaand2a[Figs. §a) and 5c)] and around 64%-—
67% water for compoundsb and2b [Figs. 5b) and Jd)].

In terms of intermembrane spacinfj these values corre-
spond to~55 and 90 A, respectively. Subtracting from this
the membrane thickness of 26.4(dee Fig. 12 we find that

the lamellar phase is stable only for water spacings greater
than approximately 30 A in the case b#, 2a and 63 A for
compoundslb, 2b. The radius of gyration of a polyethylene
glycol 2000 polymer—surfactant incorporated in lipid bilay-
ers has been measured to be 25-35 Extrapolating this
measurement to 5000 molecular weight polyethylene glycol
via Flory arguments, one obtains &y of approximately 60

A. We surmise therefore that the lamellar regimes are only
stable when the water spacing exceeds the natural polymer
extension. Thus the position of the lower two-phase bound-
ary is independent of the substituent alkyl chain of the PEG—
surfactant but strongly dependent on polymer molecular
weight.

In contrast, for all four PEG—surfactants studied, the
higher 2-phase boundary is reached around 80%—90% water
at low cpe(=5%) and then decreases regularly Witc.

Both the high and low water content biphasic regions seem
to arise from the coexistence of the lamellar phase with other
isotropic phases which we did not specifically study.

All phase diagrams show the fluid, and gelL,
phases separated by a gelation line. The fluid—gel transition
is approximately independent of the substituent alkyl chain
length. However, there is a strong dependence on the mo-
lecular weight of the polymer moiety of the PEG—surfactant;
both 1b and 2b (5000 MW PEQ gel at less than half the
Cpeg required forla and 2a (2000 MW PEG. For each
compound the same behavior is observed; less PEG-
FIG. 4. Test tubes viewed between crossed polarizayslb based sample surfactant is needed to achieve gelation as water content in-
at @,,=0.72 andcpee=1.9 in thel, fluid phase;(b) 1b based sample at Creases. This immediately differentiates these gels from free
®,,=0.85 andcpgg=2.1 in thel , 4 gel phase. polyethylene glycol-water mixtures wherein the polymer

overlap concentration, denotetl, must be exceeded for ge-
lation to occur. For the PEG—surfactants, gelation occurs at
polymer and water concentrations which preclude the possi-
bility of polymer entanglement as a gelation mechanism. In
clearly birefringent but do not show any macroscopic textureparticular, thel , , phase occurs in mixtures with measured
[Fig. 4@)]. In contrast, samples of the, 4 gel phase gener- d-spacings of~200 A. This is §3) times the polymeR, of
ally show a nematiclike texture with a variable density of polyethylene glycol 20005000. Moreover, to produce a gel

line-defects on a millimeter length scal€ig. 4b)]. Such i, free polyethylene glycol-water mixtures the polymer mo-
samples, which appear clear and colorless in normal I|ght|,ecular weight must be very high-(10° g/mol) 23
often display a brilliant variety of birefringence colors. '

The mushroom-brush transition, predicted to occur at
monolayer coveragéthe PEG-surfactant concentration at
B. Phase diagrams which polyethylene glycol “mushrooms” would begin to

Figures %a)-5(d) show the phase diagrams obtainedlaterally overlap, can also be eliminated as a source of ge-
with compoundsla, 1b, 2a, and 2b, respectively. In each lation. Using values given in the Experiment for the surfac-
case, the molar ratio of PEG—surfactant to total surfactantant and cosurfactant headgroups, we calculate the expected
Cpeg, Was varied from 0 to 30%. Two phase boundaries atmonolayer coverage,ono, for these membranes,

J. Chem. Phys., Vol. 107, No. 9, 1 September 1997
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FIG. 5. Phase diagrams of polymer surfactarits, 1b, 2a, and 2b plotted in terms of the water weight fractiod,, VS Cpgg. Cpeg
=[mole PEG-surfactarithole PEG-surfactantmole DMPQ]X 100. Molar ratio of pentanol to (DMPEPEG-surfactanty4:1. (a) Polymer surfactant
1a; (b) polymer surfactantlb; (c) polymer surfactanRa; (d) polymer surfactan®b; ¢, two phase samplel], gel with L -structure; O, fluid with

