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Effect of amphiphilic block copolymers on the structure and phase
behavior of oil-water-surfactant mixtures
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The effect of amphiphilic diblock copolymers of several molecular weights on the structure and
phase behavior of ternary amphiphilic systefwster, oil, and nonionic surfactaris investigated.

Small amounts of amphiphilic block copolymer polyethyleneoxide—polyethylpropylene lead to a
dramatic decrease of the amount of total surfactant needed to solubilize given equal volumes of
water and oil in a bicontinuous microemulsion. Neutron scattering experiments employing a
high-precision two-dimensional contrast variation technique demonstrate that the polymer is
distributed uniformly on the surfactant membrane. Based on these observations, we propose a
mechanism for the enhancement of swelling behavior, which is due to the variation of the membrane
curvature elasticity by polymer mushrooms anchored to the interface20@L American Institute

of Physics. [DOI: 10.1063/1.1377881

I. INTRODUCTION branes, to which hydrophilic polymers are anchored by hy-
drophobic side chains, below the overlap concentration of
Microemulsions are thermodynamically stable and macthe polymers on the membraﬂ&imilarly, micropipet aspi-
roscopically homogeneous mixtures of water and oil, whergation experiment of vesicles with PEO lipids show an
the m|SC|b|l|ty is mediated by surfactant molecules. MicrO'increase of the bending rigidi@bovethe Over|ap concentra-
scopically the surfactants form an extended interfacial filmtjon, while no data are available in this system below over-
separating water and oil on a local scale. Recently we disgap_ |n both cases the bending rigidity was found to level off
covered an enormous efficiency increase of the emulsificas; higher polymer concentrations. On the other hand, the
tion capacity of the nonionic surfactanifg, by adding am-  penging rigidity was found to vary little with polymer con-
phiphilic - block copolymers of ~polyethylenepropylene/ ceniration both in the lamellar phases of Refs. 7 and 8 and in
polyethyleneoxide (PEP-PEQ While mixtures of WO g, factant bilayer vesicles with PEO surfactafts.
surfactants of similar chain length show only small synergis- Structural properties of such complex fluids may be ac-

tic effects in microemulsions, adding the amphiphilic blockCessed by small angle neutron scatterf®ANS) which
copolymer to a conventional microemulsion system Walakes advantage of the unique possibility to vary the contrast

found to lead to a very large efficiency increase already forbetween the different components by hydrogen—deuterium
traces of polymet.

The extraordinary role of polymers is not only restricted exchange. A number of systematic studies on bicontinuous

) : : . : icroemulsions under either oil-water or film contrast are
to synthetic systems like conventional microemulsions but” ! : _16
reported in the literatur®

has received also much attention in connection with am- The th ical und di ¢ mi Isi h
phiphilic bilayers and biological membranes. Polymers an- e theoretical understanding of microemulsion phases

chored to phospholipid bilayers have for example been usefi2S Peen promoted by a detailed analysis—based on statisti-
to protect artificial vesicles against the immune system re¢@l Physics—of several classes of models of amphiphilic sys-
sponse and make effective drug carrier systéridvater tems. We want to mention microscopic lattice models,
soluble polymers anchored to lipid bilayers have also beeffinzburg—Landau-type free-energy functional approaches,
found to exhibit a lamellar hydrogel phase at high waterdS well as interfacial models which employ the curvature
concentratior:® When the bending rigidity of the bilayer is €lasticity of the amphiphile film. A recent overview by
reduced to values of the order of the thermal endagy by ~ Gompper and Schick reviews the state of the art. In par-
the addition of a cosurfactant—determined from the analysigicular the Ginzburg—Landau-type theories reveal the struc-
of the scattering intensity—gelation is found to occur alreadyture factor for oil—water microemulsions under bulk-contrast
in mixtures containing as little as 0.5 wt % PEO lipid. conditions—the so called Teubner—Strey formtlawhich
Theoretically, the polymer decoration of membranes iss employed routinely in order to describe such scattering
expected to increase the bending rigidity. Such an effect hasults. On the other hand, already the scattering under film
qualitatively been observed in the lamellar phase of memeontrast is much less understood. Recently, Reual81°
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as well as Gompper and Schifkpresented Ginzburg—
Landau models with two scalar order parameters, in order to
describe the thermal fluctuations of the amphiphile density in
microemulsions, which was shown to be strongly influenced
by the oil-water correlation function. Alternatively,
Pieruschka and Safra?? have calculated the scattering in-
tensities under bulk and film contrast within the interfacial
approach.

Finally, the phase diagrams of microemulsions are
strongly influenced by the elastic moduli, the bending modu-
lus k and the saddle splay or Gaussian curvature modkilus
of the surfactant film. Recently, Mor$& Golubovic?* and
Gompper and Krof® demonstrated an exponential depen-
dence of the phase boundary of the homogeneous phase in
terms of the surfactant volume fraction on the magnitude of

the saddle-splay modulus. Polymers tethered to a surfac-
tant layer modify the elasticity moduli and thus are expected
to have a profound effect on the phase diagrams.

In this paper we display a coherent set of scattering re-
sults on bicontinuous microemulsions with varying polymer
concentration. We evaluate the different partial structure fac-
tors and interpret the results for the bulk and film contrasts
jointly in terms of both Ginzburg—Landau and interfacial
models. We study the effect of the polymers on the various
parameters of the theory and evaluate the system parameters
on the basis of the structural information. Furthermore, the
polymer scattering by itself is studied in extracting the
polymer—polymer partial structure factor. This quantity pro-
vides information about the polymer conformation and poly-
mer density in the system. In particular, we show that all
polymer chains are tethered to the surfactant films. A sche-
matic illustration of the microemulsion structure containing FIG. 1. Schematic illustration of the bicontinuous microemulsion structure
block copolymer is given by Fig. 1. Detailed information on and the polymer distribution on the interface as inferred from the experi-
the density profile of the tethered chains are also obtainethental results presented in this paper.
from the interference term between the polymer and the film
scattering. Finally, the efficiency boosting effect of the teth-
ered polymers is explained in terms of the variation of thewith the help of Refs. 27 and 28 and were transformed into

saddle-splay modulus by the tethered chairfS. the end-to-end radiiR,, by multiplication with \6. The
PEP-block end-to-end radiR,, were obtained by the rela-
Il. EXPERIMENTAL SECTION tion R,=Rg([ 7], /[ 7]g) Y%, whereRg is the end-to-end dis-

tance in the theta-solvent benzene at 19 °C and was calcu-
lated from Ref. 29, and n]p and [ 7]g are the intrinsic
In this work we consider microemulsions consisting of viscosities in oil and benzene, respectively. Fgilo values
water andn-decane and nonionic surfactanioE, (n-decyl- in cyclohexane were used instead of decane, as the solvent
tetraoxyethylene To these ternary microemulsions we qualities of cyclohexane and decane are similar for PEP. The
added amphiphilic block copolymers of the BEPPEQ/ molecular weight dependences drg]o=2.81X 10‘4Mf,’\,'7
type, wherex andy denote the molecular weights of each (Ref. 42 and[ 7]z=2.03x 10 *M?° (Ref. 30.
block in kg/mole. These block copolymers have similar In order to perform experiments under polymer contrast,
structures as E, and differ from it mainly by their size and a fully deuterated GE, had to be synthesized. Details are
the methyl side groups of the hydrophobic PEP block. again given in Appendix A. The samples for the structural
The PEP-PEO block copolymers were synthesized bynvestigations by small angle neutron scatterit8ANS
anionic polymerization. Some details are given in Appendixwere prepared using deuterated water,@P and hydrog-
A. A more detailed description of the polymer synthesis carenousn-decane(h-decang for the oil-water or bulk contrast
be found in Refs. 27 and 28. and with DO and deuterated-decane(d-decang for the
Table | displays the characterization of the polymers to-film contrast.
gether with the end-to-end distances of the single polymer In order to achieve the polymer contrast, microemulsions
blocks, R,, for PEO andR, for PEP. These values were of D,O, d-C;E,/h-C,¢E, mixtures, andd-decandi-decane
calculated for homopolymers of the corresponding moleculamixtures were prepared so that the scattering length densities
weights. In case of PEO the radii of gyration were calculatedf surfactant and decane were matched to that&).0Prior

A. Samples
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TABLE I. Polymers used as additives.

PEP-OH PEP-PEO

Compositon ~ M,/g/mol M, /M, M, g/mol M,/M, RJ/A RJ/A

PEP5-PEOS5 d6.37h3.63 5180 1.03 11100 1.03 77 67
PEP5-PEO15 h/h 4770 1.03 18 900 1.02 138 67
PEP10-PEO10 d6.25h3.75h 9880 1.02 21300 1.02 113 97
PEP22-PEO22 d6.61h3.39h 23100 1.02 49 000 1.03 181 159

to the preparation of the polymer contrast microemulsions.v ., ..), the volume fraction of polymer in the mixture of
thed-surfactant and thbe-surfactant were stirred for 24 hours syrfactant plus polymer. With the known mass densities

under high vacuum to eliminate adsorbed water. The deugiven in Table Il anop polymer=1.0 g/cni, the volume frac-
teration degree of thé-decane was measured ty-NMR as  tions ®,, ®,, and® ; quoted in this paper have been de-
described for the PEP—OH in Appendix A. Forb@ the rived from the corresponding mass fractions under the as-
value of 99.96% indicated by the manufactugldrich) was  sumption of simple additivity on mixing; mass differences
used and the sealed ampoule was first opened prior to thfe to H/D exchange have been taken into account as appro-
experiments. As thal-CyE, as well as theh-C,¢E4 con-  priate.
tained OH end groups which exchange protons with the deu- A small percentage of the surfactant molecules is solu-
terons of BO, this effect was considered for the deuterationpijlized in the water- and oil-excess phases at three-phase
degree of DO as well asd-C,¢E,. The values are given in coexistence, and similarly in the water and oil domains of a
Table Il. The volume densities of the components were meapjcontinuous microemulsioft. Therefore the surfactant vol-
sured with an Anton Paar DMA 5000 density meter. Theume fraction®., is slightly different from the membrane
results for 30.15°C and the thermal expansion coefficientgolume fraction¥, which has been corrected for this effect.
are also given in Table Il. Foh-C,¢E,, the value corre- Table Il displays the composition of the samples used in
sponds to the density in the microemulsion and not in thehis study. We note that in order to investigate the polymer
bulk material. To obtain this value, five microemulsions in scattering as well as the polymer-film interference contribu-
the one-phase region, containing 14 to 22 wt% surfactantion, an array of 15 different contrasts around the theoretical
were measured. With the knowledge of the mass fractions ghoint of zero contrast among oil, water and surfactant were
water, decane, and surfactant as well as the measured dengéed, as explained in more detail in Sec. I C5 below.
ties of bulk water and decane it was possible to calculate the
h-C;E,-film densities_. The value given in Table Il is the B. Phase behavior of the microemulsions
average value of all five measurements. In order to demon-
strate the precision of the measurements it should be noted At equal volume fractions of water and oil, ternary mi-
that no value differed more than 0.02% from the averagecroemulsions of watem-alkane and (E; as a function of
The densities ofi-decane and-C,E, were calculated from temperature display phase boundaries with a symmetric
the hydrogenous components taking into account the differshape well known as the “fish'(solid lines in Fig. 2. At
ent molar masses of the and d molecules. With the deu- low temperature an oil-in-water microemulsion coexists with
teration degrees and the volume densities it was possible @0 upper oil excess phasdenoted by2), while at high
calculate precisely the scattering length densities of the confemperature a water-in-oil phase coexists with a lower water
ponents. These data are also listed in Table IlI. excess phasélenoted by 2. At intermediate temperatures

In order to characterize the sample compositions, weand low surfactant concentrations, a three-phase body ap-
need three parameters for the quaternary systems. They guears(upper oil excess phase, middle-phase microemulsion
defined as® ,=Vy;/(Vyaer Voil), the volume fraction of and lower water excess phase, denoted JoyrBthe fish tail
oil in water plus oil,® = (Vgyactant™ V polymed ! (Vwatert Vil at intermediate temperatures and somewhat higher surfactant
+ Vsurtactanit Vpolymed» the overall volume fraction of am- concentrations, a one-phase region ocdarsnoted by 1
phiphile including the polymer, an® s=V oymer (Vsurfactant ~ Which relates to a bicontinuous microemulsion.

