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Size of microvesicles from charged surfactant bilayers:
Neutron scattering data compared to an electrostatic model
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Electrostatic interactions can have a decisive influence on the shape and size of supramolecular aggregates.
Recently, we reported on a study of the curvature instability of charged surfactant membranes. At high dilution
(volume fraction less than 2 or 3%microvesicles with a radius of less than 100 A were found at thermal
equilibrium. In the experimental section of this paper, we present a detailed investigation of the size of these
vesicles as a function of charge, concentration, and salinity again using small angle neutron scattering. In the
theoretical section, we propose a quantitative electrostatic cell model, which predicts vesicle sizes in good
agreement with experiment. It is based on a numerical solution of the Poisson-Boltzmann equation, which
allows the area densities of amphiphilic ions to equilibrate between the inner and outer monolayers of the
vesicles, and the counterions to exchange from the inside to the outside of the vesicle.
[S1063-651%97)11108-4

PACS numbeps): 82.70.Dd, 61.12-q, 82.65.Dp

INTRODUCTION have been reported for different surfactant systeh2s-23,
some of them forming charged bilayers. The system studied
In recent years several theoretical investigatiphs10] by Kaler and co-workerf1l8—2Q consists of mixed anionic
have been reported dealing with the bending elasticity ofind cationic surfactants in pure water: vesicles actually form
charged surfactant bilayers. Bilayers built up from identicalwhen the composition in oppositely charged species deviates
monolayers stuck opposite to one another in a symmetricaignificantly from stoichiometry, so that the bilayers bear a
manner have zero spontaneous curvature, so that their benghite area charge density. In the experimental work of Hoff-

ing elasticity is written according to HelfrickL1] man and co-workergl2—14, the regular lamellar phase of a
nonionic surfactant system is charged by the addition of
dE=[3x(C1+Cy)%+ kC1Cy]dA, (1)  small amounts of an ionic surfactant, and again spontaneous

bending is observed, revealed by the formation of multila-

wheredE is the free energy spent to bend an area elemeriellar “onionlike” structures. We ourselves investigated a
dA of a membrane with the principle local curvatumgsand similar system made of initially neutral bilayers charged by a

c,. «andx represent, respectively, the mean and Gaussiafimall proportion of an ionic amphiphilg23]: besides the
curvatures rigidity moduli of the bilayer. For charged bilay- onionlike structure which occurs at moderate surfactant con-
ers each bending modulus bears two contributions. The firgtentration, we found in the very dilute ran@gpically below
one, the intrinsic bending elasticity, arises from the packing? or 3% volume fraction solutions of thermodynamically
requirements of the surfactant molecules within the bilayerstable single wall microvesicles with a radius below 100 A.
it would be present even in the absence of charges. Thgo, all these experimental facts nicely meet the theoretical
second one is a specific effect of charges and corresponds éxpectation that charges induce bending of bilayespe-
the free energy involved upon bending the electrostaticially Refs.[1] and[2]).
double layers. It can be expressed in terms of the electro- However, up to now theories are usually worked out in
static contributionsk e and ke t0 the total mean and the form of a perturbative expansion of the free energy of the
Gaussian curvature rigidity moduti and x. The above the- bilayer in the limit of local curvatures small compared to the
oretical calculations predict thateec is always positive, inverse of the Debye screening lengtf*. In this respect,
whereas in some cases iS negative. At sufficient area they are indeed reliable to predict the onset of the spontane-
charge density for the bilayer and at low salt content in theous bending. But once the process has started, they cannot
aqueous solvent, the negative contributionsQf,. can be- evaluate at what equilibrium curvature it will end up. This
come comparable to the positive contribution af.. and limitation is specially dramatic in the case of the system
entropically stabilizedpolydispersgvesicles can be formed. mentioned above where—in the absence of added salt—the
At even higher charge densities, the softening effectgf, ~ microvesicles have very small radii. They exist only in a
dominates the positive stiffening of..., and one expects very limited range of the phase diagram and are unstable
the flat bilayer to become unstable against spontaneous bendith respect to small additions of electrolyté>5
ing, leading to the formation of thermodynamically stable,x 10 * M NaCl). The purpose of the present work is to in-
presumably very small vesicles. vestigate this situation in more detail.

A number of interesting experimental evidences of the Our work is organized in two parts. In the experimental
formation of vesicles, or “onions’{multilamellar vesicleg part, we again use neutron scattering to characterize the
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structure of the microvesicles in the dilute range of our
former system. In addition to the classical form factor of
hollow shells, including the size polydispersity, the inter- 0.8
vesicle structure factor is now incorporated into the data
treatment following the Hayter-Penfold procedure with the
renormalization of Hansen and Haytghe rescaled mean
spherical approximatiofRMSA)] [24]. We are thus able to 0.4
measure with high precision the mean radius and the poly-
dispersity in size of the microvesicles as function of the area
charge density, the solvent salinity, and the total amphiphile 00 | . , \
concentration. In the theoretical part, we interpret these evo- 0% 1% 5% 10% 15% @
lutions quantitatively in terms of a simple model accounting
for the free energy of the counterion cloud around the
vesicle. The model has the same basic structure as the onegs
used by other$25,26. The charge distribution is calculated
numerically within a cell model according to tlileonlinear-

ized Poisson-BoltzmantiPB) equation, similar to the one cases. Octanol is not expected to bring in charges, which we
proposed in Refl27]. We explicitly allow for different ionic ~ confirmed by conductivity measurements. The ionic surfac-
concentrations inside and outside the vesicle and differertant used as the additive is cetylpyridinium chlorid&PC)
area charge densities for the inner and outer monolayergurchased from Flukgpurum gradeand purified along sev-
which implies that the ions are able to leak trough the am-eral recrystallizations from an ethanol-acetone mixtures.
phiphilic membrane. The only adjustable parameter is the

effective intrinsic bending elasticit(=x+«/2) of the

neutral bilayer, which is found to be in the expected range of A. Phase behavior

somekgT. We show that such a model, which treats micro-

scopic deta!ls such as hydrocarbon packing cc_)nstramts_ I'23]. The horizontal axis corresponds to the total amphiphile
polar head interactions only through one effective bendin oncentration® and the vertical axis to the cosurfactant to

constant, is capable of reproducing general phase behavior . . . L
and vesicle parameters surprisingly well. Surfactant ratid). This section of the total phase behavior is

taken at a fixed temperaturd £ 20 °C), atmospheric pres-
sure, and fixed relative amount of CPQl<€ 3.55%). In the
high Q0 range (between 0.4 and 0)8 where bilayers are

