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Static structure factor of polymerlike micelles: Overall dimension, flexibility,
and local properties of lecithin reverse micelles in deuterated isooctane
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We report a systematic investigation of the static structure fa8fqrc) of polymerlike reverse micelles
formed by soybean lecithin and trace amounts of water in deuterated isooctane using small-angle neutron
scattering and static light scattering. The experimental data for different concentrations in the dilute and
semidilute regime cover approximately three decades of scattering vectors. The data have been analyzed using
polymer renormalization-group theory and a nonlinear least-squares fitting procedure based upon a numerical
expression for the single chain scattering function of a wormlike chain with excluded-volume effects. Further-
more, the influence of interaction effects on the static structure factor have been successfully examined within
a modified random-phase approximation. Additional information on the local scale has been extracted by
applying indirect Fourier transformation and square-root deconvolution techniques. We demonstrate that we
can determine structural properties such as the micellar cross-section profile and flexibility as well as quanti-
tatively incorporate the influence of micellar growth and excluded-volume effec& mic).
[S1063-651%97)11211-9

PACS numbg(s): 82.70.Dd, 83.70.Hq, 61.12.Ex, 78.3%

[. INTRODUCTION a reduction of the spontaneous curvature through a variation
of ionic strength(in ionic surfactant systemstemperature
Surfactants in solution show a large variety of different(in nonionic systems or cosurfactant concentratiph6—44Q,
microstructures with a structural evolution sensitive to con-whereas in organic solvents polymerlike properties have
trol parameters such as temperature, concentration, or ionleeen reported so far only in a few systefdd —49.
strength. The morphology sequence of self-assembling sys- Despite the considerable experimental and theoretical at-
tems is primarily determined by local geometrical constraintdention given to the characterization and understanding of
and a subtle balance of opposing forces originating from theolymerlike micelles and microemulsions, precise knowl-
polar head group and the hydrophobic tail region of the suredge of the micellar growth, flexibility, and structure as very
factant molecule. Several theoretical concepts have been foimportant fundamental properties is still lacking. For ex-
mulated, which provide a link between microstructures ancample, it is usually accepted that for highly screened ionic
phase behavior based on concepts such as the spontanesusfactants or nonionic surfactants the weight-average micel-
curvature[1-3] or the so-called packing paramefdr6). lar length(L),, increases with a simple power law of the
Among the different microstructures, wormlike aggre-form (L), ~c*? (or with (L),,~c%8 in the semidilute re-
gates have attracted widespread attention over the past tvgime) [9]. Even though this is generally assumed, there is a
decades because these systems can serve as a prime exarspigrising lack of solid data that supports it over a suffi-
of equilibrium polymers. The term “equilibrium” or “living  ciently large range of concentrations in surfactant solutions
polymer” is used in a general sense for reversibly assemthat indeed exhibit extensive micellar growth and the forma-
bling linear objects. The equilibrium properties of these sution of giant wormlike micelles. This can be explained in
pramolecular aggregates strongly depend on concentration phrt by the fact that the only practical method of quantita-
self-assembling monomers and temperatii#g8]. Due to tively determining the micellar size in systems that form gi-
their transient nature, equilibrium polymers exhibit novelant polymerlike micelles at low concentrations are scattering
static and dynamic properties on time scales both long andxperiments. Any attempt to obtain the size distribution of
short compared to their finite lifetiméor reviews see, for anisotropic micelles is, however, severely hampered by the
example,[9-15])). The obvious structural analogy between difficult task of distinguishing between the contributions
these systems and classical polymers has suggested thafram intermicellar interactions and concentration-dependent
deeper understanding of polymerlike micelles and micro-micellar growth to the scattering data.
emulsions can be achieved by applying theoretical concepts Another aspect of wormlike micelles where we still lack
from polymer physics. The one-dimensional growth ofdetailed and quantitative information is the flexibility of the
spherical micelles to elongated polymerlike aggregates hawicelles as a function of micellar composition, ionic
been observed in numerous aqueous surfactant systems upgtrength, or temperature. The flexibility or bending modu-
lus « (which are related for one-dimensional objects via the
thermal energkgT throughl ,= «/kgT) are key parameters
* Authors to whom correspondence should be addressed. in a more fundamental description of fluid membrane phases
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provided by the flexible surface modé&l0] and are crucial in  cover the crossover from rod to coil behavior and span sev-
any attempt to understand transitions such as the isotropi®ral decades in thg range. This shortcoming has been over-