TABLE Il. Densities and scattering length densities of the constituents.

T=30.15°C D,O h-decane d-decane h-CyoEs d-CyoEs

Degree of deuteration

(atom% 99.71 0.01 98.87 0.01 99.23

Density (g/ml) 1.1031 0.7222 0.8332 0.97047 1.0776
Expansion coefficient

(g/ml/°C) 27313 10°*  7.604x10°* 8.774x10°% 7.860x10°*  8.619<10° 4
Scattering length density

[10% cm™2?] 6.320 —0.483 6.438 0.180 6.858
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TABLE Ill. Sample compositions for GE,/PER,—PEQ,microemulsions.  C. Small angle neutron scattering
(W specifies the membrane volume fraction, i#., corrected for the

=2wt % surfactant solubility in decane. 1. Data collection

RunNo.  «a 2 6 @, ¥ @&, @, Contrast The SANS experiments under bulk and film contrasts
Sample 15 0.398 0.138 0 051 0127 O 0.127 were performed at the KWS-1 SANS instrument at the FRJ-2
Sample 16 0.397 0.106 0.024 0.50 0.095 0.024 0.093 reactor of the Forschungszentrumlid. The experiments

Sample 17 0.397 0.079 0.051 0.50 0.068 0.053 0.065 Bulk were carried out at sample-to-detector distances Lof

Sample 18 0.396 0.067 0.074 0.50 0.057 0.079 0.053 =125, 5 and 20 m using a neutron wavelength )of
Sample 19 0.396 0.054 0.106 0.50 0.044 0.112 0.040

= = 0, 1 I
Sample 20 0434 0127 0 0el 0123 0O 0.123 7 A[ANN=20% full width a}half maX|mur_1{lFWHM)].
Sample 21 0432 0.097 0.031 0.51 0.092 0.032 0.089 Thereby aQ range of 0.0038 A'<Q<0.25 A™*was cov-
Sample 23 0.434 0.065 0.077 051 0.058 0.083 0.054 Fim ered. Experiments near polymer contrast were carried out at
Sample 24 0.434 0.055 0.099 0.51 0.048 0.110 0.043 the high intensity SANS diffractometer D22 at the Institute

Laue Langevin in Grenoble. Using a wavelength Xf
=6 A (ANA=10% FWHM and choosing two detector
positions L=2 and 14 m, D22 covered & range of
0.0033 A!<Q<0.46 A% the geometrical upper limit is
The samples were prepared by weighing the masses ii¢duced to about 0.2 & because the scattering from our
test tubes. The tubes were sealed and the occurring phasggmples dropped below tiicoherent background beyond
were observed as a function of temperature. The observatidhis Q value.
of the phase diagrams was done in a thermostated water bath, All scattering experiments were performed in the one-
where the temperature could be controlled up to 0.02 K. Th@hase region near the fish-tail point of the phase diagram,
occurrence of different phases was determined by visual inwhere structures are bicontinuous. The samples were equili-
spection in both transmitted and scattered light. Crossed pdrated at the fish-tail point temperatures and filled into
larizers were used in order to detect the presence of lamellddtellma-quartz cells of 0.2 mm optical path length for the
phases. We note that the phase diagrams for microemulsiomsilk-contrast measurements, 1 mm path length for the film-
prepared on the basis of,D are shifted in temperature by contrast measurement, and 5 mm path length for the polymer
abou 2 K to lower values compared to those with® On  contrast, respectively.
the other hand, microemulsions containidgC,,E,, D,O A sample thermostat which was able to keep the desired
andd-decane are shifted by akioli K upwards compared to temperatures within 0.02 °C was employed. It could be easily
the microemulsions containing hydrogenous materials. Howremoved in order to check whether the samples stayed in the
ever, the fish-tail points stay virtually at the same composibicontinuous one-phase region just before and after each
tion @, independently of deuterated or hydrogenous matemeasurement by visual inspections in transmitted light.
rials. Each data set was normalized to absolute intensity by the
incoherent scattering of J. The data sets from the differ-
ent detector distances overlapped without scale adjustment.

H,0 - n-C, H,, - C, E, - PEP10-PEO10 2. Partial structure factors in ternary and quaternary
40 —— ————— — fluid mixtures
The small angle scattering of neutrons arises from fluc-
tuations of the scattering length densitips=(Z;b;)/v;

35 whereb; are the scattering length of different atoms in a
moleculei andv; is the volume of the corresponding mol-
ecule. Under the assumption of incompressibility and with

g 30 the definition of one of the molecular species as reference—
] its scattering length density may be denotedplyy-the co-
herent scattering cross section per volume is given by

25|

Q=2 (== P9S(Q) &)
with the partial structure factori§;(Q) (see, e.g., Ref. 32
20 1 2 2 1 1 L L L I3 1 L n 1 1 1 n
0.0 0.05 0.10 0.15 0.20 1 , . 130 A3
Oy Si( Q=g V<¢i(r)d>j(r »exdiQ-(r—r")]drdr'.
FIG. 2. Three-phase bod®) and adjacent one-pha&® region for water— )

n-decane—GFE, containing equal volume fractions of water and decane. : - -
Addition of the amphiphilic block copolymer PEP10—PEO10 shifts the one- 1'€ _INfegration is performed over the sample volume and

phase region to smaller surfactant volume fraction.2 and 2refer too/w q,bi(r) describes the YOlume 'fractlon of mplecwlat a posi-
andw/o microemulsions in equilibrium with their respective excess phasesf“o_n r.|Ql= (477/)\)_5|n(®/2) is the scattering wave number
® ; denotes the volume fraction of polymer in the surfactant. with ® the scattering angle and the neutron wavelength.
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For a quaternary microemulsion containing oil, water, sur-for an oil-water symmetric structure, E@) is amended by
factant and polymer, the scattering intensity may be deS, (Q)=S,,(Q). The same procedure as above then leads

scribed in terms of partial structure factors to
1(Q)= (o~ Pw)*Soo( Q)+ (1= pw)*Si1(Q) Soi(Q)=Swi(Q)=— 3(Si1(Q) +Srp(Q)),
2 _ _ L ()
+(Pp Pw) Spp(Q)+2(p0 pw) (P = Pw) Sop(Q):SWp(Q):_ E(Spp(Q)+Sfp(Q))-
X Sof(Q)+2(ps = puw) (Pp~ Puw) Sip(Q) SinceS(Q) is about 18 times larger tharS;,(Q) for
+2(po= pw) (Pp— Pw) Sop(Q), (3) the range of polymer concentrations investigated in this pa-

o . . per, and sinceS;,(Q) vanishes at higl®, Eq. (7) is almost
whereo, w, f, andp indicate oil, water, film, and polymer, yalid even for a quaternary, oil-water symmetric system.
respectively. Water has here been used as the reference indi- Finally, we note that the off-diagonal partial structure
cated above. Considering the very low polymer volume fraCtactorsS,, S,,, andS, also contain valuable information;
tion in the microemulsion, in general we may neglect thesfp' for example, yields the density profiles of polymers
partial scattering functionS,,, Sy,, and S, which are  tethered to the surfactant layer—as explained in detail in
buried under the5,, and S; contributions in Eq.(1). For  sec. 111B 4 below.
pi=pw, the scattering intensity(Q) then revealsS,,(Q),
which we call “bulk contrast.” On the other hand, for,
=pw; 1(Q)=(pr—pw)*St(Q). For this “film contrast” the 3. Background subtraction
experiment reveals information about the surfactant correla-
tions.

The contrast matching method is very powerful, when it
is applied to complex many-component systems, because

principle the signal can be restricted to the components wi . . .
are interested in. If the scattering length densifigs p irst incoherent scattering, and second the coherent scattering
. o0

and p; are precisely matched, then the scattering intensit)?aused by mixing of deuterated and hydrogenous materials

will be dominated by polymer—polymer partial scattering of one species. In our case, th'e mmmgketﬂecaneﬂ-decape
function S,,(Q), and we may obtain information about the and ofh-CyoF,/d-CyqF, gives rise to this type of scattering.

structure of the polymer. This contrast is called “polymerIgliu'lgigg%em scattering intensity of the system may be

In the case of the contrast-variation series around the
total matching point, the total scattering intensities were very
,RW and particular care had to be taken for the background
ubtraction. Two origins of the background are considered:

contrast.”
For the partial structure factors a number of relations can g:““’“
be derived. Let us first consider a ternary microemulsion of lincoh™ T Pis 9)
oil, water and surfactant. Without the polymer terms, €. ' '
reduces to wherei indicates théth component in the system, angis
5 5 the volume of the molecule type ¢"°"is the incoherent
1(Q)=(Po= pw)“Soo(Q) + (p1—pw)“St(Q) cross section of a molecule of typei.e., the sum of the
+2(po— Puw) (Pt = Pw) Sot(Q). (4)  incoherent cross sections of its atoms, ands the volume

o fraction of the component, respectively. However, it is
Here water has been used as the reference. When oil is usegmmonly experienced that this underestimates the incoher-

as the reference, this equation is modified to ent background level as observed in typical SANS experi-
| _ 2 H(pe—p.)2 ments.
(Q)=(pw=Po) S Q)+ (p1= o) "S1(Q) To estimate the scattering contributionsheflecane and
+2(pw=Po) (Pt = Po) Swi(Q). (5)  h-C,E, we assume that the shape ofE, in the interface

can be modeled by a cylinder; a Debye function, 8¢), is
used to approximate the form factor of decane. The respec-
tive forward scattering is given by

Equations(4) and (5) are equivalent. Therefore, for struc-
tures, which are invariarfbn averaggunder an exchange of
oil and water, we find

dz,
Sl Q) =S60(Q), 1(Q=0)= m(Q)=<1>(1—<1>)UA,)2, (10)
_ )
Sut(Q)=Ser(Q). where® is the volume fraction of the scattering molecules,
Then inserting Eq(6) into Egs.(4) and(5), we obtain v is their molecular volume, andp is the difference of
) scattering length densities between the prgtonated | scatterer
Sot(Q)=Sui(Q) =~ 25:(Q). (7)  and the average of others: i.A p= pecaterer p, Wherep is

dthe average except the scatterer. The form factor of a ran-

Equation(7) agrees with a result derived by Gompper an - X e
domly oriented cylinder is given by

Schick® on the basis of a lattice model for ternary mixtures.
The above discussion can easily be extended to quater- w2

nary system. For a quaternary microemulsion with oil, water, P(Q) =4f0 {sin(QH cosp)/(QH cosp)}?

surfactant and polymer, the scattering intensity is given by

Eq. (3). From the equivalence of water and oil as references x{J(QRsinB)/(QRsinB)}%dg, (11

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 115, No. 1, 1 July 2001

where H is the height of the cylinder and is the radius of
the base. Finally, the Debye function is

exp(—x)—1+x
fpepyd X) = ZT (12
with x:RéQ2 and radius of gyratiorr,. We used the pa-
rameters H=10.8 A, R=4.1 A as inferred from the geo-
metrical parameters given in Ref. 16, aRg= 3.0 A follow-
ing from a fit to the Debye function.