. . . . stable, we find two distinct phases: at moderate dilui¢n
As in [23], we start with the electrically neutral system: =3 or 4%, onionlik il d obiect tabl ki
Triton X-100 is the nonionic surfactant and octanol is the or » onloniike muftiiayered objects are stable maxing

neutral cosurfactant. A regular lamellar phase is obtained iltlhe, phase very vis-coe-lastic;- at high quUtiQ¢<2 or 3%_
the absence of an ionic additive over a very large range of/Pically) a very fluid dispersion of vesicles is found which
dilution in pure water, provided tha®, the cosurfactant to W€ denotel,: it is continuously connected to the regular
surfactant ratio, is set in the appropriate range: €.85 micellar phasd_; at lower(. In the following sections, we
<0.5 in weight fraction. The ionic additive used is cetylpy- investigate in detail the microscopic structure of this dilute
ridinium chloride(CPC). Its relative amount is defined in ~ Vesicle phase.

weight fraction as:I'=[CPCIJ/((CPCIl+[TX100]+[Oct]).

The total concentratiogh of amphiphile in weight fraction is B. Neutron scattering

¢= (CPC)+[TX100]+[Oct)/[total sample mags All neutron scattering data are collected on lmsCE at

Triton X-100 is purchased from L.abosn I IS the technlcalt e Laboratoire Leon Brillouin in Saclay. For all samples,
grade product manufactured by Union Carbide and we use . :
,0 is used as the aqueous solvent for obvious contrast rea-

it with no further purification. This surfactant of great indus- . . . ; .
trial interest cannot be considered as a pure chemical contons: A typlcgl scatterlr_lg pattern obtalneq in the dilute
pound: in particular, there is some polydispersity in the pon-Ves'CIe phase is shown in Flgs._ 2 andfall circles). The
oxyethylene chain length distribution around the average of®MPposition of the corresponding sample ds=1%, ()

9.5. In order to preserve mutual consistency between differ=0-5, andl’=4%. ) . ) .

ent samples, all solutions were made from the same TX100 The purpose of our work is to investigate the interplay of
batch. Octanol is purchased from Carlo Erba “Analyticals” charge and structure in the case of the microvesicles. We
grade and used as received. Water is first doubly distilled antherefore concentrate on the determination of the character-
then further deionized using standard ion exchange resiristics of the vesicle phase—mean radius and size
down to a conductivity of less than 16 uSiemens/cm. A  polydispersity—as a function of the charfjgthe salinity of

5% solution of TX100 exhibits about the same electrical conthe aqueous solvent, and the total concentration in am-
ductivity as a 5 10”4 M KCI solution: in order to eliminate phiphile. All scattering data, such as those of Fig. 2, are
the free ions, the surfactant is first dissolved in water and thanalyzed by modeling the scattered intensity in terms of the
solution obtained deionized with an ion exchange resin. Speform factor of the individual vesicles in combination with the
cial attention is paid to a possible adsorption of TX100 to thestructure factor accounting for the spatial distribution of their
ion exchange resin, which is found to be less than 2% in altenter of mass.

0.6
"onion phase”

0.2

FIG. 1. Dilute part of the phase diagram of the system
100/octanol/CPCI/KD.

In Fig. 1, we show the phase diagram first reported in

EXPERIMENTAL SECTION
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FIG. 2. Scattered intensity(q) for the sample®=1%, FIG. 4. Scattered intensity in the Guinier representation
=0.5,I'=4% (full circles), compared to a fitfull line) according 2| (q) for the sampled=1%, Q=0.5,I'=0 (full circles). Full
to Egs.(6), (7), and(8). lines are fits according to Eq3a) and (3by).
1. Form factor scattered intensity in the case of a rectangular single step

We expect the scattering patterns to reveal aggregatg¥ofile of width 5 and average contrast across the bilayer
having the form of small vesicles. Due to the unknown de-Ap, would be
gree of hydration of the oxyethylene head groups, the profile
of the scattering length density across the bilayer is most ® ,[1-cogqd)]
probably not a rectangular single step: we rather expect it to I(q)=4m > Apg T
be maximum inside the dry hydrophobic core and to de-
crease smoothly through the layers of hydrated head groups.

A first plausible description of the contrast profile across In order to characterize the bilayers quantitatively, we first
the bilayer is a Gaussian function of widtth2 collected the scattering pattern of a very dilyte=1%,
0=0.5,I'=0., see full circles in Fig. g#lamellar sample of

2 ) the neutral system. A fit using expressi(@a) yields 2A

(3b)

z

Ap= Apmex;{ - 557 (2 =20A andAp,=6x10" cm™?, whereas expressiof8b)

gives 6=33 A andAp,=5.4x 10 cm~2, which is compa-
rable to the dry layer thickness,,=®(2/qo)=30 A de-
where z is the coordinate normal to the bilayer. A dilute termined from the position, of the Bragg peak as a func-
lamellar sample consisting of such diffué@aussianlayers  tion of concentration®. The Ap values are typical for

would scatter according to aliphatic chains in heavy water. Neither one of the two mod-
els is completely satisfactory in the highrange, but further

pﬁq refinements of the model profile would be physically not

1(q)=27dV, ra exp( —g°A?), (3@  very meaningful. All form factor fits rely on these values for

the contrast{Ap,,, or Ap,) and the bilayer width A or §).
The form factor of a vesicle made of a Gaussian bilayer of

where Apy, is the maximum contrast in the middie of the \yiqi oA and of mean radiuR can be calculated according
bilayer in cm/cnd, V, is the bilayer volume per unit area, to [28]

and® the surfactant volume fraction. On the other hand, the

cogqR)A3

| I \ée:ungvq):32W3Ap§]exq_q2A2)
q’I(@)

(cm'3) r
1x10'* +

A 2
+Rasin(qR)} , (4)

8x10'° L

whereas the form factor calculated with a rectangular single
step of width§=R,—R;, mean radiusR=(R,+R;)/2, in
vesicular geometry is given by

6x10"3
4x10"?