L ,-structure; —, fluid/gel transition; ---, single phase/two phase transition.
total membrane area C. Optical textures
UPEG_surfactant JomPe Observed in flat glass capillary tubes with a polarizing
=72.7 AR2x W Y +12.8 A? microscope, samples of the fluig, phase show homeotropic
PEG-surfactant DMPC regions separated by oily streak defefdsiated lines, Fig.
Gpent 6(a)] typical of L, phases. A proposed structtftés shown
X Wpen) in Fig. 6(d). The curved region is the bright oily streak defect
(long axis parallel to OY and the flat well-aligned layers
~118 A2x YPEG-surfactant + Yompc (8) correspond to the homeotropic regions. After annealing a
MWopeG _surfactant MWpmpc few days at room temperature, the density of oily streaks

decreases markedly and homeotropic regions often develop
the so-called parabolic textuf&ig. 6(a), arrow]. Some of
these oily streaks are clearly chains of focal conic domains
(99  seen in similal, phaseg*?°
In contrast, samples close to the fluid—gel transition line

and

gPEG—surfactant
mushroom areaR%X | ———————— |,

MWPEG—surfacta

therefore have a “whispy” texturg Fig. 6(b)], showing a large density
of very thin linear defects reminiscent of the oily streak but
118 lacking characteristic striations. A detailed freeze-fracture
Crmond™ &2 - (100 and optical microscopy study of similar samglesnfirm the
g

higher defect density relative to the fluid, phase. From that
For PEG—surfactantsb and 2b (PEG molecular weight of Study, the microstructure comprises both spherulifi.
5000 Cono iS about 3 mol % and for PEG—surfactadts  6(b), arrow] and oily-streak defects tethered together via
and 2a, Cponois about 10 mol %. Note that gelation can be shared membranes. These “tethered defects,” also observed
reached withcpeg as low as 1 for compoundsb and2b and  in freeze-fracture images df, ; samples, are the probable
Cpeg~4 for compoundsla and2a We thus dismiss the in- source of the enhanced viscoelastic response. The overall
fluence of direct lateral interactions in the transition. We carlinear, whispy texture shown in the transition samfzeg.
also discount electrostatic interactions as thg, phase Fig. 6b), asterisk is consistent with the alignment of such
forms as readily in brine as in watér. defects through the shearing effect of drawing sample into a
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FIG. 6. Optical textures in polarized light. (magnificatioh00). (a) Sample atb,,=0.748,cpec= 0.45 showing oily streaks an@drrow) parabolic focalconic
array surrounded by homeotropic regiofts. Sample atb,=0.78,cpgc=4.5 around the sol/gel transition showing the “whispy” textuespecially near
asterisk and a spherulite with an anisotropic crgasrow). (c) Sample atb,,=0.78,cpec=6.9 in thel , 4 gel phase showing the nematic Schlieren texture

(arrow).