to-nematic transition in micellar systems. Despite this faccome by a recently conducted series of Monte Carlo simula-
there is only limited data available. Previous attempts hav&ions where excluded-volume effects have explicitly been

either relied on the use of simple crossover relations for th%ccirporatelc[sg]. 'I'thtz'mOQeI u;ed i”t the off—Iatti{ci Monft(?{h
incorporation of flexibility in the intermediatg-range of ario simulation studies Is a discrete representation of the

. . wormlike chain model developed by Porod and Kratky
data from small-angle neutron scatterif@ANS) experi- . PO . X
ments [37,44G or alternatively used static light scattering [60,61. The calculated single-chain scattering functions

O e have been parametrized according to the approach b
(SLS [51] or a combination of(SLS) and dynamic light Yoshizaki angYamakaw[aGZ] o) that%least-squa?eps analy- d
scattering(DLS) together with polymer models such as the '

X , . ¢ sis is now feasibl¢63].

wormlike chain model in order to extract the persistence |, the present study we focus our attention on the funda-
length[38,52—54. However, both the influence of excluded- mental problem of obtaining quantitative information on mi-
volume effects[54] and the incorporation of intermicellar cellar growth, flexibility, and structure. We have conducted
interactions in the intermediatgrange are usually not in- several series of extended SANS measurements of reverse
cluded in the interpretation of scattering data. While it ismicellar solutions of lecithin in deuterated isooctane, which
generally believed that interaction effects do not affect theare complemented by a careful light scattering study. The
data at intermediate values gf we demonstrate in this ar- combined data sets contain structural information over an
ticle that these effects indeed strongly influence the determiextendedj range of approximately three decades for a series
nation ofl,. It is clear from this that major progress in the of surfactant concentrations below and above the overlap
interpretation of scattering experiments and a subsequent intAreshold. Considerable effort has already been devoted pre-
provement in the understanding of the static and dynamigiously to the characterization of polymerlike reverse mi-
properties of equilibrium polymers based on scattering dat&elles of lecithin in a variety of different organic solvents
requires a much more complete understanding of the stati¢Sing techniques such as SLS, D[5-56,64, and SANS
structure factorS(q,c). This is still an unresolved problem [44—46,63 and with rheological measuremenid3,44.

mainly because of the difficulties that are encountered in a?2S€d on these studies, the following picture emerged. The
unambiguous  differentiation between the effects Ofmlcellar size is strongly depen_dent on both the water content
concentration-induced micellar growth and intermicellar in-and the surfactant concentration. At low water content, the

teractions or(q,c) over a wide range of scattering vectors micelles are found to be quite small and the solutions exhibit
ors{q,c). ge ¢ ) 9 " static and dynamic properties that are typical for colloidal
A decoupling of micellar growth and intermicellar interac-