2x10"° |
ZA 2

167°Ap; .
Peed R.Q) = —F [sin(gR) —gR.cogqR;) —sin(qRy)

0
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2
FIG. 3. Scattered intensitffull circles) and fit (full line) in the +qR,coqR,)]%, ®)
Guinier representatiorg?l(q) appropriate for bilayers for the
sample®=1%, 0=0.5,T=4%. whereR; andR, are the inner and outer radius, respectively.
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2. Structure factor The use of the MSA closure, together with the renormal-

The physical situation corresponds to a gas of chargeg-ation by Hansen and Hayter, has proven to give a satisfac-

objects surrounded only by their counterions and thereford0ry description of the scattered intensity for various charged

strongly interacting over large distances. The conductivity of SOft” objects (micelles, vesicles . .) [31,32. , _
We further suppose that vesicle-vesicle interactions will

the neutral sample, about4S/cm, corresponds to a Debye . ; Y
have no impact on the form of the vesicle, nor on the distri-

screening length 4 of the order of thousands of A. Electro- . L : .
static interactions therefore induce strong local correlationst,)Utlon of surfactant within the bilayer. This seems reason-

which manifest themselves in the strong maximum visible inAP/€ @ we are in a very dilute regime, where intervesicle
the scattered intensity(q), see Fig. 2. distances are a lot bigger than vesicle radii. For instance, a

A satisfactory description can be obtained using the anaSMPI€ estimatior{using the Yukawa potentiel, cf24]) of

lytical structure factor calculated by Hayter and Penfold,the electrostatic interaction energy_of vesicles carrying 30
with the high charge renormalization of Hansen and Haytef'€émentary charges, of a mean radius of 70 A at a concen-
[24]. Special attention has to be paid to the fact that theration of ®=1.0% (thus at a average distance of 560 iA
vesicles are filled with solvent. Such a model structure factofVater yields 0.2XgT per vesicle pair. This interaction has
makes use of a Debye-ldkel description of the vesicle- important consequences on the.average position qf vesicles
interaction potential. In the absence of salt, and the electrif? Selution, but it is negligible with respect to a typical de-
surface potentials being very high, the use of this structurdormation energy of the vesicle, which is in a first order
factor will supply us with effective values only for the charge approximation 8rk~75kgT.

area density and for the screening length We therefore _ _ .

enforce an effective value for the screening length calculated 3. Polydispersity and smearing

from the counterion density only, which is 150 A for a typi-  Polydispersity in size can be introduced assuming a
cal samplg® = 1%, I'=4%). Since we are dealing with an Gaussian size distribution

isotropic fluid consisting of spherically symmetric aggre-

gates, the scattered intensity can be written 1 r{ (R— r)Z)
oA XA T o7 ) @)
Nyes 2mAR 2AR
1(q)= vV S(q)P\slteesp/Gaus(squ)v (6a)

wherer is the mean radius of the distribution andA@R)/R
the polydispersity, by appropriate convolution of the form

where N,s/V is the number of vesicles per unit volume, 5ctors Py caudR.0). Note that this simple procedure ne-

S(q) is the structure factor anBgg,caudR.0) is the form  giacts shape fluctuations at constant size and the polydisper-
factor which may include polydispersity. This last equationsity as derived from such fits can therefore only be seen as an
(6a) holds for sufficiently monodisperse size distributions atjndicative value. Similarly, we take into account the Gauss-

low volume fractions, where the correlations between posiian distribution of wavelengths of the incident neutrons
tion and size—large vesicles surrounded by smaller ones—

are negligible. Strictly speaking, the factorization is only 1 (A=\)2
possible in the case of a perfectly monodisperse distribution exp( - sz> , 8
of hard spherical objects. As soon as polydispersity comes V2mAy A
in, the measured structure factor obtained by inverting Eq, ) . _
(63) following the procedure given, e.g., in R¢83]. The wave-
length spread (&,)/\, of the order of 10% is due to the
S(q)cﬂ(q)/?q) (6h) mechanical wavelength selector geometry. We suppose that

this effect dominates collimation effects and intensity

smoothing related to the limited spatial resolution of the de-

{Jlector elements, which is true at least in the intermediate and
igh-g ranges.

—where P(q) is an average form factor—is not a purely
statistical mechanical quantity any more, as it has bee
shown by Klein and D’Aguannf29]. However, as has been
pointed out, e.g., by Bellonj30], the measured structure
factor S(q) can be reasonably well described as a statistical
mechanical quantity for low volume fractions: it is then the A typical fit of the scattering pattern obtained in the
Fourier transform of the pair correlation function obtainedvesicle phase is shown in Figs. 2 and 3, where two different
from the Ornstein-Zernike equatidplus closure relation representations have been used: Fig. 2 shidg} versusq

4. Results

TABLE |. Mean radiusR and polydispersity (2g)/R of microvesicles as a function of chardjewith
®=1% and(2=0.5, no salt.

Charge
r '=1% '=1.5% '=2% I'=3% I'=4% I'=5% '=7%
R (R) 151+5 122+5 99+5 71%5 565 505 42+5

= >50% 40% 35% 31% 28% 30% 35%
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TABLE II. Mean radiusR and polydispersity (&g)/R of microvesicles as a function of concentratidn
with I'=5% and{)=0.6, no salt.