thin optical capillary; it is probably incorrect to equate the of this Schlieren texture reveals the existence of striations
whisps with oily streaks hardly resolvable by the optical microscope. These striations,
Attempts to anneal away defects from transition or gelgenerally not observed in the textures of nematic phases, are
samples either at room temperature or by heating are unsuectually the aligned defects of the “whispy” texture which
cessful to date. In fact, the inclusion of PEG—surfactant aphave become extremely thin and densely packed. These tex-
pears to extend the temperature range of stability of theures then probably indicate nematic ordering of defects on a
lamellar phase. For example, itb samples with®,,  length scale of a millimeter. Again, freeze-fracture images of
~0.75, the lamellar to isotropic temperature increases fronanalogous samplésonfirm both the increase in defect den-
around 40 °C for fluid samplescontaining littte PEG— sity and decrease in size of individual defects in the gel re-
surfactant to greater than 100 °C for gel samplésore gime; additionally, those images show the presence of re-
PEG-surfactant Slowly cooling (—0.2C/min) down gions of positive (spherulite} and negative (crescents
through this transition effectively removes defects from thecurvature. We propose the structure shown in Fi@);6a
fluid samples, but in gel samples results in a reproliferatiordense, tightly packed collection of spherulitic and linear de-
of defects as the lamellar phase reforms. Incubation of bulifects with few remaining well-aligned regions.
gel samples at elevated temperatures for relatively long pe- Optical capillary tubes filled with biphasic samples from
riods (e.g., 100 °C for several hoyrgloes not appear to both the low and high water regime usually show small
qualitatively affect the viscoelasticity; however, no quantita-bright droplets floating in an isotropic liquid. When the po-
tive rheometric tests were performed at elevated temperdarizers are removed, these droplets are still easily observed
tures. Shearing gel samples between glass slide and covier natural light which reveals a clear boundary between two
slip also has little effect on sample texture, but does aligrphases.
samples from the fluid., phase.
Deeper in the gel region, samples become less and less Rheol
birefringent. Whispy defects become denser and thinner, and’ eology
finally a Schlieren texturgFig. 6(c)] can be observed. This Rheometric measurements were performed at room tem-
texture is very deceptive because, although four-brusiperature on eight samples containing PEG-surfactdmt
Schlieren textures (strengttl) are observed in Smectic C These samples were chosen to span the observed qualitative
phases, the texture of two brushes originating from a distincbehaviors from the., andL, 4 regimes. Four samples had
center (i.e., strength-1/2) is associated with nematic cpggfixed at 5% withd,y, increasing from 0.68 to 0.7&igs.
phase€® In the case of nematics, a point defect of 8(a)—8(d)]. The remaining four had,, fixed at 0.76 while
strengtht-1 splits into a pair of defects of strength/2[Fig.  Cpgg increased from 1% to 109d-igs. 9a)—H(d)]. For all
6(c), arrow] for energetic reasorf§;?’ this phenomenon can samples, two measurements of the reahsticity modulus
be seen here under a rotation of the polarizer-analyzer sy&’ and the imaginaryloss, viscosity modulus G” were
tem. However, in this case, x-ray scattering experiments demade as described in the Experiment.
scribed below show that the system remains lamellar, with a  Figure 7 shows two such consecutive runs, in the same
symmetry closest to that of the Smectic A phase. Inspectioexperimental conditions, for dn, andL , 4 sample. Clearly
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FIG. 7. Consecutive rheology experiments over a frequency range of
0.01-10 rad/s at room temperatur@ Polymer surfactantlb at ®,,
=0.72 andcpge=>5 in the fluid L, phase.(b) Polymer surfactanib at
®,,=0.78 andcpee="5 in thel , 4 gel phaseG’, open symbols”, filled
symbols;, H, 1st run;O, @, 2nd run.

the data do not reproduce for the fluid lamellar sanjpleg.
7(a)]. This is understood by considering that fluid samples
are in an anisotropic smectic phase initially in a macroscopi-
cally unoriented stat@.e., displaying an isotropic distribu-
tion of smectic domainsbut prone to be oriented under
shear flow so that different combinations of elastic constants
and Miesowicz viscosities are involved for each A’ In
other words, the applied shear stress is progressively able to
remove topological defects present at the beginning of the
experiment. The behavior of a gel sample is very different;
consecutive runs do reproduce within experimental accuracy
[Fig. 7(b)]. The applied shear stress cannot suppress the to-
pological defects which may therefore be regarded as intrin-
sic to the gel phase. This observation is consistent with the
failure of both heat and shear annealing to remove defects
from L, 4 samples during polarizing microscopy studies.
Figure 8 shows data collected for samples of fixpdg
and increasing\,. The bottom two samples, taken from the
fluid L, regime, display roughly comparable viscous and
elastic moduli throughout the measured frequency range. At
the lowest measured frequencies, the dynamic moduli appear
to approach a crossover point unanticipated in fluids. How-

ever, this aspect of the data is unreliable for the reasonsiG. 8. Rheology experiments after an initial stress sweep over a frequency
discussed in the preceding paragraph; Subsequent expeﬁlﬂge of 0.01-10 rad/s at room temperature for different concentrations of
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ments might produce a crossover at a significantly differenf) w at constant polymer surfactant concentraiipgg=5. (&) Polymer sur-
al