After the subtraction of the calculate@-independent
incoherent scattering and the slightly but significantly
Q-dependent coherent scattering frbrdecane andh-CyoE,
in their deuterated environment, all corrected data show
plateau in the higl region. The actual background levels

Effect of amphiphilic block copolymers 585

exp(—tagﬁ) with teg=\t?/12+372, inferring an approxi-
mately Gaussian surfactant density as shown in Ref. 36. At
large Q, Eqg. (14) then takes the form

2y 2T 2,2
1(Q)=(pt—pw) ‘I’EteXF(—Q ter) - (16)

5. Double contrast variation

Polymer scattering may be observed, if the scattering
length densities of water, oil and surfactant are matched.
Then a single protonated chain in the deuterated environment
will give rise to the signal from the individual polymer
chains. Since very large intensity differences between the

. . _l .
were obviously about a factor 2 higher, mainly due to theScattering under bulkorder of magnitude ocm™), fim

effect of multiple incoherent scattering. We subtracted thi
average value at hig as an additional background.

4. Asymptotic behavior

The scattering intensity at large wave vect@ss well
known to be dominated by the contributions of the local
interface profile(Porod scattering®*® Under bulk contrast,
the scattering intensity is given by

S
|(Q)=27T(po—pw)2vQ74eXD(—QZEZ), (13

whereS/V is the amount of interface per unit volume and
is the Gaussian roughness of the interfacariginates from

10?7 cm™), and polymer contrast below (1 cif) are ex-

pected in the investigated range of compositions, small errors
in the sample composition will already miss the zero match-
ing point between oil, water and surfactant in a way that the
unwanted scattering contributions dominate. Such errors
could also occur due to not precisely known degrees of deu-
teration or densities of the different components.

In order to avoid these difficulties, we performed a two-
dimensional contrast variation procedure around the theoret-
ical matching point. As a starting point three samples con-
taining pure DO andd-decane with three different mixtures
of deuterated and a hydrogenated surfactant were prepared.
The overall sample composition was a total amphiphile vol-
ume fraction®,=0.05 and a polymer fraction in the am-
phipile ® ;=0.096, resulting in a total polymer contegwbl-
ume fraction of 0.0045. As a polymer, a fully hydrogenated

the assumption that the scattering-length density profilgeps_pEQ15 diblock copolymer was used. For each sample
changes smoothly across the interface, which may be ap series of studies with a stepwise reduction of the scattering
proximated by an error-function shape. The convolution of 6\ength density of the oil phase were performed by adding

step profile with a Gaussian in real space—which leads t
the error-function shape—Ileads to a multiplicative term
exp(—Q?3?) in reciprocal space. If the contrast is known
precisely, the specific surfac8/V, can be obtained directly
from the scattering intensities.

finute amounts oh-decangbetween 6 and 15 mg

Though the volume of the sample was changed by each
addition of h-decane, the variation of volume fractions of
each component were less than 1 vol %. Therefore, possible
structural changes due to this effect could be ignored. The

Under film co_ntrast_, only the surfactant sheets contribut€, y4ition ofh-decane was done with a microsyringe through
to the scattered intensity. We model the small-scale Propek o tiny hole of the stopper of a cuvette and the mass of

ties of this sheet structure by an ensemble of randomly ori

ented discs of siz& and the thickness. In this case, the
scattered intensity {3
)2
X exp(—Q?32?).

Here, V' =t(S/V) describes the volume fraction of the sur-
factant located at the interface, and

D(QL/2) 1

sinQt/2
oz !

Qt/2

1(Q)=(ps—pw)*¥7L? :

(14

D(x)=exp(—x?) f:dtexp(tz) (15)

is the Dawson function. The expressi@(QL/2)/(QL/2)

additional h-decane was checked with a chemical balance.
Table IV shows the resulting sample compositions.

Figure 3 displays the scattering length density plane
(po— pw VS pi— pw) Where the symbols indicate the contrasts
chosen for the different experiments. For all 15 contrasts,
SANS experiments were performed coverinQarange of
0.0038<Q<0.2 AL

Figure 4 presents the obtained data sets for the three
contrast variation lines. Let us consider, e.g., the series 3H
which is closest to the total matching point of oil, water and
surfactant. The different intensities relate to the scattering
length densities displayed in Fig. 3 from top to bottom. The
uppermost data are dominated by the contrast between deu-
terated water and fully deuterated oil. There at IQumhe

originates from the angular averaging of the disc orientationbulk scattering prevails and the intensity increases by two
The last two terms are the form factor of a disc with smoothand one-half orders of magnitude from the intermedi@te

edges, for wave vectors perpendicular to disc plane. In pradnflection point. The two intermediate data sets are obtained
tice [sin@Qt2)/(Qt/2)]? exp(—Q?2?) may be replaced by close to the total matching point and reveal to a large extent
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TABLE IV. Composition of samples of the 2D contrast variation.

2H
Initial composition
D,0/g d-decane/g h-CyoE,/g d-CioE,/g Polymer/g
2Ha 1.3919 1.0649 0.0000 0.1272 0.0127
3Ha 1.5435 1.1817 0.0096 0.1307 0.0143
4Ha 1.4157 1.0826 0.0166 0.1108 0.0140

Addedh-decane and corresponding volume fractions of the components

Total addition of

0.01 0.1 0.01 041

h'decane/g q>DZO (I)d,h-decane (I)d,h-CwEA (DPonmer p -
A
2Ha 0.0000 0.4712 0.4800 0.0443 0.0045 ?
2Hb 0.0067 0.4696 0.4818 0.0441 0.0045 FIG. 4. Scattering intensities obtained for the different contrasts around the
2Hc 0.0135 0.4679 0.4836 0.0439 0.0045 2D matching point. Uppermost curves are scaled by 1 each step down cor-
2Hd 0.0202 0.4663 0.4854 0.0438 0.0045 responds to an additional scaling factor of 0.05. The level marks f
2He 0.0270 0.4647 0.4872 0.0436 0.0045 indicate the 0.005 citt level for each curve. The arrangement of the curves
2Hf 0.0343 0.4630 0.4891 0.0435 0.0045 corresponds to the 2D contrast field displayed in Fig. 3. Solid lines represent
the reconstructed intensities from the inferred partial scattering functions.
3Ha 0.0000 0.4714 0.4797 0.0443 0.0046
3Hc 0.0150 0.4681 0.4834 0.0440 0.0046
3Hd 0.0226 0.4664 0.4852 0.0438 0.0046 | h fined th | . d
3He 0.0300 0.4648 0.4870 0.0437 0.0046 . n the next step, W.e re |ne. the evaluation proce yre
3Hf 0.0373 0.4633 0.4887 0.0435 0.0045 With respect to the precise location of the overall matching
point, a procedure that relies on the external conditions fix-
4Ha 0.0000 0.4713 0.4795 0.0442 0.0049 ing Sy, Sis and S,¢. For this purpose we calculated the
4Hc 0.0141 0.4680 0.4833 0.0439 0.0049 . .
4Hd 0.0207 0.4664 0.4850 0.0437 00049 total sum of errors of the backsubstituted solution as a func-
4Hf 0.0341 0.4633 0.4884 0.0434 0.0049 tion of the scattering contragt,—p,,. This procedure leads

to a parabolic dependence pp—p,, with a minimum yield-
ing the new matching point which shifts from 6.32 to 6.28,
less than a 1% correction. With this new matching point the
the polymer scattering which we will discuss later. If we goevaluation procedure was iterated yielding the final result.
down further in scattering-length density of the oil, thenThe same procedure is, in principle, possible onghep,,
again the mismatch between water and oil increases and tltirection to determing; . However, unfortunately, the mini-
bulk scattering appears again. mum of the least squares error signal as functiop;efp,, is

The data sets displayed above were evaluated on th®o shallow to reliably determine the matching point. This
basis of Eq.(3) under the assumption that all contrasts areproperty originates from low intensity of th&:; which is
known from the sample preparation. Equati@ contains  between 2 and 3 orders of magnitude lower tBgn. There-
six unknowns and—with the use of the full experimentalfore it is more reliable to choose the result'éf-NMR mea-
data set—leads to an overdetermined set of 15 equations fgurement which gives the degree of deuteration and the result
eachQ value. These equations were solved by singular-valu@f density measurement to determipe (see Sec. Il A and
decomposition, which is equivalent to a least-square fit. IriTable Il). On the basis of the thus obtained partial structure
order to improve further the stability of the solution, we in- factors, we reconstructed the scattering intensities of the
troduced the partial scattering functioBg,(Q) andS;;(Q), three contrast variation lines by backsubstituting them into
which are already known from the measurements under filnEq. (4). The reconstructed intensities are included in Fig. 4
and bulk contrasts. Furthermore, we imposed the conditiomas solid lines. A nearly perfect reconstruction is achieved.
Soi(Q) = — 1/25:4(Q), compare Eq(7). This data evaluation procedure leads to the partial struc-
ture factorsS,,, S;p, andS,,, see Figs. 5 and 6. While the
first two partial structure factors are not too sensitive to

4H ‘3H ‘QH slight variations of the oil, water and surfactant contrasts,
0.1 ® @ ® a this is not the case for the polymer—oil interference term. Its
‘I“E ® b form depends crucially on the detailed position of the oil—
S water matching point and we conclude that this particular
o 0 ® @ g c structure factor cannot be reliably derived from our experi-
zg - - . ment.
]
e - e
0.1 Ill. THEORETICAL CONSIDERATIONS
® .‘! |! f A. Phase behavior
-0.5 0 0.5

Several levels of theoretical modeling have been used to
understand the structure and phase behavior of

. . 7 . . . .
FIG. 3. Location of the samples used for the contrast matching experimer‘ﬁnwroemmsmné_’ which range from microscopic |a_tt|C9
in the scattering length density plapg ,p . models and Ginzburg—Landau theories to interfacia

10 -2
(pf—pw)/10 cm
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independently. In this regime, each polymer modifies the
curvature elasticity on a membrane patch, the radius of
which is proportional to the end-to-end distance of the coil.
The effective bending rigidity and the effective saddle-splay
modulus therefore should depetidearly on the grafting
density in this regimé®~*! At high grafting density, in the
brush regime the polymers are stretched away from the
membrane due to the repulsive interaction with the neighbor-
ing chains. This increases the effect of the polymer on the
curvature elasticity, and the dependence on the grafting den-
sity is expected to become approximately culSi¢? The
crossover between these regimes, the overlap concentration,
occurs when the polymer coils just begin to touch, i.e., when
Q/Ai'1 the distance between the anchoring points equals the end-to-
end distance.
FIG. 5. Partial scattering functior;(Q) derived from the data shown in The effect of polymer decoration on membrane elasticity
Fig. 4. in the mushroom regime has already been calculated for
ideal chains(without self-avoidancein Refs. 39—-41. For a

number densityo of block copolymers within the mem-
membrangmodels. In order to understand the effects of am- . . — .
brane, the effective curvature moduli; and x+—which do

phiphilic block copolymers on the phase behavior, mem- . o
: ; : ) not contain the renormalization effect due to thermal

brane models are most appropriate, in which oil and water . . . :
. . o . -undulations—can be written in the scaling form

are considered as continuum liquids and the interface is

s.(Q)/107%° em®

treated on a mesoscopic scale as a flexible sheet. For surfac- KaT -
tant films being a condensed two-dimensional liquid of mol- k(o) = Ko+ %( 1+ 5 o(R2+R2), (18
ecules, the dominant energy is the bending or curvature en-
ergy of the monolayer which can be writter? &€ T
— — B
keil(0) = ko~ —5~ 0 (RL+RY), (19