Concentration
) ®=0.3% $=0.6% $=0.9% ®=1.2% $®=1.5%
R (R) 34+5 45+5 53+5 58+5 665
2;:{ 60% 30% 30% 30% 30%
(full circles), whereas Fig. 3 displayg?l(q) versusq, a We have performed series of similar experiments, varying

representation appropriate for bilayer structufes circles).  the cosurfactant-to-surfactant rafip the chargd’, the con-
The sample characteristics at=1%, (Q=0.5, andT centration®, and the salinity. The relatively large range of
=4%. The full line corresponds to a fit using E@8a), (7),  parameters explored experimentally will allow a check of the
and (8) in combination with the Gaussian vesicle form fac- results of the model presented in the theoretical section. The
tor, Eg. (4). The Gaussian wavelength spread i\(¥\,, fitting procedure has been automatized, and all fits resemble,
=10% and the polydispersity in size of the microvesicles isin essence, the fit presented in Fig. 2.

(2AR)/R=28%. The positiorg,=0.015 A™* of the peak of Table | lists the average radit® of microvesicles as a
the structure factog(q) is well reproduced by the Hansen- fnction of chargeI’), keeping the total amphiphile concen-
Hayter-Penfold analytic structure factor, provided that theyiion d=1%, and the cosurfactant-to-surfactant raflo
effective charge of the vesicle has taken 38 elementary. 5 5 ~onstant. This result is also drawn in Fig. 7. We ob-

charges. This fitted value has to be compared to the tOt@erve a monotonic decrease of the vesicle radius with in-

number of charged monomers in the bilayer which is ap- : N .
proximately 80 in this particular case. One reason for th creasing charge, down to very small radii. At high charge

0 i iti i -
discrepancy is the shielding of charges due to counterion I'>5%), thescattered intensities still show the character

inside the vesicle. Another is that we are in a situation wheréSt'C oscillations of the vesicle form factor. Satisfactory fits

the fully nonlinear Poisson-Boltzmann equation has to bd" t€rms of vesicles only, however, cannot be obtained any
used, and that the Hansen-Hayter-Penfold analytical struchore, and we conclude that smaller objects, presumably mi-
ture factor relies on a Debye-ldkel-type potential. Consid- Celles, coexist with the vesicles in solution.

ering the level of approximation, the fitted value of the ef- In Table Il (and also Fig. Bwe report the evolution of the
fective charge seems reasonable. The position of the peak Bfean radius with concentratiotat 1=0.6 and I'=5%

the structure factor can be traced back to the size of th&ixed). Microvesicles exist only in a rather narrow dilution
aggregates, since the concentratibnis known. This pro- range. Nevertheless, a systematic increase in size with in-
vides an additional check of the aggregate geometry, andreasing concentration is clearly seen. Actually, our electro-
coincides well, as we have shown[ia3]. Additional infor-  static model(see theoretical sectipindeed reproduces this
mation about the average size is contained in the absolutgze increase with concentration. We stress the fact that the
intensity scale used. The most important check of the vesiclecattering pattern of even the very small vesiclesdat
structural parameters is, of course, given by the form factor=0.3% shows the characteristic form factor oscillations with
The oscillations in the higl- part of the scattered intensity the highg asymptotic behavior corresponding to the local
can easily be shown to be inconsistent with the form factohjjayer structure. Moreover, the scattering pattern of full
of a full sphere(globular micelle and they clearly envelop gpheres(globular micelles only is again inconsistent with
the form factor of a flat bilayer. The two models proposed,ine data.

i.e:, on the one side the Gaussian profile representing a NON- Taple 111 (and also Fig. 1pfinally gives the mean radius
uniform hydration of the polyoxyethylene headgroups of Tri- 5q 5 fnction of salinity, again starting from a typical vesicle

ton X-100, or, on the other side, the single step profile, bot — 108 O— =0 )
reproduce the form factor reasonably well. In addition tor_éample(CD 1%, 1=0.6,'=5%). As expected, the screen

that, we repeated all fits with and without size polydispersity,"?g effect dug to the .5"?‘“ Igads tc.>.an increase Qf the vesicle
in order to check the influence of the choice of a Gaussiaft - The quite surprising instability of the veswulgr phase
size distribution function. The radii obtained from all type of with respect to_ salt—the gample at 0.5 mM NaCI_ 'S I th?
fits are close to each other, so we conclude for the sample V0-Phase region—underlines that the electrostatic effect is

Fig. 2 that the mean radius of the vesiclesis 565 A. crucial.

TABLE lll. Mean radiusR and polydispersity (&g)/R of microvesicles as a function of salinity for
(®=1%,I'=5%, 0=0.6).

Salinity 0mM 0.1 mM 0.2 mM 0.3 mM 0.4 mM
R (A) 55+5 55+5 61+5 61+5 68+5
2AR 28% 29% 30% 34% 36%

R
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tion ®, cosurfactant to surfactant rati®, chargel’, and sa-
linity) are translated in terms of the aggregation nunitber

of a vesicle of mean radilR= (R, + R,)/2. The total amount

of CPCI dopant is also translated in terms of the number of
positive chargedN in the bilayer of the vesicle and of the
number of positive Nl ;) and negativeN_) ions in solution,
with N_ =N+ N, due to charge neutrality. All these charges
are confined in the cell of radiuR

R3_R3\ 13
(o) 1
Reen= (T) : 9)
FIG. 5. Vesicle cell mode(see text for details such that the amphiphile concentration in the cell is equal to
®. The model allows for different counterion concentrations
THEORETICAL SECTION inside{aN_ counterion} and outside{(1— a)N_ counteri-