. p has b hieved in the limit0 | solutions. Upon further addition of water, the micelles be-
tion effects has been achieved in the limi-0. In several  oomg giant and resemble semiflexible polymers in solution

previous studies it has been demonstrated that one cafyq they can form entanglement networks at concentrations
clearly distinguish between the concentration-induced micelypove the so-called entanglement threshold or overlap con-
lar growth and intermicellar interaction effects by combining centrationc* . In this study we use this model system in
results from polymer renormalization-group theory with agrder to make the next step towards a quantitative under-
concentration-dependent micellar growth that results in aRganding of the structural properties of equilibrium polymers.
exponential size distribution of the micellp#0,55,58. Fol- We present an analysis of the scattering data, which uses
lowing this procedure, a number of experimentally accesihe well-established renormalization-group theory approach
sible quantities such as the osmotic compressibfilitiich is {5 extract the growth behavior of the overall properties,
connected to the apparent molar masg,) and the static  hereas the analysis of the properties on intermediate length
correlation length directly obey the same universal scalingcales are based on the nonlinear least-squares fitting proce-
laws as do classical polymef40,56. _ _ dure, which incorporates polydispersity effects and explicitly
However, a complete incorporation of micelle formation takes into account the local tubular cross section of the mi-
and intermicellar interactions in a descriptionSff,c) over  cejles. In addition, on the local length scale the geometrical
many decades aj remains a formidable and as yet incom- mode| of a flexible but locally stiff and tubular structure has
pleted task. Up to now the analysis of scattering data ofeen confirmed in SANS contrast variation experiments
polymerlike micelles relied generally on an interpretation of\ynere the inner KD core was exchanged with,D. This
differentq regimes based on asymptotic expressions such agyestigation is in direct analogy to former theoretical and
the Guinier approximation for the log-regime[57,58 and  experimental studies where we analyzed the local structure
by considering crossover relationships for the incorporationyf polymerlike lecithin reverse micelles in deuterated cyclo-
of flexibility in the intermediates range[37,46. Such a pro-  hexane[66,67). Finally, we made an attempt to achieve a
cedure provides only semiquantitative results because crosself-consistent description of both micellar growth and inter-
over transitions are not always as pronounced as they shoulgttion effects on the entirg(q,c) by using the results from
be for a reliable determination of physical properties such ag recent Monte Carlo simulation study of many-chain sys-

the flexibility. Moreover, such an analysis uses only part oftems that has suggested that a modified random-phase ap-
the information that is contained in the experimental dataproximation can be use®8].

Therefore, a major improvement is the application of a least-

squares analysis with a suitably parametrized model cross Il. MATERIAL AND METHODS
section[39]. Until recently, we were facing the problem that
even for the case of dilute solutions without intermicellar
interactions no suitable scattering functions of wormlike Soybean lecithin was obtained from Lucas Me{fepiku-
chains with excluded-volume effects were available thaton 200 and used without further purification. Fully deuter-

A. Materials and sample preparation
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ated isooctaneh g (98% purity, 2,2,4-trimethylpentanevas  wheredn/dc is the refractive index incremeffivith dn/dc
purchased from Cambridge Isotope Laboratories. The water 9.307< 10~ ° m¥kg for wy=1.5), ¢ is the surfactant con-
used was purified with a Milli-Q water purification system centration plus water, an, is the Avogadro number.

from Millipore. Samples were prepared as follows. First leci- The accessible range of scattering angles results in 4.7
thin was dissolved in deuterated isooctane for approximately 10~* A ~*<q=<3.4x10 2 A~1. The fit range was re-

16 h using a magnetic stirrer and then water was added witbtricted to scattering angles of 1529<47.7° so that only

a microliter syringe (Hamilton) under stirring. Complete the low-q part was included in the fit, for which we can use
mixing was achieved by gentle stirring for a few hours. Thethe approximation given in Ed2).

samples were finally equilibrated for a few days in the dark
at 26 °C. The concentration series for SLS measurements

A 2. Small-angle neutron scattering
were done step by step by serial dilution from a 15.88-mg/ml

stock solution[69]. The small-angle neutron scattering experiments were
partly performed at the SANS facility installed at the DR3
reactor of the Risd\ational Laboratory, Denmark. An ex-
B. Methods . 3 R -1
o _ tended range of scattering vectors from3810 3 A~1<q
1. Static light scattering <0.45 A~ was covered by four combinations of neutron