frequency or show no crossover at all. In sharp contrast, thg,

ctantlb at ®,=0.68 in the fluidL , phase;(b) polymer surfactanib at
w=0.72 in the fluidL , phase;(c) polymer surfactanib at ®,,=0.76 in

data from the two high-water gel samples shown in Figs). 8 theL, , gel phasefd) polymer surfactantb at ®,=0.78 in theL, , gel
and 8d) show a G'/G” ratio greater than 10 for all phase.
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frequencies. Although both moduli increased from the fluid 106_
values,G’ has increased an order of magnitude more than D
the viscous modulus. The data resembles that from a chemi-N'E 105 i
cal gel with no hint of crossover; however the reversible O oo 65 o—6)
nature of the gel phase argues that the gel must be physical 3 104 i

Data as a function of increasingpeg (Fig. 9 largely 5, w
replicates that taken for th@,, line. The bottom sample, a - 103 4
fluid L, phase, ha&’~G”, while the top two, taken from o
the L, 4 regime display the strong elasticitys(>10* G") - 102 .
previously seen for gel samples in the water dilution line. © 1 Lch
However, the data of Fig.(B), from a fluid sample near the 10 - e — --,---|
L.—L,,gq transition, displays gel characteristics even though
this sample was classified as a fluid in the phase diagram. 0.01 0.1 1 10
This discrepancy arises from the use of the “sample inver- 106 _
sion” test to classify the large number of samples used in C

making the phase diagrams; i.e., only samples with yield &g 105_
stresses greater than their own weight were labeled gels. o
Relatively “weak” gels occurring in the transition region S 104_
between the., andL, 4 phases would be labeled as fluids, I

although no fluids would be mistaken for gels. - 103 -

While the inversion test may “delay” identification of O ) W
the L,~L, 4 transition in terms ofcpgg or @\ from the 10" 4
values indicated by more quantitative tests, it should not alter L

O OOy,
G—-G—vv

T
’

the key characteristic discussed in this paper, the nature anc 101 “t——rrr——rrr— a’gl
general shape of the transition line. Moreover, this ambiguity
does not affect arguments presented previously to eliminate 0.01 0.1 1 10
either polymer entanglement or electrostatic interactions as a 1 06 4
source of gelation. Finally, these rheometric experiments __ B
quantify the qualitative behavior illustrated in Fig. 3 and “~'g 105_
proves the existence of elastic, solidlike properties even in £ .
samples of very low PEG—surfactant and high water concen- § 10 -+ PN NP —6—6—6)
trations. S, 3
. 10°-
% W

E. X-ray scattering: Evidence for a long-range -~ 1 O2 -
repulsive interaction in flexible L, phases with end- © : ch
anchored polymer-lipids 10 L

Figure 10 shows a series of small angle, high resolution 0.01 0.1 1 10
x-ray powder scans for PEG—surfacta2is and 2b, split 6
fairly evenly between. , andL, 4 samples. In all scans, one 10 4
observes a series ¢DOL) reflections due to the lamellar — 5 A
periodicity. “e 107

Figures 10a) and 1@b) display spectra at constasit,, 2 4
but increasingbottom to top cpeg for the PEG—surfactants S, 10 -
2aand2b, respectively. The number of harmonics increases = 3
regularly withcpgg, indicating a direct dependence of elastic > 107 -
constants on PEG-surfactant concentration. Profiles of the 2
(00L) reflections are described by power-law divergences of {9 10"+ L
the form S(q)«|q—qoqa | P, whereqqqy is the position of 10" - o
the (0Q.) peak andp is an exponent which asymptotically L BN AL IR |
close toqgg, is 1-7 for “powder” samples’~***The coef- 0.01 0.1 1 10
ficient % is in turn given by the expressione(1/\KB), o [rad/s]

whereK is the splay elastic constant aBdis the compress-

ibility modulus of the lamellar phase. The observation of aF!G. 9. Rheology experiments after an initial stress sweep over a frequency
. . . range of 0.01-10 rad/s at room temperature for different concentrations of

glve.r.1 (800‘) reflectlon requires that the gxponept be Cpeg at constantb,,=0.76.(a) Polymer surfactantb atcpge=1 in the fluid

positive;”™ thus an estimate of can be Obt‘_"“ned from the | “phase;(b) polymer surfactantb at cpea=4 in the fluidL, phase;(c)