. . . . ong the vesicle, for different coion concentrati and
In the experimental section, we have investigated a therEj 3 o

modynamically stable phase of microvesicles. They exis 1=p)N. , respectively, and for different surface charge
y Y P L ) y ensities at the inner and outer monolayers
only in very dilute solutions, at low salinity and moderate

charges. At too high concentrations or too high salinity, the yNe

system prefers rearranging itself into a swollen lamellar o=, (104
phase. A systematic dependence of the average radius on the 4mR;

total charge can be observed. The aim of this theoretical

section is to describe the gas of electrostatically charged _(1_7)Ne (10b)

vesicles and to derive the size distributibifR)dR, which o 47R:

gives the number density of vesicles of radius betwremd

R-+dR. From this distributioN(R), one can derive the av- Wheree is the charge of the proton, ardg,y are all com-

erage radius and its polydispersity in size, and so check therised between 0 and 1. For the evaluation of the entropy of

model against the size measurement. mixing of the ions in the monolayers, we estimate the num-
ber of sites of each monolayer. The curvature effect comes
into play by offering a different number of sit& andS, for

A. Dominant contributions charges on the inner and outer monolayer, respectively,
Our model includes three contribution§) Keeping in 2
. . - R
mind the strong dependence of the vesicle radius on charge, S= i (119
we suppose that thaectrostatic contributiof34] to the free a Ri2+ R§ '

energy is crucial. Given the finite concentration of the
samples, vesicle-vesicle interactions are not negligible, and <
the ionic cloud of a given vesicle is confined by the presence So=Na RIR: (11b

of the clouds of surrounding vesicles. We therefore apply a ! ©

simple thermodynamic cell modg85]. Space is divided Up 1 fraction of sites occupied by the charged species is then
into cells of the same spherical symmetry as the Ves'de%iven by

Each cell contains one vesicle as well as its co- and coun-

terions. The size of the cell is chosen such that the concen- N

2

tration of each species in a cell equals its global value. The (pi=§, (129
electrostatic contribution to the free energy is then calculated
for such a cell.(ii) The intrinsic bending elasticityof the 1— AN
neutral bilayer due to molecular packing has to be included. :i

, il . , 0 : (12b
This contribution keeps vesicles from complete electrostatic So

collapse, and we use the Hamiltonifigg. (1)] with an ef- _ o

fective bending elasticity constaRby= ken+xer/2 as a first  According to Gauss's theorem, the distribution of charges
order approximation. The intrinsic part of the bending energyP@rametrized bya,B,y) sets up the boundary conditions for
of a spherical vesicle is thenmco. (i) We include the the radial component of the electric fielil (all _other com-
mixing entropy of an ideal gas as an estimate ofttaesla- ponents are zero for symmetry reasoas the inner radius

tional entropyof the microvesicles. R, at the outer radiu®, and at the boundary of the cell
Rcell
B. Cell model e
The model, see Fig. 5, is built up and quantitatively speci- E(R)= pPr=1 (aN_—=pBN,), (139

fied so as to realistically represent the experimental situa-

tions reported above. The bilayer thickness is fixedsat

=R,—R;=30A, as derived from the swelling behavior of E(Ry) =
the lamellar phase. The experimental paramei@acentra- 4

(aN_—BN,—N),  (13b

2
mee Rg
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E(Recep) =0. (130 and use the usual expression for the ideal entropy of mixing
of two species in a monolayer
One then integrates the PB equation for monovalent ions
: Fen=kaTS[eiIN(¢) +(1-@pIn(1-¢pn], (190

o ~ST| _qnof 210
+© keT | "-P T
(14 ]
Fent:kBTSb[¢o|n(§Do)+(l_‘Po)ln(l_@o)]- (199

whereg, is the vacuum electric permittivity is the dielec- . . ] ] o

tric constant of water¥ the electric potentiakg the Boltz- N @ given experimental configurati¢®, 1, I', salinity), the

mann constant, and® andn® are the co- and counterion €lectrostatic free energy per vesidg*{(R) is found by

densities at zero potential. This integration in spherical symMinimizing expressior{15) with respect toa, 3, andy.

metry has to be done numerically, and the result is the elec- ,

tric potential ¥ (r) and, using the Boltzmann equation, the 2. Free energy of an ensemble of vesicles

spatial distribution of charges, (r) andn_(r) everywhere Defining theN(R) dR as the number of vesicles of mean

in the cell(see the Appendix and Rdf36] for details. radius betweerR and R+dR per unit volume, we can cal-

culate the free energy per unit volume due to the ions and

1. Free energy of a single vesicle in a cell counterions in each vesicle of mean radRis

The electrostatic excess bulk free energy per vesicle cell -
F1° can be written as the sum of an electric energy term F}gensszf FI*Y¥R)N(R)dR. (20)
proportional to the square of the electric fidddand an en- o2
tropy term(using an ideal gas approximatjoaccounting for
the translational entropy of the iofi85]. It depends on the
experimental paramete(®, (), I', salinity), on the distribu-
tion of chargega,B,y) chosen, and on the mean radius of the o
vesicleR. We decompose into the contributions of the co- Fon= kBTJ N(R)
and counterions in the solution surrounding the vesicle o2
Fs° and of the charges in the bilayEP'. For a given set of
experimental parameters we can write

ngrlnz Fiem+ ant’ (199

e
AY(F)=——

ge,

In addition to that, we include an ideal gas entropy as an
approximation for the translational entropy of the vesicles

)
In N, -1|dR, (21

whereN, dR is a fixed reference vesicle density. With the
volumeV(R) of surfactant in a vesicle of radiu®, the con-
(15) servation of the total surfactant volunfeolume fractiond)

ve _ sol sol bil bil
FI*(a.B,7,R) =F+Fant Fo +F can be written as

ent
The energy arising from the electric field is "
f V(R)N(R)dR=®. (22)
€gg 1243 812
Fe=— | [Vo(N)|*d’r, (16)

This constraint can be fullfilled by including a Lagrange
where the integration has to be carried out over the volumgqul'?'ﬁ“efr 'Lﬁ in the tot&l;nergyk:n|rr:lnjlza_tlon. Tlhe grabnd go-
of interest(aqueous solvent or bilayemande is the dielectric tential of the ens_gm_ tot, Wit _tle uf;%rgnsmr?astlc den i
constant in that medium. The contributions of the bilayer to'"d €Nergy contribution per vesicle ofmtkey, then reads
Feois w
‘Dtor[M.T,N(R)]:L/Z[FXES(R)+877Feff]N(R)dR+ Fent

i e(a—BN,+(a=yN]? (1 1
B (Ri Ro), (17)