Static light scattering experiments were made with a fibeivavelength(n=3.5 and 10 A and sample-to-detector dis-
optical setup based upon a Malvern PS/MW spectrometefances @=1—-6m). The wavelength resolution was 18%
equipped with an argon ion laséCoherent, Innova 70y,  (full width at half maximum valueg
=488 nm and a computer-controlled and stepping-motor- Further SANS measurements with identical samples for a

driven variable detection system. Measurements were usigross-check and with additional concentration series have
ally performed at a temperature of 260.2 °C. Approxi- been done at the D22 instrument of the Institut Laue Lange-

mately 1 ml of the solution was transferred into theVin (ILL), France[71]. The experiments at ILL allowed us to
cylindrical scattering cel{10 mm diameter The scattering ©€Xtend theg range to lower values so that a significant over-
cell was then stoppered and centrifuged for approximately 363 between SANS and SLS data could be obtained. Further-
min at 5000 g and 26 °C in order to remove dust particled"0re, Iow—copcentratlon samples h:_;lve been measured within
from the scattering volume. Experiments were performed afeasonable time because of the high neutron flux rate. An
35 different angles between (152%<145°) and 30-60 €xtended range of scattering vectors 1) A~'<q
individual measurements were taken and averaged for each0-32 A™! was covered by three combinations of neutron
angle. The data were then corrected for backgrdeeti and ~ Wavelength(\ =6.2 and 18 A; in a further run=9 and 12
solveni scattering and converted into absolute scattered ind) and sample-to-detector distances=(1.4-17.9m). Al
tensitiesdo(6)/dQ using toluene as a reference standard€xperiments at D22 were done with a 40-cm detector offset.
The absolute scattered intensity per volume was calculatefine wavelength resolution was 10%ll width at half maxi-

using[70] mum valug. _
The samples were kept in stoppered quartz délllima,
do A(1(0)) [do n\?2 Germany with a path length of 2 mm. The neutron spectra
aq (0= T o) an) o (1) of water used for calibration was measured with a 1-mm-
ref

path-length quartz cell. The raw spectra were corrected for
background from the solvent, sample cell, and electronic
oise by conventional procedures. Furthermore, the two-
imensional isotropic scattering spectra were azimuthally av-
eraged, converted to absolute scale, and corrected for detec-
tor efficiency by dividing with the incoherent scattering
ectra of pure watd72—-75.

The average excess scattering length density per unit
mass Ap,, of the tubular reverse micelles in deuterated
isooctane was determined from the known chemical
composition of lecithin [76,77. The corresponding

whereA(l(6)) and{l,(08)) are the average scattered inten-
sity of the solution and the average scattered intensity of th
reference solvent toluened¢/dQ),=39.6x107*m™1 is
the absolute scattered intensity of toluéper volume, and

n andn, are the index of refraction of the solution and the
reference solvent, respectively. The apparent molar mas¥
Mpp @and the static correlation lengtfy were determined
from the intercept and slope of a plot oKg s/da(q)/dQ
versusg? using a Lorentzian scattering law of the form

values are Ap'®Lt—-560x10°cm/g  (lecithin

CKgs 1 5.2 APm
do v (1+a°€5), (20 headgroup Ap'=-588<10"°cm/g (lecithin tail),
) (q) app Ap:“o: —6.89x10%cm/g  (wate, and Apzzo

=0.068x 10'° cm/g (deuterated water
whereq= (4mn/\)sin(6/2) is the magnitude of the scatter- 1€ smearing induced by the different instrumental setups
ing vector. In the limitc—0 the correlation lengthé, is 1S included in the data analysis discussed below. For each

instrumental setting the ideal model scattering curves were
smeared by the appropriate resolution function when the
model scattering intensity was compared to the measured
one by means of least-squares methidt79. The param-
47202 (dn)z eters in the models were optimized by conventional least-

connected to the average of the radius of gyratidiy o),
via £2= %(Réo)z, whereR,  is the root-mean-square radius
of gyration of a single coil. The contrast term is given by