number of detectedOOL) reflections. In this context, the polymer surfactantb atcpec=>5 in theL, 4 phase close to the transition to

behavior shown in Figs. 18) and 1@b) points to a decrease the fluidL, phase{d) polymer surfactantb atcpec=10 in thel, 4 phase.
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X ] FIG. 11. X-ray wide angle scattering @, a gel withL ,-structure(1b,
z BN~ ° 3 Crec=10.1, ®,=0.79; O, fluid with L ,-structure (1b, Cpee=0.5, @\,
5 S5t ] =0.73.
3 g Nyt 3
o S E & §
< A : : . . :
8 SN AN 8] width of the first harmonic undergoes a pronounced increase
z ZF 2 E as thelL,-L, 4 transition is spanned. Comparing, for ex-
g sl A 2] ample, scans 10B1L(,) and 10B2 (,,g), the peak width
£ = \_/& roughly doubles. Since peak width is inversely proportional
L > to smectic domain size, this indicates a significant decrease
E . 0.0 3 . . .
0t o0 018 in the average number of correlated layers in the gel regime
aAh as compared to the fluid regime, consistent with both the

FIG. 10. X i | . onted dsPol polarizing microscopy and rheometric observations of in-
. . X-ray small angle scans of unoriented sam olymer sur- . .
factant 2a at constant®,,=0.75 and differentcpgg concentrations(1) creased defect d_enSIty In_ t"l%vg pha§e. .
Cpec=0; (2) Cpec=1.8; (3) Cpec=5.2; (4) Cpea="7.6; (5) Cpec=8.7; (6) . _X-ray scattering at wide angle@g. 11 shows the lig-
Cpeo=14.2. (b) Polymer surfactan®b at constantb,,=0.78 and different  uidlike peak due to surfactant chainsgat 1.4 A~ for both
Cpeg concentrations(l) Cpee=1.8; (2) Cpec=3.8; (3) Crec=6.1: (4) Crec L, andL , 4 phases. The gel phase is thus comprised of fluid
=9.1.(c) Polymer surfactanka at constantpee=4.25 and different,, . meampranes in which the surfactant chains are in the molten
1) ¢,=0.60; (2) ®,=0.66; (3) ¢,=0.70; (4 ®,=0.80. (d) Polymer tat ted df h Unlike. h lati .
surfactant2b at constantpeg=0.45 and differentb,,. (1) ®,,=0.65; (2) state expecte T a p ases_' ni =B’ phases, gelation Is
®,=0.72; (3) ®,=0.75; (4) ®,,=0.82; (5) O, =0.86. not due to an in-plane chain ordering.
A plot of the lamellar periodd versus the membrane
volume fraction®,.,, When the solubility of pentanol in

. .- water(2.6% is taken into account, shows the linear behavior
by at least an order of magnitude of the coefficientMost ; . .
expected for a purely one-dimensional lamellar sys(Eig.

of this decrease occurs at minute concentrations of PEG=

surfactant, where the bending rigidity of the membrane

should be basically unaffected; moreover, it is very unlikely 300 T , , , ,

in any case foK to increase by two orders of magnitude. We o SR

therefore believe that this variation af reflects a large in- 2501~ | 3 polmer surfactant b

crease in the compressibilitys caused by the PEG- O polymer surfactan: 2b

surfactant. This stiffening of the compressibility at low 200 |-

polymer-lipid coverages points to a long-range repulsive in-

teraction unrelated to the polymer-brush effect. Preliminary *

work indicates that this behavior may be attributed to an

undulation-induced antidepletion interaction originating 100

from the freely diffusing polymer chains anchored at the

fluid membrane interfac¥. 50 -
However, no discontinuity is detected around the

L,—L, g transition region, making a connection between ge- h

lation and decreased compressibility unlikely. In addition, 10,

small angle x-ray powder scans along an increasing water

line at constant PEG-surfactant concentrafibigs. 1dc) FIG. 12. Plot of the intermembrane spacidg/s 1P, where(D_mem is

the ratio of the volume of DMPC, PEG-surfactant and the fraction of pen-

and 1Qd)] show that the number of detected harmonics re_tanol retained in the membrane to the total sample volume. From geometri-

mains apprOXim?teW ConStam' across the-L , 4 transition. a1 arguments, the slope of the plot must be equabtéhe membrane
In each series of scar$-igs. 1Ga)—10d)], the peak thickness.s=26.4+0.1 A, reducedy®=2.8, number of points 100.