8megie, o
—Mf V(R)N(R)dR. (23

wheree; is the dielectric constant of the bilayer. The gen- o2

eral expression for the entropy of an ideal gas of ions i

solution is given by37] "lts minimization with respect tdl(R) yields

] ) ~[FY(R) + 8oy~ wV(R) ]
Fgg't=kBTf n+(r)|n(n;_(+r) +n_(r)|n(nn_(r)) N(R):NoeXp( koT
~Nexgd IR 24
—[n.(F)+n_(F)—=n,—n_]|dq. (18) ~Ne®R T ) 24

From N(R), we can then derive the mean radius and the

Equation(18) gives the entropic contribution to the excessBolydispersity in size.

free energy compared to a homogeneous distribution of th
ions with densities1, andn_. We choosen, andn_ to be

the mean densities of each ionic species, which removes the
linear terms in Eq(18). In the case of the ions in the bilayer, Using the calculations described above, the electrostatic
we decompose into the contributions of the two monolayersfree energy per ion and the mean radius of the vesicles can

C. Results
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F/k T ' ' N(R) R (A) '
(per ion) : 1 (m™ 160 I i
or 140 4
7 Zi07 120 | i
05 |
T 1.5x10°° 100 - g
br 80 | i
- 1 1x10%°
60 - i
1.5 4 19
5x10 el |
-2 0 20 | 1 1 1 |
20 40 60 80 100 R (A) 0 1 2 3 4 5 T'(%)

FIG. 6. Typical model result: Electrostatic excess free energy FIG. 7. Comparison of experimefwith error bar$ and model
per ion (broken ling; electrostatic excess free energy per ion plusresults ker=2.7=0.2%gT): mean vesicle radius as a function of
intrinsic bending elasticity contributioey=3ksT (dotted ling; ~ chargel for 0=0.5,®=1%; no salt.
size distribution functioN(R) (full line) for ®=1%, 3=0.5,T

=3%, no salt. bars, see Table )| and superimpose the theoretical result
. _ (full line). Fitting x5 yields 2.9-0.2kgT.
be calculated for arbitrary vesicle parametérkarge, con- In the experiment, as can be seen in the phase diagram

centration, bilayer width, ejcin Fig. 6 we report on a typi- (gjg 1), the vesicles are unstable with respect to increasing
cal result. The broken line represents the electrostatic fregyncentration. A two-phase region separates highly curved
energy due to ions and counterions in vesicular geometry ggyiects(the microvesiclesfrom flat or weakly curved meso-

a function of mean vesicle radid and in units ofkgT per gy crureglamellar phase, exhibiting spontaneous onion tex-

ion, according to Eq(15). It is a monotonically increasing ture9. The position of the phase boundary depends mainly
function ofR, which indicates that the electrostatic contribu- 5, the chargd”, and varies fromb=0.6% atl'=0.5%, to

tions alone would favor a complete collapse of the vesicleq, —5 504 atT'=10%. In this respect, the electrostatic cell

Adding to this free energy the intrinsic bending elasticity el presents quite a peculiar behavior which deserves
contribution of 8rke, we obtain the dotted line. AS ex- comparison with the experiment: upon increasing concentra-
pected, forming very small vesicles is now energetically pesjo “jt exhibits a first order transition from small to big
nalized, and vesicles will adopt some equilibrium radius. Usy asicles. This takes place at a concentrationbof 5.5%
ing Eq. (24), we determine the size distributidd(R) dR,  \yhich is comparable to the experimental phase transition.
which gives the number of vesicles per unit volume of aver4(R) at the transition[Eq. (24)] is plotted in Fig. 9. Of
age radiusR (full line). This size distribution function is ¢4 rse the model cannot reproduce the formation of smectic
symmetric about its most probable value, and the averaggions since the geometry of the objects is fixed to unilamel-
radius and its polydispersity in sizgull width at half |5¢ esicles. Nevertheless, we think that the formation of the
maxmum/aver_age rac_jmjsan be ea§|Iy deduced. ) _big vesicle population reveals the higher stability of objects
For comparison with the experimental results listed iNhaving lower curvature at higher concentration.
Tables I-1Il, we calculated the average radius, polydisper-  gina|ly, we calculated the evolution of the mean vesicle
sity, and free egergy per unit volume expected for a conceny,gjys with salinity. As shown in the experimental section,
tration of ®=19%, a cosurfactant to surfactant ratio @f  yegjcle size should increase with salinity due to electrostatic
=0.5, a bilayer width 08=30 A, and charges ranging from screening effects. In Fig. 10 we compare the experimental

['=1%-5%. The intrinsic contribution to the bending regyts to our model results, using an effective intrinsic bend-
energy—8r k. per vesicle—is included. Fitting the theoret-

ical mean radius to the mean radius obtained from small
angle neutron scatteringANS) yields ko5=2.7+0.2kgT, R (A) ' ‘ ' ‘
which is a reasonable order of magnitude for surfactant bi-
layer systemstypically in the range 0.5—EgT according to

70 b

current literaturg The result—the mean radiuR of the 60 L ]
vesicle as a function of chardé—is plotted in Fig. 7(full
line). The experimental values fé&t are superimpose@vith 50 1

error barg. The theoretical polydispersity is about 15%,
which is somewhat less than what we observe experimen-
tally.