Hb:f d%g(cl‘l‘CZ—ZCO)Z‘F;ClCZ . (17)

where kg and?o are the bending moduli of the pureE,

Here, c; and c, are the principal curvatures—the inverse 50 )
membraneR;, , is the mean squared end-to-end distance of

principal radii of curvature—at each point of the monolayer, w )
andc, is the spontaneous curvature. The bending rigidity the hydrophilic(w) and hydrophobido) polymer block(as

describes the amount of energy necessary to change tIlpé;)mopolymers in bulk solutionrespectively. These results

mean curvature away from the spontaneous curvature. Tnguire some discussion. It is important to note, that they are
— . obtained from a superposition of the effects of independent
saddle-splay modulus determines the energy cost to create

. chains under the assumption that the curvature is distributed
a saddle-type deformation. . .
Polymers anchored to membranes modify their curvaturémlformly over the whole surface. This is only correct of
elasticity Two regimes have to be distinguished. In thecourse, when the mushrooms just begin to overlap. For
Y- reg 9t ' smaller concentrations, the bending rigidity of the membrane
mushroom regime-at low polymer density on the

membrane—the polymer coils do not interact and fluctuat 1S inhomogeneous. 1t is vv_eI_I knqwn Fhat two-component
Sixtures of surfactants or lipids with different spontaneous
curvatures but equal bending rigidities actually have a lower
effective rigidity than the pure membranes of each
componenf3* Thus, the bending rigidity in general is a
rather complicated function of polymer concentration. In our
case, in which we concentrate on the dependence of the fish
tail point on the polymer concentration, the spontaneous cur-
vature vanishes, because the microemulsion phase in coex-
istence with oil- and water-excess phases contains equal
amounts of oil and water. Microscopically, the spontaneous
curvatures of the surfactant film and of the polymer just can-
cel at this point, so that even for very asymmetric polymers
the spontaneous curvature of the decorated membrane disap-
pears at this point. In this case we can expect Etf. and
T (19) to be good approximations also below the overlap con-
0.01 0.1 ; * _ 2 p2 ;
- centrationo™ = 1/max®R; ,R;,). In particular, because poly-

Q/A mers evolve on both sides of the membrane, the local
FIG. 6. Partial scattering functior;(Q) (cross termsderived from the deformatiort® of the membrane near the anchoring points of
data shown in Fig. 4. the polymer is negligibly small.

= . 0%
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Finally, the anchored polymers could also change theeduced by a factor 2bs,,, characterizes the efficiency in-
direct interaction of neighboring membranes. This wouldcrease due to the addition of block copolymer to a ternary
lead to a steric repulsion due to the confinement of the polymicroemulsion. Our result, Eq21), for the dependence of
mer chains. In the lamellar phase, such an effect has indedgbe phase boundary on the polymer densityon the mem-
been observed in Ref. 46; near the overlap concentration, irane implies that this occurs at
leads to an increase of the effective membrane thickness by 5 2
the sum of the radii of gyratiorR,, of the two blocks. Note Eo1dRytRo)=In2. 23
that the end-to-end distance, which appears in Eifg.and  Now, the polymer grafting density is related to the volume
(19 is \/ERg. Therefore, the increase of the effective mem-fraction ® 5 of polymer in the mixture of both amphiphiles
brane thickness should be a minor effect, since the radius dfy
gyration of the polymer coils is somewhat smaller than the @
size of the oil and water domains already for the system U:ppolymettNAMlel °
without polymer, and is much smaller near the overlap con- 1-®,
centrations. For example, for,§E,, the domain size is about as long as the polymer itself has a negligible contribution to
150 A without polymer, which increases to about 500 Athe membrane area. In E(@4) t is the membrane thickness,
near the overlap concentratiorthis length has to be com- M,, the molecular weight of the whole chain, aht the
pared with a radius of gyration of about 60 A for each blockAvogadro number. NowM,,~ (N, +N,,), whereN, andN,,
of the longest block copolymePEP22—-PEO22we con-  are the polymerization indices of the hydrophobic and hydro-

sider. philic blocks, respectively. With the usual scaling
The phase behavior of an ensemble of interfaces which )
Ro,w: aO.WNO,W (25)

are modeled as elastic sheets controlled by the curvature en-
ergy has been studied intensively in recent yeafd***"=*°  with ,=3/5 for good solvents and,,,, the effective bond

In particular, it has been arguéd* that the lamellar phase lengths of the oil or water soluble polymer blocks, we arrive
can only be stable with respect to a proliferation of topologi-at
cal defects, which are passages between neighboring oil or

(24)

water layers for membrane volume fractidhlarger than D - No+ Ny 26
A N P INTL (26)
— agNg"+ay Ny,
N 27 K
V=y exp(z kB_T) (200 For symmetric diblocks, wherd,=N,,=N/2, Eq.(26) im-

plies, in particular
wherea_ =5/3, and¥* is a constant of the order unity. The Do NL-2v— N~ 15 27
form of the instability described by E¢20) arises from the o.1/2 :
effect of thermal short-wavelength fluctuations on the bendTherefore, the polymer content, which is required for a given
ing moduli x and x on larger length scales. Monte Carlo reduction in surfactant concentration, decreases with increas-
simulations of randomly triangulated surfaces nicely confirming polymer chain length. Note that this argument is only
this picture?® Furthermore, the simulations show that the mi- valid as long as the chains are short enough so that polymers
croemulsion coexists with excess oil and water phases alor@f neighboring membranes have little or no overlap.
a line which runs almost parallel to the instability line of Eq.
(20). A similar result has been obtained in a calculafidim  B. Theoretical results for the scattering function
which the free energy of the lamellar phase was approxi-
mated by Helfrich’s steric confinement expression, and thel- Bulk and film scattering: Ginzburg — —Landau
free energy of the microemulsion phase by the free energ@PProach
of a minimal surface (of vanishing mean curvature Ginzburg—Landau theories are widely used to describe
with a renormalized saddle splay modulusg=« the thermal behavior near critical points. They also have
— (5/6m)kgT In(¥).>° Combining the results of Eq19) and  been applied to ternary microemulsidrisin order to de-
(20) [with « replaced byky in Eq. (20)], we arrive at the Scribe both the oil-water as well as the surfactant—surfactant

expression correlation functions, two scalar order parametg(s) and
. ¢(r) are neededp(r) is identified with the local concentra-
V=V exd —Eo(R,+R))] (21)  tion difference between oil and water whereaér) de-

for the dependence of the amphiphile volume fraction of thescnbes the local arm)hlphne conclzse?gtratlon relative to the av-
7>+ as well as Gompper

microemulsion at the optimafish-tail) point on the polymer ~ €rage concentratiop. Rouxet a

concentration. where and Schick® calculated the static structure factors due to
thermal fluctuations on the basis of such Ginzburg—Landau
E=mx/5 (22) models. The main difference between these two models is

the correlation functio ¢(r)é(r’)), which is assumed to
decay monotonically in Refs. 18 and 19, and to decay with
Odamped oscillations in Ref. 20. We follow here the latter
approach, which starts from a free-energy functional,

andW¥ is the optimal membrane volume fraction of the pure
system.

Another interesting quantity, which has been introduce
in Ref. 1, is the polymer fractionp ;,,, at the point where
the amount of surfactant at three-phase coexistence has been F{¢,¢}=F¢{¢}+F{o}+Find o, 0} (28
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15 Here,d is the average repeat distance of the water domains
and ¢ the correlation length. This can be seen most easily
1.0 from the real-space correlation function,
| sin(kr)
50-5 Ghu(r)=Aexd —r/£] o (33
>

with A=® ®,,, which is obtained from Eq.32) by Fourier
transformation.

Similarly, the real-space correlation function for the bulk
surfactant reduces to an exponential correlat'(é&@(r)
sce™ "¢ with giz al B. The effect of the fluctuations of the
z order parametetp(r) on G, was calculated by an expan-

FIG. 7. Sketeh exolaining the role of the three inferacti ributi sion in the interactioffr,,, to second order in the coupling3.
. 7. Sketch explaining the role of the three interaction contributions . .

V[ ¢] in the Ginzburg—Landau energy term describing the interaction of theThe result of this calculation has the form
oil/water volume fractionp and the amphiphile fractiop according to Eq.

2w
(31). The dotted line is the assumed shapepéf), z being the coordinate G =G0 +G° I‘( ,— )GO .
perpendicular to the interface. ‘P“’(Q) ‘P‘P(Q) W(Q) Q¢ d § W(Q) (
34)

The vertex functiod’(x,y), a somewhat lengthy expression,
is given by Eq.(B8) of Appendix B.

Here, F, is the well-known Teubner—Strey free-energy
functional!**’

Fold)= f d3r[c(V2$)%+ go(V) + wpdh?]. (29) 2. _Microscopic models of the interaction constants in
Ginzburg —Landau theories

F1 describes the surfactant molecules, which are solubilized 14 dependence of the coupling constapts v,

_ _ ) and
in a homogeneous oil or water phase. Their free energy cag;s on experimental variables like chain length and volume
be modeled by

fraction of the block copolymer cannot be understood on the
level of the Ginzburg—Landau theory. This requires a more
F1{<P}=J dPria(Ve)*+Be?l. (30 microscopic description of amphiphile self-assembly.
Three-component mixtures can be described in a lattice
Finally, F; describes the interaction between the two ordeimodel by a spirs;  {0,+ 1} at each lattice site If we assign

parameters, s;=0 to sites occupied by surfactant molecules, and
s;=+1 ands;=—1 to sites occupied by water and oil mol-
Fim{¢,(p}=f d3r @[ Y102+ (2y,+ 73) (V2h) & ecules, respectively, then the amphiphilic character of a sur-

factant molecule can be captured by a 3-spin interattioh
+27,(V$)]. (31)

Fint has the property of a local chemical potential acting on
¢, resulting from the fluctuations ap. The role of the dif-

W
Hampi=5 20 2 Si-o(1-50)Si10, (35

o . . . . where the second sum runs over all basic lattice vectors from
ferent contributions irFi, may be visualized schematically gjte | t jts nearest neighbor sites. In the mean-field approxi-

in Fig. 7. The solid curve? depicts the contribution of the mation, the continuum limit can be made under the assump-
first term. If ;>0 then this term will favor smaller than tjgn that(s;) is a slowly varying function(s;. ;) can then be
average amphiphile concentration in the bulk phases. Thexpanded in a Taylor series, which gives

dashed—dotted lineV¢ ¢) ¢ relates to the contribution of the

second term. Provided that the coefficients in front are nega- W 2 2

tive, this contribution will induce smaller than average am- Hamph_Ef d°r @(N[36(r)"=°(Ve(r))

phiphile concentrations on both sides of the interface. Fi-

nally, the third term, which is depicted by a dashed line +8%p(r)V2e(r)], (36)
(V)2 in Fig. 7, \ivill enhance the amphiphile concentration ,nere #(r)=(s;) and go(r)=1—(si2). A comparison with
in the interface ify,<0. the Ginzburg—Landau modé31) implies
Fo alone leads to the well-known Teubner—Strey cross
sectiort? for microemulsions under bulk contrast Yi__, 37
50— Brd oD, /¢ - 2o | _ -
(K2+ £ 2)2—2(K2— £ 2)Q2+ Q° Other 3-spin interactions, where the three interacting lattice

sites do not lie on a straight line, could also be included in

with k=27/d. The scattering intensit{82) is characterized the model. In this case, the ratia /'y, is again negative, but
by a pronounced maximum at wave vectd®{ ¢ 2)Y2  now depends on the ratio of the coupling constanitsf the
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different interactions. We conclude that the lattice model revery similar to the Ginzburg—Landau free-energy functional

sults imply thaty; /%, should be a negative constant. (29). However, the spectral density(q) in the functional

The results of the fits of Eq34) (see Sec. IV C beloyw  (40) is now determined by the requirement that t#ér)
to the experimental data is consistent with a constant, nega=0 level surfaces mimic the behavior of interfaces con-
tive value of y/7,, as predicted by Eq37). The fit also trqlled by the curvature Hamlltonle(r17)_ as well as possible.
indicates an increase of the absolute values of the coupliné\/'th such a variational approach, Pieruschka and S%ﬂfraq
parameter§/ and} with increasing polymer volume frac- ave been able to relate the parameters in tﬁe bulk scattering
tion. ' ° intensity to the curvature elastic modwliand «.