mem

d (&)
T
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FIG. 13. (A) Schematics of phase boundaries for Avanti PEG2089),
PEG-surfactanta (---), PEG—surfactan2a (---). (B) Schematics of phase
boundaries for Avanti PEG5000—), PEG-surfactantlb (---), PEG—

surfactan@b (---). FIG. 14. Schematic of two paths that would form defects, with the laterally

phase separated PEG-surfactant residing in, and stabilizing, the regions of
high curvature.

12). Linear fits to the data provide the membrane thickness

5=26.4-0.1 A. Within experimental accuracy, membrane G, Description of the gel transition

thickness depends neither on the nature of the PEG- ) .

surfactant nor orcpeg. This value therefore represents the Any model of this transition should at least account for

thickness of the bare membrane made of DMPC and perfl€ unusual inverse relationship betwebyg, and Cpeg 0b-
tanol, in fair agreement with earlier values of about 28 A. served along the gel transition line and predict the scaling
dependence of the interlayer spacing at the gel transition on

PEG molecular weight. We have shown in previous sections
that the gel transition does not proceed from the usual
mechanisms of polymer chain entanglements or in plane sur-
Schematics of phase diagrams previously obtdifed factant chain ordering which occur in common polymer
with the two polymer—surfactants PEG2000-DMPE andphysical gels and. ;; phases, respectively. Microscopic ob-
PEG5000-DMPE are shown in Fig. 13 together with thoseservations indicate that a proliferation of tethered topological
for the PEG—-surfactants studied here. Inspection shows thdefects is associated with the gel transition. Rheological data
the phase diagrams of compouritls and 2b can almost be presented here imply that these defects are intrinsic to the gel
superposed on that of PEG5000—-DMPE. In the same wayhase, while the x-ray spectra show a consistently decreased
the phase diagrams of compouniis and 2a approximate domain size(increased defect densjtyn the L, 4 phase
that of PEG2000—DMPE, although the upper and lower two-compared to thé .
phase boundaries show better agreement than the fluid—gel Topological defects are expected to arise because the
transition line. Differences are most striking at very low PEG—surfactants are highly asymmetrical molec(tég. 1)
Cpeg, Possibly the Avanti polyethylene glycol 2000 had a and should tend either to create, or to segregate into, curved
somewhat larger MW than the batch used to make PEG-+membrane regions. Membranes composed solely of DMPC
surfactantsla and 2a, resulting in gelation at loweCpgg. and pentanol have a zero spontaneous curva@lje 0
We also note that small variations in polymer molecular(Refs. 1, 2, 7, whereas the PEG—surfactant favors a nonzero
weights would be most apparent in comparisons of the lowspontaneous curvaturé:g> 0. This intrinsic frustration
est MW polymer—surfactants, whefeN/N is greatest. should drive the nucleation and proliferation of defects.
All six polymer—surfactants induce the occurrence of theNucleation may happen along two separate péig. 14).
L.g Phase in the same way; less PEG-surfactant is needetlong path(i), PEG—surfactant molecules first laterally seg-
to achieve gelation as water content increases. Moreoveregate within their membranes, forcing these aggregation re-
polymer—surfactants containing 5000 MW polyethylene gly-gions to curve and nucleate defects. Lateral phase separation
col uniformly produce gelation at lowepgthan those con- has already been observed in PEG—surfactant monolayers
taining 2000 MW polyethylene glycol. This comparison spread at an air-water interfateAlong path (i), recent
demonstrates that the polymerization deghkéés the main theoretical work has shown that direct coupling between
parameter governing the onset of thg,. Within our range membrane curvature and the local concentrations of mem-
of variation, perhaps because of the low PEG-surfactarttrane components can lead to a curvature-induced in-plane
concentrations used, the precise chemical nature of the hyhase separation resulting in stable defétts®
drophobic grafted moiety does not appreciably influence the Let us now sketch the mechanical properties of defects.
physical properties of the phase. Indeed, the similarity ofA defect free lamellar phase has a finite elasticity modulus
behavior observed with different PEG—surfactants suggest®r shear stresses applied along the normal to the layers,
that a general process, not involving molecular detailspecause of the energetically unfavorable tilting of the layers.
should be able to describe the gel transition of this 1d orThe effect of defects is to introduce portions of layers which
dered material. are oriented along other directions and which will therefore