The experimental dependence of the mean vesicle radius
R on concentrationb is documented in Table Il of the ex- 2 w . L L w : !
perimental section. This effect is due to the confinement of 0 02 04 06 08 12 14@ (%)
the counterions into smaller volumes, and should be repro-
duced by the cell model which defines the volume accessible FIG. 8. Comparison of experimefivith errorbars and model
to the ionic cloud. In Fig. 8 we plot the mean radius of theresults k.4=2.9+0.2%gT): mean vesicle radius as a function of
microvesicles as a function of concentratidn(with error  concentrationd for 0 =0.6,1'=5%; no salt.
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FIG. 9. Small to big vesicle transitiog(R) for ®=5.5%, O

el FIG. 10. Comparison of experimetwith errorbar$ and model
=0.6,'=5%; no salt usingce;=3KgT.

results k.=3.1-0.2%gT): mean vesicle radius as a function of
salinity for 1=0.6,I'=5%, ®=1%.

ing modulus of kes=3.1+0.%gT. We conclude that the

model reproduces the tendency of the vesicles to grow witfihe size distribution dete_rmined from electron microscopy. A
increasing salinity. complete thermodynamic model has been worked out for

mixed cationic-anionic vesicles by Yuet and Blankschtein
[41]. Such calculations are, nevertheless, very complicated
and technical.

Figures 7, 8, and 10 show that our electrostatic model The theories of the bending elasticity of charged bilayers
reproduces experimentdBANS) results corresponding to (especially Refs[1] and[2]) proposed for the limiting case
varying charge densities, concentrations, and salinities fairl\ pe, <R, whereR is a typical dimension characterizing the
well. Its main features are the possibility of the ions tolocal curvature, predict a curvature instability for flat isolated
equilibrate across the whole cell according to the Poissonmembranes at high area charge density. This is consistent
Boltzmann equatioifl4) and the approximative treatment of with the observation of the replacement of the highly diluted
vesicle-vesicle interaction via the confinement of the iondamellar phase by microvesicles when increasing the area
around the vesicle, expressed by a finite cell radius. Theharge density above some critical value. But such theories
model involves only one free parameter, the intrinsic bendeannot predict the characteristics of strongly interacting mi-
ing elasticity modulusc.s, and its fitted value, a fewgT, crovesicles at equilibrium. Recently, Daigit al. have pro-
corresponds well to the bending moduli measured in similaposed a perturbative approach of the Poisson-Boltzmann
mixed (surfactant-cosurfactant systems: it is known from equation in a spherical cell modéZ2], where the free energy
Ref.[38] that in mixed systems the compositions of the twoexpansion is translated in terms of effective rigidity con-
monolayers readjust upon bending so that the effective rigidstants: this is an interesting attempt to generalize the frame
ity (at relaxed compositionss lower than that of pure sys- of the effective rigidity to the case of nonisolated vesicles in
tems. strong electrostatic interaction. But this is still a perturbation

Deviations of the model predictions from the experimen-approach(about the flat staje which in essence is not ap-
tally observed values occur close to phase transition, e.g., fgropriate for very high curvatures and large screening
very small vesicles, where the interpretation of the SANSengths, as it is the case of microvesicles. In order to model
patterns becomes delicate. One of the reasons for this is thieese, we had to work out numerical calculations, solving the
possible coexistence of different populationgesicle- Poisson-Boltzmann equation for arbitrary curvatures and
micelle, or very polydisperse vesicje#nother is the possi- screening lengths. A further essential ingredient of our model
bly asymmetric distribution of TX100 and octanol, with the is that it allows for a nonsymmetrical distribution of the
inner monolayer richer in octanol and the outer one richer ircharges in the inner and the outer monolayer of the vesicles
TX100. The contrast profile is then asymmetric about theand that the co- and counterions can equilibrate across the
mean radius. On the other hand, theoretical limitations argvhole cell (inside and outside the vesigleNe worked out
introduced by setting the CPCI dissociation constant to lalternative simulations where these internal degrees of free-
and by the use of ideal gas entropies. In addition to thatdom were frozen: the predictions obtained are different
introducing the molecular packing requirement in terms ofwhich means that the internal degrees of freedom have quan-
an effective bending constarty may not be reliable at very titatively important effects.
large curvatures. Including higher order terms into Eb. In conclusion, we have measured the evolution of the size
would make the model too arbitrary. Finally, one could getof the microvesicles with all relevant parameters from neu-
rid of the free parametex.; by working out a detailed mi- tron scattering: the data treatment exploits altogether the
croscopic calculation of the intrinsic bending constant, asform factor of the individual vesicles and the interference
e.g., done by May and Ben-Shd@9]. Bergstan [40] actu-  factor arising from correlations in the positions of their cen-
ally calculated the size distribution of the vesicles observeder of mass. In order to interpret such accurate size measure-
by Kaler and co-workers: his predictions closely resemblaments, we construct a cell model and solve the Poisson-

CONCLUDING REMARKS
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Boltzmann equation in the cell: this model is found to agree APPENDIX: NUMERICAL INTEGRATION

well with the scattering data. However, due to the spherical The numerical integration of the PB equatidy, (14)] is

symmetry of the cell, the mod_eI has to .be .so_lved'numen—done using a fourth order Runge-Kutta adaptive step size
cally: although the agreement is good, it is difficult in thesealgorithm. In the case of counterions onhy. is the natural

conditions to understand qualitatively what particular effect arameter that has to be varied to fulfill the boundary condi-
is at the origin of the instability of flat bilayers in favor of P y

small highly curved vesicles. A possible explanation mighttlons’ €.g., with a Newto_n—Raphson .algorlt.hm. In the pres-
be the following. The entropy of the counterions stronglyence .Of co- and counterions, numencal. dlverggnces of the
favors the dissociations of infinite bilayer into smaller sub—(ale.CtrIC potential are more d'ffICU|t. to avoid than in the. coun-
units which allow for a more homogeneous distribution Oftenon OT”V case. We theref ore switched to a hypothetl%al salt
the counterions in space. In this respect, microvesicles arréasgrvow descr:)ptlon, which amounts to pqttlmﬁ=n_
favorable since they represent the smallest aggregates com-" and varyn and theovalue OJ t'he potential at. the cell
patible with an association of the surfactant molecules ifPeundary¥o instead O(‘:n+ andn in order to fulfill the -
bilayers. As a matter of fact, in absence of an intrinsic rigid-Poundary conditions. n° being an averaged value, this pair

ity ;effi

vesicles. However, this explanation fails when concentratio
increases since, very soon, the microvesicles phase separ

with the onion phasdabove typically 3% concentratipn
Interestingly, the model predicts as well a “first order

the model would predict a complete collapse of theOf variables is somewhat more intuitive. The problem of the
gninimization of the electrostatic free energy as a function of
&7 is solved in two steps. For a givef,g) pair, the

minimum, with respect tg, can be found rapidly, as only an

" tran- €valuation of Eqs(17) and(19) is necessary. The minimum

sition to large sizes in the same range. But, up to now, w&Vith respect toa and 8 can be evaluated by a steepest de-
did not succeed in making sense of this transition fromscent search, as the surfde§{a,8) is smooth.