A theoretical understanding of this effect could be pro-  The film correlation functiongy(r), can also be calcu-
vided by models, which are similar to those employed forlated for the Gaussian-random-field model. Itis found in Ref.

ternary mixtures of A-homopolymers of lengthN,, 22 o be approximated very well for largeby

B-homopolymers of lengtiNg, and diblock copolymers of

lengthNag. Such a model for ternary copolymer mixtures
has been studied in Ref. 51 for the special chisg=Ng 2
=Nxs=N. Although the behavior of this system of equal =(SIV)*+—;
length polymers is quantitatively certainly quite different Tr
from our system of long polymer chains in a short-chain (41
solvent, and also does not contain the dilution effect in th(?/vheréz'“

interface due to the surfactant, we believe that we can nev-

9r1(r) =gl (r)

2 1
9(r)?=39'(N*+ 5-g"(n)?|,

ertheless make some qualitative comparison. A Ginzburg— (K% [m\?/S\?
Landau model of the form of Eq56) has been derived in ™3 7|2/ \v (42)
Ref. 51, with the result
and S/V is the amount of interface per unit volume. Here,
~ 1 g(r) is the bulk correlation function,
n=——, (38)
(1=®yp) ag kD) 42

where @, is the average volume fraction of the block co-
polymer. Coupling terms with spatial gradients have not,, ...
been considered, so that no expressionssfprand y; are ,
available so far. However, we expect a similar behavior for aea kgT S with = 157
v, and 3 as predicted fory; in Eq. (38), since all three kv’ " 16
mterapnqns have physmally .the same effect of attracting th(?/vhich is obtained by a Fourier transformation from the spec-
amphiphile to the oil-water interface. :
- . o . tral density

The limiting volume fraction is unity in a ternary mix-
ture of diblock copolymers with two homopolymers. Our a
system, however, is more complicated. The new feature in v(q)=
the mixture of surfactants and amphiphilic block copolymers

is the existence of an overlap concentratii§ . Thus, a  The coefficientsh andc in Eq. (45) have been calculated in
dependence ofy; as described by Eq38) should apply an expansion in Refs. 21 and 22. It is not too difficult to find
above the overlap concentration. In the mushroom regime, also an exact solution, which reads

similar behavior can be expected, but now of the form

(49

_ 45
q*—bo?+c 49

2

a
1 b=2el+ sz, (46)
Y (39
(P —dy)2 -2 12
c=|el+ x € (47
3. Bulk and film scattering: Gaussian-random-field
model with
Berk 252 Teubner?* Pieruschka and Marcelf&, and 15 S kgT 87 S «k
Pieruschka and Safr&n?? have suggested to model the in- €= 35y .+ (= 5y KeT —A, (48)

terfaces in microemulsions as level surfaces of Gaussian ran-

dom fields. This approach is most useful and predictivewhereA is a high wave-number cutoff, which is contained
when the Gaussian model of random interfaces is related tanplicitly in the definition of the Gaussian free-energy func-
the statistical mechanics of microemulsions by a variationational, Eq.(40), and which is proportional to the inverse size
approximatior?*?? Starting point is a Gaussian free-energy of a surfactant molecule. This implies for the characteristic

functional wave vectork and the correlation lengté
3772 1/2
Hol ¢1= f d%q v(Q) L p(a) p(~ ) (40) k=|—g e +el| (49
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4
§=—e_1 (50)
For sufficiently largex, these results reduce to
b_3 2(52 _[3m?\?[s|* 51
3™y T2\ (51)
and
Ké— 64 « 52
5\/5 KgT"

For smallr, on the other hand, Porod's law requites

V2r’ (53

9i1(1)=a'P(r)

Effect of amphiphilic block copolymers 591

@ (2)
FIG. 8. Schematic picture of the two-sided polymer mushrooms tethered to
the amphiphile layer and the corresponding projected densities. For a better
graphical representation several polymeric coils have been superimposed.

We combine these two asymptotic results by assuming that

the short-range correlation given by E§3) decay exponen-
tially on a length scale which is proportional to the domain
size,d=2m/k, i.e., we approximate the full film correlation
function by

951(N) =gP(r)exp — ukr) +g{7(r),

whereu is a constant of order unity.
The calculation of the Fourier transform of E¢$1) and

(59

(54) can be performed without any further approximations.
The result of this tedious but rather straightforward calcula-

tion is
2

8

(%)) — Sl .2
S’ (Q) (1E9)11(QE,kE) 3|2(Q§-k§)

a
ra

+

13(Q&.kE) |, (55)

97&?

wherel - - - 15 are given in Appendix B. The full scattering
function is then given by

‘ S &
SH(Q=S{P(Q+4m—> ——————.
11(Q)=S;¢(Q) 2V Q67+ (ke

The generic shape @&(Q) is a 1Q behavior for smallQ
(but not too small, so tha@&>1), followed by a peak or
shoulder atQ=2k, and a 1Q? decay for largeQ. By con-
struction, our result56) reproduces the exact asymptotic
scattering intensities for both small and laiQe The inten-
sity in the vicinity of the peak or shoulder is, strictly speak-
ing, beyond the validity of the approximati@f6), but cap-

(56)

. water and the hydrophobic PEP part in the oil phase. Figure

8 displays schematically the tethered polymer and its average
perpendicular density profile at the interface. For ideal
chains, the monomer densiti,(z), of polymers anchored

to a planar wall located @&=0 has been calculated exactly

in Ref. 57, this situation is illustrated in Fig. 8. In the so-
called mushroom regime, it is given by

e

as a function of the distanafrom the wall, whereR, is the
end-to-end distance of a free polymer chain, and gjfi$

the complement of the error function. The real end-to-end
distance of an anchored polymer is of course larger Ban
For ideal chains, the average end-to-end distgarallel to

the wall is the same as in bulk solution, whereas the an-
chored polymers are more extended by a fagf@rperpen-
dicular to the wall®” The amplitude in Eq(58) is defined by
the normalization[y¢,(z)dz=1. The monomer density
vanishes at the wall, has a maximumzaR,=4 In 2/(3./6)
=0.377 and decays exponentially forR,.

The polymer scattering amplitude is obtained from the
one-dimensional Fourier transform of the symmetrized den-
sity profile. Due to the simple analytical form g,(z), this
can also be calculated exactly. Thereby we find

QR. QR,

o f)‘D m)

N 1
bo(2) =2 erfc(zx/g o

(58)

D

P(QRe) : (59

tures the main features of the scattering intensity calculated

with the (numerically exact expression fog(r).??> The

approximation(56) has the enormous advantage that it can
easily be fitted to experimental data, as will be shown in Se¢,pyeen polymer and film scatt

IV D below. From such fits we find that

n=1 (57)

works very well; this is the value oft we use throughout
this paper.

4. Polymer-film scattering

QR.
whereD(x) is Dawson'’s integral, see E{L5).
The partial structure factd@;,(Q), the interference term
ering, follows from the prod-
uct of the corresponding scattering amplitudes. For an asym-
metric PEP—PEO block copolymer with a relative PEP vol-
ume fractionf the normalized scattering amplitude from the
polymer density is obtained by thsymmetrized Fourier
transformation P(QR,) of the monomer-density profile,
given in Eq.(59),

Let us assume that the amphiphilic polymer is tethered

to the surfactant layer with the hydrophilic PEO part in the

ANQ)=TP(QRy)+(1-f)P(QRy). (60)

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



592 J. Chem. Phys., Vol. 115, No. 1, 1 July 2001 Endo et al.

For a locally flat film of thickness, the corresponding am- TABLE V. Surfactant/polymer relative amounts at the fish-tail poirits.,

pIitude iSAf: sin(Qt/2)/(Qt/2) In order to arrive a%; (Q) volume fraction of polymer in total amphiphild;, membrane volume frac-
) . . P ’ tion; @, total hiphil | fraction.

the productA;(Q)A,(Q) has to be orientationally averaged on: ©. fotal ampniphile volume Traction

over all surface directions within the microemulsion leading  polymer D NG )

to a 1Q? factor in the high@ regime similar to Eq(16).

Y

In the asymptoticQ regime of film scatteringS;(Q) PEPl-—PE01 0'8%231 0.01.11320 0é21(i751
described by Eq(16), but at not too larg&) so thatAs=1, PEP1-PEO1 0.0492 0.0741 0.0854
Sip(Q) mirrors directly the (symmetrized perpendicular  PEP1-PEO1 0.0781 0.0554 0.0679
p0|ymer density prof“e PEP5-PEO5 0.0142 0.0901 0.0985

PEP5-PEO5 0.0477 0.0646 0.0754

PEP5-PEO5 0.1148 0.0164 0.0270

PEP10-PEO1 .01 .092 .101

Sl Q)= 5AHQ): (61 pepio_peoto 00sr  oosr  ooen
PEP10—PEO10 0.0961 0.0292 0.0406

} PEP22-PEO22 0.0054 0.1039 0.1114

5. Polymer scattering PEP22-PE0O22 0.0145 0.0882 0.0967
. _ PEP22-PEO22 0.0289 0.0733 0.0828

The scattering contributions from the tethered pOIVmerSPEpzz—PEozz 0.0571 0.0439 0.0543

may be separated into two parf§) the scattering from the pgpoo_peo22 0.1000 0.0168 0.0270
average density profile,(z) and ii) the diffuse scattering
from the correlations of monomers within the chain and pos-

sibly among different chains in lateral direction. For infinite

planar surfaces, this would be all. For a bicontinuous phasg, gxpeRIMENTAL RESULTS AND DISCUSSION
with locally varying curvature, we have to consider further .

the correlations of the polymers mediated by the tethering té" Phase diagrams

the surfactant film. . For a variety of polymer-in-amphiphile volume fractions
~The polymer—polymer partial structure fact8g,(Q), @ ; and molecular weights of the diblock copolymers, the
which arises from the polymer-decorated surfactant layerphase diagrams around the fish-tail point in the one-phase

may be written as region were studied. Figure 2 displays results for different
~ polymer contents in a symmetric,§E, decane/water micro-
Spp(Q) =N5¢(Q) {AR(Q)}*+S,p(Q). (62 emulsion. The fish-tail point without the polymer is observed

at ®{?=0.121, a value which decreases dramatically by
The first term describes the scattering from the surfactarddding the PEP10—PEO10 diblock copolymer, e.g.,dqr
film S¢(Q) with a normalization factor\ related to the =0.096,d,=0.041 is found at the fish-tail point.
decoration density. The polymer density profile gives rise to Al results for the fish-tail or optimal point and for vari-
aform factor{A,z)(Q)}z, which is the square of the respective ous polymer sizes are compiled in Table V. There, for equal
scattering amplitudeS,,(Q) results from the monomer- volume fractions of oil and waterp, and @ ; are given
density fluctuations discussed above. together with the size of the block copolymer used.