R (3)  squares analysis and the errors of the parameters were calcu-
c

Kgisi=——7
St NaXo lated by conventional method80].
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: configurations of the chain i and good solvents, respec-
e tively. At higherq, one probes shorter length scales and the
: Pl local stiffness of the chain shows up as a crossoverdo’a
behavior. At even higheg the local cross-section structure
of the chain gives rise to a cross-section Guinier behavior
and a strong decrease in the scattered intensity. Such a be-
havior can indeed be observed for polymerlike micelles as
shown in Fig. 1. The main difference between classical poly-
mers and micelles arises from the concentration-induced mi-
cellar growth, which results in a pronounced increase of the
forward scattered intensity with increasing concentration.
However, this specific feature of equilibrium polymers be-

104 Ao “'

103

[arb. units]

107

[do(g)/dQ} /e

100 " 20 comes masked by intermicellar interactions at concentrations
. above the overlap threshotd and the typical features of an
10_2'7 & % 10 entanglement network of semiflexible polymers are recov-
P %\6\\\ ered atc>c*. As we will demonstrate later, there are nev-
9/4»\/ 10-1 o . . -
7 0 ertheless distinct differences between polymers and micelles
100

even atc>c*, which we can exploit in order to experimen-
tally determine the growth exponent predicted by the theo-
retical models of micelle formation.

As discussed in the Introduction, reverse micellar solu-

FIG. 1. Scattered intensifydo(q)/d€)]/c versus scattering vec-
tor g and concentration for lecithin reverse micelles in deuterated
isooctane with a molar water-to-lecithin ratio of;=1.5. Data

shown were obtained from SL®w-q rangg and SANS(interme- tions of Iec_lthlndln orgdanlc SOI;/thS n(_)t (I)Inly e.Xhl?)lt a ?]trong
diate and highg rangg measurements. In the limi—0, the scat- concentration dependence of the micellar size but they are

tered intensity (given by @) is mainly dominated by the also _extremely sensitive to the amount of water gdded. It has
concentration-induced micellar growth at low concentrations and byP'eviously been demonstrated that the addition of trace
intermicellar interactions at high concentrations. amounts of water induces considerable growth of the reverse
micelles. This is also shown in Fig(&, which presents the

g dependence of the scattered intensity for two values of the
lecithin-to-water ratigwy= 1.5 and 2.5 The concentrations

A. General features are in both cases comparatfeand 2.5 mg/ml, respectively
and belowc*, i.e., the scattered intensity is dominated by
single-particle properties and the effects of intermicellar in-
teractions are small. We see that the forward scattered inten-
sity (e.g., apparent molar mass and correlation length
‘creases significantly with increasing water content, whereas
the local structurge.g., mass per length and cross-section
radius of gyration remains almost unchanged, as will be
demonstrated in detail later.

At wy=2.5 the resulting polymerlike micelles are ex-
mely large already at small values ofand the scattered
ensity shows the various characteristic asymptotic regimes
over a quite extended range qf We have thus measured
everal samples of lecithin in isooctane witl3=2.5 in or-

er to demonstrate further the different concentration re-

Ill. RESULTS AND DISCUSSION

Figure 1 shows typical results of SLS and SANS experi-
ments for the concentration agddependence of the normal-
ized scattered intensifydo(q)/dQ]/c from lecithin reverse
micelles in deuterated isooctane with a molar water-to
lecithin ratiowy=1.5. It clearly demonstrates the extensive
concentration-induced micellar growth, which is visible at
low values ofc, as well as the strong effect of intermicellar
interactions, which dominatedo(q)/d€Q]/c atc>c*. Fig-
ure 1 can also serve as a good example for the close analogr)é
between giant wormlike micelles and semiflexible polymers; .
in a good solvent.