F. Comparison between the PEG—surfactants 1a, 1b,
2a, 2b and PEG-surfactant
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resist any applied shear stresses along these directions, giv- V2kgT
ing rise to a 3D elasticity. Tethering membranes observed in -
the freeze-fracture images would tend to enhance this effect; d
one can argue that the gel transition proceeds from the per-
colation of _connected membrane bllayer§ which on a semi- The volume fraction of the PEG—surfactant is propor-
macroscopic length scale leads to domains of random Iayetr o
. ) L2 T T . lonal to the PEG—surfactant polymerization deghaand

orientation. This situation is similar to that theoretically

ooz i _Cpgg While d is proportional tod,, ; thus Eq.(16) is consis-
described’ in lamellar block-copolymer systems. These sys tent with the observed inverse relationship betW@L‘ge'

tems were indeed predicted to show 3D elastic properties i ,
because domains that have layer normals with a finite pro2nd Ceec: It is also possible to extract the dependence of
jection along the flow direction will resist shear. Py, 0N N using a result derived for asymmetric diblock

We develop our model of thé,—L, 4 transition in copolymers. The PEG-surfactants considered in this study
terms of the oily streak, one of the more mathematicallycan be regarded as highly asymmetric block copolymers of a
tractable defect geometries frequently observed in transitiofPecial kind. The spontaneous curvature of an asymmetric
and gel samples. Consider the simple line-defect shown iRlock cogolymer located on a spherical vesicle interface is
Fig. 14, which is basically a channel linking two next neigh-given by’
bor (n—1, n+1) water layers. The channel consists of an >

. . . : : ema
undulating pair of edge dislocations of opposite Burgers vec- C(F,’: I3 —
- 12Y3(1+ 3€?)NZ3y 16y
tors =2, has a persistence lengih, a total lengthL and an
edge curvatur€=2/d. The elastic deformation energy as- \yheree, the asymmetry parameter for the PEG - molecule, is
sociated with such a defect can be calculated from the Hel-
frich elastic energy of fluid membranés, 1 phobic length

2 total length’

TK

geI: (ﬁVPEQOP . (16)
gel

2/3,52

17

1
— 2
Ee'_E Kf [(C1=Co)+(C,=Co) ]S 1D a,v are the length and volume of a PEG monomer, respec-
tively, and x is the Flory—Huggins parameter for PEG in
The principal curvatures a@, =2/d andC,=0 which leads  water. ThusCg>1/N*3. This leads to the scaling law,,
gel

to o« 1/NY3, Qualitatively, this scaling law is consistent with the
1 (2 2 observations that, increasing the water content at foged,
Ee|=§ K(a— CO) aLd. (12 compoundslb and2b gel before compounds$a and 2a.
Quantitative comparisons are also possible if we for-

mally re-express Eq.16) in terms of®,, and cpgg. Using
Egs. (4)—(7), (16), and the condition that there are always
approximately four times as many pentanol molecules as sur-

Now, the line defect has a persistence lengthalong its
main axis given by

wdk factant molecules and the approximatg,.,~1—®,,, we

§p=kB—T- (13 obtain
The entropic contribution to the free energy is then given by 05’5 MWeeg I MW phobic
(K T)ZL ® 1 PH,0+PEG Pphobic
=1- c
TS=—"—. (14 Vel V2KgT| [MWpype  MWpey| 5%
wdk 2— +4
Kk Pompc Ppent

Proliferation of these line defects will occur when the
entropic contribution compensates the elastic energy,

mrldg ( 2 )2 (keT)2L which can be directly compared with the phase diagrams of
ge _
gel