In order to illustrate this point, we take the scattering  These results allow for an experimental test of &),
from an ideal coil as an example. In this ca&g, arises which predicts an exponential relation between the position
from the difference between the Debye function, ER), of the optimal point and the saddle-splay modukisEqua-
which includes all correlations, and the Guinier functiontion (21) together with Eq(19) relates the change iR in-
exp(—QZRSIS), which is proportional to the squared Fourier duced by the anchored polymer to the number density of the
transform of the average density profile within the coil with polymer in the surface and the end-to-end distarResnd
the radius of gyratiorR, . Rg on the water and the oil side, respectively. Figure 9 dis-

The proper normalization of E¢62) may be inferred as  plays a logarithmic plot of the membrane volume fractibn
follows. Since the monomer density has been normalized it the optimal point vsr(R2+ R2). The data for the PEP—
Sec. llIB4 to the number of polymergdz¢,(z)=1, we  PEO block copolymers with four different chain lengths fall
have limy_oAL(Q)=1, so thatA}(Q) just describes the onto a single straight line confirming thereby the scaling
form factor of the polymer layeiS¢¢(Q) denotes the scatter- form of Eq.(21). This result provides evidence that the effect
ing from a surfactant layer with an area density proportionabf the polymer is indeed to modify the saddle-splay modulus
to ®,/S. Condensing the polyméwisible only under poly-  of the membrane. The slope is found to be
mer contrastinto that interface yields an area density pro- —
portional to ,® ,/S. Multiplication of Sy(Q) with A%(Q)? 5=1.54-0.05 (63
accounts for the larger extension of the polymer layer comroughly twice as large as the theoretical estimate. SHce
pared to the pure amphiphile film. Note, however, that the= /5 for ideal chains, we may infer that self-avoiding
low-Q intensity remains unchanged by this “swelling.” In chains appear to have a more pronounced effect on the
real space this multiplication relates to a convolution. Thesaddle-splay modulus than the ideal chains. Figure 9 also
remaining normalization is just the square of the “dilution shows that the highest polymer number densities are already
factor” given by the relative amount of polymer in the sur- quite close to the overlap concentration which is located at
factant\V=®3=10"2, o(R2+R?) between 1 and 2. The limiting cases correspond
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FIG. 9. Logarithm of the membrane volume fraction at the fish tail point as 10_2—;

a function of polymer surface coverage. Full circle, no polymer; open E

circles, PEP1-PEQZ1,; triangles, PEP5-PEO5; squares, PEP10-PEO10; and 10—3 1

diamonds, PEP22—PEO22. A linear relation is observed as predicted by Eq. U
21). 0.001 0.01 1 0.1
Q/A

to strongly asymmetric and symmetric block copolymers, reFIG. 11. Bulk contrast SANS data from bicontinuous microemulsion phases
spectively. At the overlap point it is expected that EGs) close to the fish-tail poinfsamples 15.-19). The curves correspond to

and (19) cease to be valid because the brush regime is erfi_ifferent polymer content in the surfactadt; and as a consequence differ-
tered ent decreasing total surfactant contebt,. From above the values are

. ) (®.,,®4)=(0.045, 0.10% (0.060, 0.07Q (0.072, 0.048 (0.100, 0.02%
Figure 10 displays the dependence dfs;, on l01

and (0.133, 0.00p The curves are separated from each other by a shift
MW/(R(2)+ R&V) for which a linear relation follows directly factor of 5, the intensity scale applies directly to the uppermost curve. Sym-
from a combination of Eqs(23) and(24). With the assump- bols indicate the data, solid lines indicate fits with the Teubner—Strey form.
tion of such a linear dependence a slope—from the line
through the data—oE =1.51+0.15 is obtained, which is
very close to, but less accurate than that inferred from th
data in Fig. 9.

accessible by increasing the polymer concentradigr—the
%cattering curves are displaced to low@rand at the same
time gain intensity. Furthermore, the peak appears to
sharpen. The data immediately reveal an increasing domain
B. Results under bulk contrast size d=27/Q,ax With increasing polymer volume fraction.

SANS data under bulk contrast have been taken on fivd "€ SANS data were fitted with E(32) extracting thereby
different samples of symmetricD/h-decane mixtures con- POth the domain sizel as well as the correlation length
taining different amounts of surfactant and polymer such thaf he results are listed in Table VI. o
always the fish-tail point was realizegamples 15 to 19 Figure 12 presents a plot of the domain size vs the cor-
from Table I1)). Figure 11 displays the synopsis of the SANS re_latlon length. While for_ a large number of mlc_roemulsmns
data. All structure factors are characterized by a plateau ithout polymers, experimentally a valu#¢=2 is found,
low Q, a peak at intermediat® and aQ " high-Q flank. adding polymer leads to a gradual decrease of this ratio

With decreasing overall surfactant volume fraction—made/Vhich assumes a value around 1.8 for larger polymer volume
fractions. This decrease indicates that the addition of poly-

mer leads to a gradual ordering of the domains.

0.10 In order to obtain information about the membrane,
Fig. 13 presents Porod plots of the measured intensities
0.087 . (In[1(Q)Q*] vs Q?) displaying the asymptotic regime as de-
| scribed by Eq(13). From fitting the data in the asymptotic
B 0.06 * A regime of these plots, both the specific interface &dAas
0@0047 e well as the interface roughne&s may be determined. The
0.021 . .
TABLE VI. Fit parameters of Ginzburg—Landau theory. The valuesl,of
respectively k, have been determined by interpolation of results from
0 o 0'5 1'0 15 Teubner-Strey fitfto Eq.(32)] of bulk contrast data and were kept fixed in
' 2 P the film contrast fits.
M,/ (R “+R_°)
w (o]

RunNo. ¢A dA k=2a/d (A ¢, (A) 75, J3/y, y5x10°

FIG. 10. ®;,,, the amount of polymer—corrected for surfactant

solubility—in the surfactant layer that is needed to decrease the necessaBample 20 165 323 0.0194 85 0.074215 0.36
amount of surfactant by a factor of 2 as a function of the effective surfaceéSample 21 227 439 0.0143 12.7 0.0792.32 0.50
density of a pair of block copolymer coils. The relation may be inferred Sample 23 375 676 0.0093 18.0 0.1562.44 1.83
from Eqgs.(23) and(24). Due to the difficulty of the determination df ; ;,, Sample 24 451 805 0.0078 22.1 0.3792.60 6.64

by visual detection of the phase transition the points are somewhat scatteres
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FIG. 14. Specific membrane ar88V corresponding to the fit results shown
in Fig. 13 as determined by the Porod analysis as function of the surfactant
volume fraction® (1—® ).

FIG. 12. Domain sizel vs correlation lengttt.

lines in Fig. 13 correspond to the fits, the jumps at change of

detector distance are due to resolution effects. For a quantiyhich automatically also contain a calibration correction, in

tative evaluation oB/V it is necessary to know precisely the 56 now the specific interface area may be evaluated from
contrast f,—py). The roughness is obtained from the Eq. (13) with an accuracy between 2% and 6%. The resulting

slope of the asymptotes, the specific interface BAIS 51 e5 are quoted in Table VII. Figure 14 displays the spe-
evaluated from the absolute value of the prefacB de- e interface area as a function of surfactant volume frac-
creases with increasing polymer volume fraction and tion & (1 - ;)—the polymer content which is included in

amounts to. apprOX|m§t§Iy:20.3 A for all samples. the total surfactant volume fraction has been taken out be-
To avoid uncertainties in the range of several percenty qe the polymer is not supposed to contribute significantly

that may be caused by the errors involved in the absolutg, e membrane area. A linear relationship is found which
calibration of the SANS instruments, for the Porod analys'sextrapolates toS/V=0 for ®.=0.0068. Considering the
,=0. :

the corresponding contragittensity factor has been deter- s hility of 0.02 mass fraction of the surfactant in oil and
mined by the following procedure. For isotropically disor- o 0o2 in water, the experimental value agrees very well with
dered two-component systems, the scattering contrast May 45| aqded surfactant plus polymer volume fractib

be calculated by an integration over the measured intensities 4975 which would be expected from these solubilities to

o 5 5 stay in the bulk oil(watep phases and therefore does not
fo 1(Q)Q7dQ=DPh(pg—pn)*, (64) contribute to the interface area. Finally, with the result of
Fig. 14 and the surfactant density pf'=0.97 g/cni the

where®y and®, denote the volume fractions of the hydro- thickness of the surfactant layer, may be calculated to
genated and deuterated components @ngtheir scattering t=® (S/V)=12+0.2 A, slightly less than the length of
length densities, respectively. Table VIl includes the experi16 A of a straightened g€, molecule.
mental results following from the integration, E@4), as
well as theoretical expectations according to the right-han@. Results under film contrast
side of Eq.(32). As may be seen both numbers agree better

than within 10%. With the contrasts inferred from E§4) In order to study the relation between the film and the

bulk scattering as discussed in the theoretical section, we
prepared a series of microemulsions under film contrast with

£ compositions as close as possible to those investigated under
bulk contrast(see Table Il). Since all microemulsions were
studied close to the fish-tail point, increasing the polymer
volume fraction leads to a reduction of the overall surfactant
concentrationd ., because the fish tail is shifting. Figure 15
displays experimental results obtained for different polymer
surfactant compositions. The data traces are composed by a
low-Q plateau, which crosses over to a highasymptotic

1/Q? behavior as discussed in Sec. lIl. With increasing poly-
mer concentration, the knee which is the crossover from the
low to the hidh-Q regime shifts towards lowe® in accor-
dance with what is seen for the bulk data.

FIG. 13. Porod plot of the data shown in Fig. 11. The dependence of the ~ 1N€ experimental results were fitted with both the
surface-to-volume rati®/V from the surfactant conterib,, is clearly vis-  Ginzburg—Landau approach as well as the random interface
ible. The interface “roughness” gives rise to the slope of the lines repre-model. In each case, the structural Iengdnand £ which

senting Eq(13) and amounts to about 2 A. The incoherent background ha_':Were already obtained from the bulk-contrast samples were
been determined by fitting including the high-asymptotically constant

level and has been subtracted. The jump in the data and fitted curves Sx€d—the aCtU_a"y Used_ValgeS dfand ¢ for film contrast
detector distance changes results from the difference in resolution. were found by interpolation in order to correct for the small
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TABLE VII. Data on contrasts %) =®,®4(pn— pg)? the structural lengths] and ¢, the specific interface
areaS/V and interface roughness.