simple intuitive arguments.
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An estimate of numerical errors is obtained by comparing
the volume integral over the numerically found co- and
counterion densities to the number of charges actually
needed to reach electroneutrality. These relative errors are
kept to less than 10* for all the results presented in this
article.

[1] H. N. W. Lekkerkerker, Physica A59, 319(1989.

[2] D. J. Mitchell and B. W. Ninham, Langmuf, 1121(1989.

[3] M. Winterhalter and W. Helfrich, J. Phys. Chei®2, 6865
(1988.

[4] M. Winterhalter and W. Helfrich, J. Phys. Cher@6, 327
(1992.

[5] A. Fogden and B. W. Ninham, Langmuit 590 (1991).

[6] P. Pincus, J. F. Joanny, and D. Andelman, Europhys. L&ft.

763(1990.

[7] J. L. Harden, C. Marques, and J. F. Joanny, Lang@uirl70
(1992.

[8] P. G. Higgs and J. F. Joanny, J. PhyBrance 51, 2307
(1990.

[9] V. Kumaran, J. Chem. Phy89, 5490(1993.

[10] C. Ligoure and G. Porte, J. Chem. Phg82 4290(1995.

[11] W. Helfrich, Z. Naturforsch. @28, 693 (1973.

[12] H. Hoffmann, C. Thunig, P. Schmiedel, and U. Munkert,

Langmuir10, 3972(1994).

[13] H. Hoffmann, U. Munkert, C. Thunig, and M. Valiente, J.

Colloid Interface Scil63 217 (1994.

[14] C. Thunig, G. Platz, and H. Hoffmanmnpublished

[15] J. Wuertz and H. Hoffmann, J. Colloid Interface SEr5 304
(1995.

[16] S. Ristori, J. Appell, and G. Porte, Langmui2, 686 (1996.

[17] P. Herve D. Roux, A. M. Bellocq, F. Nallet, and T. Gulik-

Krzywicki, J. Phys.(France Il 3, 1255(1993.

[20] E. W. Kaler, K. L. Herrington, A. K. Murthy, and J. A. N.
Zasadzinski, J. Phys. Che®6, 6698(1992.

[21] R. Schomaker and R. Strey, J. Phys. Che@8, 3908(1994.

[22] E. Z. Radlinska, T. N. Zemb, J. P. Dalbiez, and B. W. Ninham,
Langmuir9, 2844(1993.

[23] J. Oberdisse, C. Couve, J. Appell, J. F. Berret, C. Ligoure, and
G. Porte, Langmuif2, 1212(1996.

[24] J. B. Hayter and J. Penfold, Mol. Phy&2, 109 (1981); J. P.
Hansen and J. B. Haytehid. 46, 651 (1982.

[25] D. C. Morse and S. T. Milner, Europhys. Le26, 565(1994).

[26] B. D. Simons and M. E. Cates, J. PhyBrance Il 2, 1439
(1991).

[27] M. Mille and G. Vanderkooi, J. Colloid Interface Sé1, 455
(1977.

[28] M. Gradzielski, D. Langevin, L. Magid, and R. Strey, J. Phys.
Chem.99, 13232(1995.

[29] R. Klein and B. D’Aguanno, irStatic Light Scattering: Prin-
ciples and Developmentsdited by W. Brown(Oxford Uni-
versity Press, New York, 1996

[30] L. Belloni, in Neutron, X-Ray and Light Scatteringdited by
P. Lindner and Th. ZemtNorth-Holland, Amsterdam, 1991
Delta Series.

[31] B. Cabane, R. Duplessix, and Th. Zemb, J. Plifsance 46,
2161(1985.

[32] E. Z. Radlinska, B. Ninham, J.-P. Dalbiez, and Th. Zemb,
Colloids Sur.46, 213(1990.

[18] L. L. Brasher, K. L. Herrington, and E. W. Kaler, Langmuir [33] G. A. McConnell, M. Y. Lin, and A. P. Gast, Macromolecules

11, 4267(1995.

28, 6754(1995.

[19] E. W. Kaler, A. K. Murthy, B. Rodriguez, and J. A. N. Zasa- [34] E. J. W. Verwey and J. T. G. OverbeéKyeory of Stability of

dzinski, Science45, 1371(1989.

Lyophobic ColloidgElsevier, New York, 1948



56 SIZE OF MICROVESICLES FROM CHARGE. .. 1975

[35] R. A. Marcus, J. Chem. Phy&3, 1057(1955. tosh, Phys. Rev. A3, 1071(199)).

[36] M. Dubois, Th. Zemb, L. Belloni, A. Delville, P. Levitz, and [39] S. May and A. Ben-Shaul, J. Chem. Ph$63 3839(1995.
R. Setton, J. Chem. Phy86, 2278(1992. [40] M. Bergstran, Langmuirl2, 2454(1996.

[37] D. Andelman, inHandbook of Physics of Biological Systems [41] P. K. Yuet and D. Blankschtein, Langmui, 3802(1996.
(Elsevier Science, New York, 1989ol. 1. [42] J. Daicic, A. Fogden, I. Carlsson, H. Wennerstroand B.

[38] S. A. Safran, P. A. Pincus, D. Andelmann, and F. C. MaclIn- Jansson, Phys. Rev. B4, 3984(1996.