+0(Cheg,,) (18

— , (15)  the four PEG—surfactants. In this expression, orlythe
dger membrane bending rigidity is an adjustable parameter.
Figure 15 shows the fitted transition curves for each
phase diagram. Because the model expression is valid for a
1 v2kgT dilute, noninteracting gas of PEG—surfactant molecules, only
ﬁ T ok I concentrations below,,,,, were used. The transition points
gel (solid symbols with error baysised in performing the fit are
In a mean-field approximation, valid for a dilute “gas” of calculated values made by averaging dhg andcpeg values
the PEG-surfactant, the spontaneous curva@geof the  Of the fluid and gel samples closest to the transition region;
membrane is proportional to bo@, and the global volume i-€-, for each transition point,
fraction of the PEG—surfactant in the membradé=®, so O+
that the relation between the lamellar spacifyg along the P ( oy ‘”La)
gelation line andb/FC finally reads w ’

2 - mdgeik

which leads to

dgeI:

gel 2
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FIG. 15. Comparison of the fluid—gel transition model é@g= Cono t0 the d—Cpe phase diagrams of compountia—2b. —, fit to model;d, gel with
L .-structure;O, fluid with L -structure; filled squares with error bars are the calculated fluid/gel transition p@n®olymer surfactania, reducedy?
=35.6,m=13.3+0.1, number of points 9. (b) Polymer surfactantb, reducedy?=22.3,m=14.2+ 0.5, number of points 12. (c) Polymer surfactan®a,
reducedy?®=27.8,m=11.9+0.1, number of points 8. (d) Polymer surfactan®b, reducedy?=54.5,m=13.6+0.2, number of points 8.

the water concentration at the transition point, for a bare DMPC-pentanol membrane, is consistent with
c Yo theoretical arguments that small quantities of asymmetric
c _( PEQ 4 PECLY) molecules lower « for membranes of mixed
PEG™ 2 ’ compositione3 2>t is also at the low end of theoretically
. . . rmissible val fic for an undulation- iliz
the PEG—surfactant concentration at the transition point, EﬁaseSSbe alues ofic for an undulation-stabilized. ,
_ 2
5B \/0.022 N (q)Wng CDWL,X
Wael 2 4 ’ IV. SUMMARY AND CONCLUSIONS
the estimated uncertainty ihwgel. Itis clear that quantitative Four p0|ymer_surfactant macromolecules, each consist-

agreement is poor. In particular, reducetivalues(22-59  ing of a double chain hydrophobic moiety of different mo-
indicate that the model expression does not capture all thiecular weight attached to a polyethylene gly@@EG poly-
important features of this transition. This is not unexpectedmer chain, were synthesized in order to study the effects of
for example, there is the previously discussed ambiguity irtheir addition to the fluid lamellar liquid crystalline ,,

the method used to classify fluid and gel samples, tending tphase of the dimyristoylphosphatidylcholitBMPC), pen-
increase the error in identifying transition points. Addition- tanol, water system. The main finding of this study is that
ally, the model itself is overly simplified; a more complete they induce the occurrence of a new lamellar gel phase,
model, taking into account both the lower stability limit in calledL, . We presented the phase diagram of each PEG-
the phase diagram and the many other defect geometries oburfactant molecule as a function of PEG—surfactant concen-
served in the., 4 structure would doubtless have more suc-tration, Cpeg, and water weight fractio®,,. All phase dia-
cess. We emphasize, however, that the present model dogeams are qualitatively similar and show the existence of this
produce the correct general relationship betwdep and  physical gel. The gel transition is observed not only by in-
Cpegat the transition and even allows reasonable estimates a@feasingcpeg but also by adding water at constazpzg an

the membrane bending rigidity. Taking y=0.23(Ref. 40,  observation in contrast with the behavior of conventional
v=57 A3 (Ref. 41, a=»'" ande=(5/2)/(5/2+Ry); for  polymer physical gels.

compoundsla,2ae=0.32; for compound4b,2b e=0.19 in Small angle x-ray scattering experiments demonstrate
thecg calculation, one finds, for all the PEG—surfactant sys-the lamellar symmetry of the gel phase and also show that
tems, ax of about 0.8gT. This value, lower than the value the number of smectic reflections regularly increases with
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