TS Porod

(7P ealcm™* (7?)Ylem™ d/A &R (p¥lcm™* SIVIATY  SIA

Sample 15 10.66210°°  10.219< 10%° 314 162  11.65%10°°  0.01024 1.9
Sample 16 10.830107° 9.655x 10%° 436 229  11.95%10°°  0.007 59 2.0
Sample 17 11.00910%° 9.892x 107° 629 350  12.07%10°°  0.00503 1.7
Sample 18 11.074 10%° 9.925¢ 10%° 755 432 12.92x10°  0.004 25 1.7
Sample 19 11.15810°°  10.186x10%°° 1003 553  13.38210°°  0.00322 1.8

discrepancies in composition. The dashed lines in Fig. 15 ¢
display the result of a fit with the Ginzburg—Landau ap- I(Q)zalﬁ

) 2 1
(7€ )'1_§|2+_|3

proach of Ref. 58. As may be seen, in general a very good 97¢?

agreement between theory and experiment has been ob- £

tained. The resulting parameters are presented in Table VI. +a2{ —] P(Q) (65)
. : o . 20 21 £)2 '

They display a systematic variation with polymer content, (Q&)“+ us(ké)

which can be compared with the prediction of the lattice
model, described in Sec. IIB2. There a relationaf/y, _ )
= —4 was predicted, about twice as large as the experimen- P( :(sm(QtIZ)) exp —3.2Q2). (66)
tal value. The fits yield a tendency ¢f to increase with the QU2

polymer contentb s in the amphiphile, in qualitative agree- \jith that the amplitudes in the above expression may be

wherel - - - 15 are given in Appendix B and

ment with Eq.(39). rewritten as
In order to fit the film-scattering data to the Gaussian- )
random-field resul{compare Sec. IlI1BB we modify Eq. &gy (kgT)? §t 2A ’ 67
(55) slightly to include the form factoiP(Q) of the am- a1_8773 K V p
phiphile film, so that
and
Soox 2
a2=2'n'vt Ap?, (68
2
10 3 wheret relates to the molecular length=€11-12 A) and
] Ap is the surfactant-solvent scattering length density differ-
{8 T, ence. A value ofAp=6.39x10'° cm 2 is used throughout
1] b the current analysis. The resultitg=1.1 A is a measure of
10 E = the roughness of the interfaces due to protrusion of the sur-
] — factant molecules on atomic scales. This is somewhat smaller
167 thanX =2 inferred from the Porod analysis. However, both
e 100_ d e values indicate a locally very smooth interface.
= 3 Figure 15 presents the comparison of the film-contrast
. data with the Gaussian-random-field resikslid lineg as
1 expressed by Eq65). Table VIII contains the results for the
10‘1_: fitting parameters %, a;, §2,2~) fgr the Gaussian random
1 contrast field model angl & &, Y15 V2 v3) for the _Gi_nzburg—
1 Landau model fits, for which the range was limiteddQ.y
2| & <4X2m/d. Both a; anda, display the dependencies on the
10 A SRR membrane volume fractiof? =t(S/V) predicted by Egs.
0.001  0.01 . 0.1
-1
Q/A TABLE VIII. Fit parameters of Gaussian random field theory.
FIG. 15. SANS data obtained under film-contrast and fits. Open symbols are r a, /v2 a, /¥
the experimental points, (8 C;oE,+PEP10-PEO10%,=0); (b) Run No. X102 (cm™?) X102 (cmY) (cm—1) x/kgT &olksT
CyoE4+PEP10-PEO10%;=0.032); ()  CyE,+PEP10-PEO10%,
=0.083); and(d) C,(E,+PEP10-PEO10% ;=0.110). The intensity scale =~ Sample 20 0.661 0.287 0.131 070 120
applies directly to(a). (b)—(c) are successively shifted by a factor of 0.3. Sample 21 0.355 0.303 0.135 0.66 1.24
Solid lines correspond to fits with the Gaussian random field expression,Sample 23 0.168 0.334 0.143 0.60 1.30
Eq. (65), dashed lines stem from fits with the Ginzburg—Landau Sample 24 0.156 0.332 0.146 0.58 1.33

theory, Eq.(34).
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0.5 . : FIG. 17. Partial scattering functid®,(Q) (circles. The line corresponds to
0 0.2 o3 0.6 0.8 a fit to Eq. (61) yielding Rpeo=161 A and Rpg—80.5 A for PEP5—
o(Ro+R%) PEO15. Since Eq(61) is only valid in the highQ region fits were per-

formed to data in th&-range 0.012Q/A1<0.2.
FIG. 16. The estimated bending modufi(V,o) (lower half and keq(o),

bare(upper half, determined from fit and Eq$67) and (69).

wherek (o) denotes the bare bending modulus of the deco-
rated membrane. The renormalized bending rigidity de-
¢ i creases with increasing domain size, i.e., with decreasing
predicted quadratic dependence®n From the value 0,  membrane volume fractioW. Thus, in order to see the de-
the bending rigidity« may be calculated based on B87).  pendence of théeffective bending rigidity on the polymer

Our results are presented in Table VIII and Fig. 16-_Theyconcentration, we calculate,q(o) from Eg. (69) by identi-
show a rather weak dependencecadn the polymer grafting  ying «(o, %) with the values obtained from the fit of the

density, with a tendency to decreasing values with increasingm_scattering intensity. The result is also shown in Fig. 16.

polymer density. It can be seen thak(o) is a linear function ofo(R%

The value ofk, which is obtained in this way, requires | g2 - consistent with the predictiofl8). Furthermore, a

some discussion. First, if should be noticed that the scatte%-bpe of 0.16 is found, which compares quite well with the
ing intensity at small wave vectors is sensitive to the exacnaoretical value of (3’# 7/2)/112=0.214, which is strictly
form of the film—film correlation functiongs;(r), for all valid only for ideal chains. ’

distanceg. Since in our derivation of the film-scattering in-

ior of g;¢(r) for small and large, the values ofS;(Q) in _ _ )

Eq. (56) for smallQ do depend on our approximations. Sec- 1 he partial scattering functiorg,(Q) andS;,,(Q) con-

ond, the fit value of, in Eq. (65) is determined by the large- &N information about the used PEPS5-PEO15 block-

Q part of the scattering data—which is just the Porod lawcopolymer.S,(Q) is in partlcu_lar sensitive to the prollecnon

—while the fit value ofa, is determined by the lowp part.  Of the average polymer density on ttlecal) normal direc-

Therefore, the value ok extracted from Eq(67) is also tion to the interface. Any fluctuating segment-film correla-
' ; —65

sensitive to the approximations made in deriving the analyti{lons average to zer‘a Whereas the latter statement stays

cal expression foS(Q). Third, the observations that the valid for the curved interface of the bicontinuous structure

fitted a, values show the predicted dependencedorand e Projection property is only valid in the higD-limit

that the extracted values fall into the same range of 0.5 to Where Eq(61) approximately holds. There it may be used to

(67) and (69), i.e., a;~¥?2 anda,~W¥. Also 7 shows the

1.0ksT as observed by several other experim&tfton mi- determine the extension of the tethered polymer coils on both
croemulsion systems, are more indications that we havéides of the interface with the assu_mption of the density pro-
found a reliable analytical expression 8 (Q). file, EqQ.(58). The S;,(Q) data and fits to Eq61) are shown

Keeping these caveats in mind, we can now proceed t§ Fig- 17. The lines display Eq61) computed withRpeo
interpret our results for the bending rigidity. The bending = 161 A andRpep=80.5 A. For the fit procedure, the ratio
rigidity we extract from the scattering intensity at sm@ll  Rpep/Reeo was kept fixed. The fact that the data quickly
has to be considered as a renormalized quantity, which i&PProach zero at the hig@-end corroborates the expectation
affected by the thermal membrane fluctuations on scalefat segment-film correlations are not seen in this partial
smaller than the average domain size. This effect is not de3cattering function. _
scribed correctly in the Gaussian-random-field approach, and These values should be compared with the end-to-end
therefore has to be added explicitly. A field-theoretic calcu-distances of the corresponding homopolymers in SO'“O“O”S'
lation of membrane fluctuations gives the re€tfit for the ~ Which have been g%ur_nd to HRe=67 A(in cyclohexang _
dependence of the renormalized bending modusn the ~anNdRpec=138 A Since an error estimate of about 10% is

polymer coverager and the membrane volume fractidin, not unreasonable in both types of measurements, we can
conclude that the polymer coils behave as isolated, self-

_ 3 avoiding chains, which are neither attracted to the membrane
Kr(0, W) = Keif( o) +kg T 2In(l), ©®)  por compressed by other polymers.
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phisticated contrast variation scheme, provides very detailed
information on the structure of the microemulsion phase on
mesoscopic scales, and the conformation of the polymers and
their location relative to the surfactant film. This is an essen-
tial requirement for a comparison with theoretical
approaches—and for a detailed understanding of the mecha-
nism by which amphiphilic block copolymers affect the
properties of membrane ensembles. We find that in the
mushroom regime, our scattering data are consistent with
polymer coils, which behave as self-avoiding chains an-
0.0001 +——rrry T
001 . 01 chored to an(almos) planar surface. The mushrooms are
Q/A™ distributed uniformly on the membrane. The presence of any

. . . . ~ block copolymer aggregatémicelleg can be excluded.
FIG. 18. Partial scattering functio&,,(Q). Lines correspond to fits with As th tteri Its sh block | in t
Eq. (62), the assumed end-to-end radii correspond to the values obtained S the scattering resuits show, block copolymers in ter-

from the fit shown in Fig. 17. The polymer fluctuation contributign(Q) ~ Nary microemulsions have the fur_ther gdyantage that they
is modeled by a Beaucage function EG0) with a Q” asymptote ¢  allow for a controlled and systematic variation of the density

=1.66) and crossover lengths equal to the end-to-end radii. of polymers anchored to the interface membrane. Thereby,
following the theoretical expectatioil,bending rigidity and
the saddle-splay modulus may be controlled, which in the

The polymer—polymer scattering function contains both

contributions due to the average polymer density and contrir-‘nUShroom regime are simply linear functions of the polymer

. ) . concentration on the membrane. A similar variation occurs,
butions due to fluctuating segmental correlations. The aver:

age density decorates the interface and is expected to t?f course, in mixtures of two surfactarftSput the depen-

proportional to the film—film scattering multiplied by a poly- g%?sctiolg ?T?(?IZEJII; rgr?r?n Coofmtﬁgc?:fr(\j/a(:ldfet?nz)r:jeul??gb:hlijsn_
mer form factor as expressed in the first term of E&R). g

Figure 18 showsS,(Q) with fits to Eq.(62), the values of case. Therefore, the ternary system with additional block co-
P 95

the end-to-end radii correspond those obtained from the fittt O'V”_‘er 'Sf verthﬁllll.sune? for %Vstrrl]ngent test ofdcqrrent
Sip(Q) (Fig. 17. The polymer fluctuation contribution eories of amphiphiiic systems. YWe have compared, in par-

~ . deled by the fluctuati tof a B ticular, the film scattering data with the theoretical results of
Spp(Q) s modeled by the fluctuation part of a eaucage iy a Ginzburg—Landau theory and a Gaussian-random-

functiorf’ field model. In the latter approach, we propose an approxi-
~spp(Q)oc(erf[\,\,(QRg)/\/6]3/(QRQ))V (700 ~ Mate analytical expression for the ;cattering iqtensity, pased

on the results of Ref. 22 for the film correlation function,

which reproduces the known exact results for @elepen-

dence at small and large wave vect@sin both cases, the

_ 5 theoretical expressions fit the data very well. In the

the estimate\/=®;,=0.0106, see Sec. II1B5. _ Ginzburg—Landau approach, the fitting parameters are the
The deviations(missing intensity at intermediateQ  .hjing constants, which describe the interaction of the lo-

most probably results from the neglect of lateral density fluc, amphiphile density with the concentration difference of

tuations that result from the average density variation fronyyj o4 water. In the Gaussian-random-field model, the fitting
the cdenter to :‘he p?nphery of afpolym%z mushroom if pro'Farameters are related to the average amphiphile concentra-
jected onto the oll-water interface. The arrangement Ok, onq the bending rigidity of the membrane. Therefore, for

mushrooms tethered to the |nt'erface regembles a 2D so he present system of a sharp and saturated interface film, the
sphere fluid, the lateral correlation due to its structure facto[atter approach seems more appropriate

would at least account for a fraction of the missing intensity.
In addition, the used ansatz leading to the first term of Eq
(62) assumes flat interfaces which is only valid in the limit of
small curvature.

with a Q™" asymptote(with »=5/3) and crossover length
\/ERg equal to the end-to-end radii and=1.06. The in-
ferred normalization factat/=0.0134 is slightly larger than

Our scattering results imply that the block copolymers
are uniformly distributed on the membrane. We therefore
propose that the phase behavior can be understood from the
effect of the anchored polymer on the curvature moduli of
the membrane. Indeed, we find that this hypothesis leads to a
prediction for the scaling form of the emulsification phase

We have investigated the phase behavior and scatteringoundary, which is fully consistent with the experimental
intensities of ternary microemulsions of water, oil and non-observations. The amplitude in this scaling form is about a
ionic surfactant, containing in addition small amounts of am-factor of 2 larger than the theoretical result fdeal chains
phiphilic diblock copolymers. The effect of the block co- We believe that this difference arises from the different scal-
polymer on the phase behavior is to drastically enhance thimg behaviors of polymers in good and in theta solvents.
efficiency of the surfactant, i.e., the same amount of oil and  Our experiment provides the first investigation that by
water can be solubilized with a much smaller total amount ofapplication of a consistent model, allows to infer the behav-
amphiphile. This effect has first been reported in Ref. 1. ior of the (effective saddle-splay modulus as a function of

The careful analysis of the partial structure factors,the anchoring density. Therefore, no comparison with other
which were obtained from neutron scattering data by a soexperiments on this quantity is possible. However, there are

V. SUMMARY AND CONCLUSIONS
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several measurements of tteffective bending rigidity. Of The anionic polymerization of the block copolymer was
these, the experiment of Evans and RaWigarovides the realized in a two-step process, because the synthesis of the
most quantitative results, and also is the only one where thavo blocks requires different reaction conditions. In the first
molecular-weight dependence of the polymer is investigatedstep isoprene was polymerized in benzene with size exclu-
They observe a leveling off of the bending rigidity for large sion chromatography butyllithium as initiator. The endcap-
(total) polymer concentrations’ which is obviously due to  ping with ethylene oxidgEO) yielded polyisoprene func-
the fact that the polymer is no longer anchored to the memtionalized with a hydroxyl endgroup PI-OH. The polymer
brane, but forms micelles or other aggregates in solutionwas hydrogenated with Hto the corresponding PEP—OH
The amplitude of the scaling law was found to be about ausing a conventional Pd/BaSO4 catalyst. In the second poly-
factor 4 to 5 larger in Ref. 10 than predicted for ideal chainsmerization step, cumylpotassium was used to transfer
which is about a factor 2 more than what we see #or PEP-OH into the macroinitiator PEP—OK. The PEP-PEO
However, it is more disturbing to see that the linear depenblock copolymers were obtained after polymerizing the cal-
dence ofx. on the grafting density extends about a factor ofculated amounts of EO in THF at 50 °C for 3 days. The
10 beyond the overlap concentration. It it not at all obvious,reaction was terminated with acetic acid and the product was
of course, that thelefinition 0R§=1 of the overlap concen- precipitated twice in acetone at10 °C to —20 °C.
tration with the end-to-end distané, is the best choice to The number average molecular weigM, of the
describe the crossover from the mushroom to the brush re?REP—OH was obtained from the titration with the highly
gime, or whetherchgzl with the radius-of-gyratiorR,  colored cumylpotassium. Knowing the amount of PEP-OH
=R,/\/6 might not be more appropriate. We can employ theand the concentration of the cumylpotassium solution, the
results for the crossover from the dilute to the semidilutetitration can be considered as endgroup analysis for the de-
regime in bulk polymer solutions to provide some guidancetermination ofM, . The deuterium contents of the partially
In this case, the crossover is observed experimentally inleuterated PEP—OH samples were measuredHsyNMR
terms of the concentration dependence of the osmotispectroscopy using a 500 MHz Bruker spectrometer. Known
pressur® somewhat below the poierg=1. Thus, it is amounts of the polymer and,B,Br, as reference were dis-
conceivable that most of the data in Ref. 10 are taken effecsolved in CDC}. The comparison of the f£,Br, signal in-
tively in the mushroom regime. It is also possible that otherttensity at 6.1 ppm with the signal intensities of the PEP
effects, like an adsorption of the PEO chain to the lipidprotons between 1 and 2 ppm allowed to calculate the deu-
membrane, are responsible for enhancement of the polyméerium contents. The block copolymer compositions were
effect on the membrane rigidity as observed in Ref. 10. Inalso calculated byyH-NMR spectroscopy, comparing the
any case, it will be interesting to see what happens in ouPEP signals with the PEO signal at 3.6 ppm and taking into
system at higher grafting densities. account the deuterium content of the PEP—OH. From the
Applying the concepts and methods presented in our pecompositions and the titration molecular weights of the
per renders the bicontinuous microemulsion phases into REP—OH the block copolymer molecular weights were ob-
tool to investigate the membrane modification properties otained. Molecular weight distributions were obtained by size
(polymerig cosurfactants. It is, however, necessary that theexclusion chromatograph¢SEQ using a Waters 150C in-
system stays in the bicontinuous phase and mediated intestrument at 30 °C. THF was the eluent for the PEP—OH and
action of adjacent membranes are negligible. Observing mixture of 90 vol % THF and 10 vol % DMA was used for
these caveats, there are several other interesting possibiliti@se block copolymers.
to investigate, how hydrophobic, hydrophilic or amphiphilic In order to perform experiments under polymer contrast,
polymers modify the curvature elasticity in these systemsa fully deuterated GE, had to be synthesized. Several syn-
An obvious candidate are nonadsorbing hydrophilic ho+thetic strategies were checked with respect to product yield
mopolymers. The effect of such polymers in binary water-and costs of the different deuterated components. Finally, the
surfactant systems has been studied in Refs. 70 and 71. Tbﬁgomeriza{ion of deuterated potassiumdecanolate with
effect on the phase behavior, however, will certainly bedeuterated ethylene oxide was chosen as the most economic
smaller in mixtures containing hydrophilic or hydrophobic process. The potassiumdecanolate was obtained by react-
homopolymers, since the polymer is distributed almost uniing potassium metal with a small excess retlecanold,,
formly in the oil and/or water regions, while only the poly- (CDN isotope$ under argon atmosphere. No solvent was
mers close to the surfactant membrane will affect its curvaysed in this step because of solubility difficulties of the prod-
ture properties. uct in common aprotic, polar solvents at room temperature
and reaction of potassium metal with those solvents at el-
evated temperature. After 5 days at 70 °C almost all potas-
sium metal disappeared. The potassinrdecanolate was
The PEP—PEO block copolymers were synthesized byhen dissolved in 1,3 dimethyltetrahydrotPH)-
anionic polymerization. All manipulations were performed pyrimidinone (DMPU) (Merck) at 100°C. The required
under high vacuum in glass reactors provided with breakamount of ethylene oxidd, (EO) (CDN isotope$ corre-
seals for the addition of reagents. The preparation of theponding to the stoichiometry af-C,,E, was added via the
initiators and the purification procedures for monomers andjas phase. The EO as well as the DMPU were dried before
solvents to the standard required for anionic polymerizatioruse by stirring over calcium hydride overnight followed by
have been described elsewh&?é® distillation under reduced pressure. The reaction mixture was

APPENDIX A: SYNTHESIS OF BLOCK COPOLYMERS
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left for 1 h at 100°C ancbvernight at room temperature. I3(X,y)=2(—6—3X2+42y2+ x*+6y*) A _(X,y)
Then the required amount of HCl was added, the product

dissolved in diethyl ether, and washed with water in order to + Zx(—8+3x%—3y?)Q(x,y)

remove DMPU and KCI. The diethyl ether was evaporated

under reduced pressure and the raw product stirred under — Exy(3+y?) Ao(x,y) +Y(5+Y?)

high vacuum fo 1 h toremove residues of diethyl ether and _ 42

water. Eo(X,y)+ 3y°. (B3)

The product composition was evaluated by SEC using4ere, we have defined a number of elementary functions:
THF as solvent and a refractive index detector. The use of
X 4x
+ arctar( —) +nw

two ultrastyragel columns of 500 and 1000 A pore sizeA _i 5 arctam >
yielded sufficient separation efficiency to analyze the surfac- =(xy)= 4x arcta 2 4+ 4y2—x2
tant mixture. It was found that the product contained 20% of

: . (B4)
d-C,Es,. Due to the relatively large amount of approxi- .

mately 33 g, the raw product was prepurified by distillation,Vheren="1 for x*>(4+4y?) andn=0 otherwise,

A 20 cm Vigreux column was used and high vacuum was X+ 2y X—2y
necessary. A fractionf® g was obtained that contained 75%  Ao(X.Y)= 5~ arctar( 5 )—arctar( 5| (B9
of d-CioE, together with 19% ofd-C,E; and 6% of

d-C,¢Es as analyzed by SEC. This mixture was purified in a 44 (2y—x)2 44 (2y+x)2
second step by chromatography on a silica gel column eluted Qx,y)= 8x In T) +in T)
with ethyl acetate. 5.2 g of the product were obtained after

evaporation of the solvent and removal of volatile residues (B6)
under high vacuum. SEC was found not to be sensitive 1 4+ (2y+x)?

enough to detect small amounts of byproducts. For that rea- Eolx.y)= &'” m) ' (B7)

son thin layer chromatographfLC) was used to evaluate
the product purity. This technique allowed to detect relative ~ With these definitions, the vertex functidi(x,y) in Eq.
amounts of much less than 1% @fC,E; or d-C;,Es in the  (34), which has been calculated in Ref. 58, is given by
product as found by analyzing surfactant mixtures of known 2

composition. The TLC investigation showed that the product — Z—T'(x,y)= (71~ 72 x2)2 A _(X,Y)+ 2y3(y1— v2 X?)
contained purel-C,oE,, no byproduct was found. @

The deuterium content of G, was checked by X[(1=y?)A_(X,y) = YEo(X,¥)]
'H-NMR. Known amounts ofl-C,,E, and GH,Br, as ref- im o
erence were dissolved in CDCIThe comparison of the +ys2y [AL(xy) —A_(X,y)]
C,H,Br, signal intensity at 6.1 ppm with the signal intensi- F(1=V22A  (X.V)—2V(1— V2
ties of theE, unit at 3.6 ppm and the G unit between 0.8 (1=yD)"A-(xy)=2y(1=y7)
and 1.5 ppm and at 3.4 ppm allowed to calculate the deute- X Eo(X,y)+Y?}, (B8)

rium contents. For th&, unit, except the OH endgroup, 99.8 where y,= A @rdla, yo=7,Aé 26 (@ndla, and

atom % deuterium and for the,gCunit 98.9 atom % deute- o~ NelD i ; . . !
fium were found. v3=y3AE €V (A7E)l a; the amplitudeA is defined in Eq.
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