For most equilibrium polymer systems the whole set of
static properties is only accessible through a combination o

Sésser?c:ﬁlysgyesﬁ E;Fi);nStlrnu%tﬁraltrilr?f(l?;%tt?or?cfall?l’ t\)l; h'gg ISgimes more clearly. The corresponding experimental data are
. T ; L . i in Fig. f iff i
tained about the overall dimensions, the flexibility, and thesummarlzed in Fig. @) for two different concentrations

o : , ) (c1=0.90 mg/ml andc,=3.49 mg/m}. The actual concen-
Ioce_llly cylmdncallcross section of the .polymerllke m|ceII(_as. tration values were chosen in such a way that one can follow
V.Vh'le SLS expenme_nts are ideally suitable for a determlna;[he concentration induced growth at low concentrations (
tion of the overall size and apparent molar mass of Iarge<C ~c*)
cylindrical micelles due to the restriction to low valuesopf 2 '
the flexibility and the local structure of the micelles has to be
determined by SANS experiments. For classical polymers,
one would expect to find the following three distinct regions As pointed out in the Introduction, the analysis of the
in the scattering data. At low, the Guinier region associ- detailed structure and size distribution of anisotropic mi-
ated with the overall size of the chafapparent molar mass celles is severely hampered by the difficult task of distin-
M app@nd static correlation lengty) is observed. At slightly — guishing between the contributions from intermicellar inter-
higherq, the scattered intensity of a single coil crosses overctions and concentration-dependent micellar growth to the
to a power-law behavior with an exponent 2 in 6 sol-  scattered intensity. This has been illustrated with Figs. 1 and
vents and about-2 in good solvents. These exponents are2(b). In the first step of our data evaluation we concentrate
characteristic of the random-walk and self-avoiding-walkon the light scattering data obtained fap=1.5, i.e., we

B. Data analysis: Apparent molar mass
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FIG. 3. Apparent molar masl ., versus concentration for
1 lecithin reverse micelles in deuterated isooctane at a water-to-
1043 3 lecithin ratio of wo=1.5. Also shown is the best fit to the data
=5 ] according to the renormalization-group theory approach, which re-
cg a' sults in a growth exponent ak=1.23 (solid ling. A fit with a
8. 10% E mean-field growth exponent af=0.5 (dotted ling shows the in-
Kl ] compatibility of the data with the prediction of classical mean-field
% 102_5 ; models.
:;S ] ] 1 do
=103 3 CK—SLSd_Q(O):<M>WS(O):Mappv (4)
o] T whereS(0) is the static structure factor g&=0 and(M),, is
1004 o E the weight-average molar ma$82]. For polymers,S(0)
104 103 102 101 100 =f(X) can be written as a function of a reduced concentra-
tion X, which is proportional to the concentration, the os-
q [A‘l] motic second virial coefficient, and the molar mass. For

monodisperse polymers, one finds=A,cM and the os-

FIG. 2. Scattered intensifydo(q)/dQ]/c of lecithin wormlike ~ Motic second virial coefficiend, is given by
micelles in deuterated isooctane as a function of solution composi- —
tion. (@) Comparison of two dilute samples with different water-to- A~ 473N @ WV (5)
lecithin ratios(CJ, wy=1.5; O, wy=2.5), but similar concentrations 2 Amz e
(c=2 and 2.5 mg/ml, respectivelyreveals that micelles with a
higher water content show a much more pronounced growth behawhere V¥ is the degree of interpenetration in dilute solution
ior. (b) Characteristiaj dependence of the scattered intensity, forand R, ; is the root-mean-square radius of gyration of a
samples with a fixed water-to-lecithin ratig,= 2.5 for two differ- single coil[83]. Polydispersity can be accounted for by using
ent lecithin concentrations beloi, c;=0.90 mg/m) and approxi-  [100]
mately at(CJ, c,=3.49 mg/m) the overlap threshold*.

A,c(M
focus our attention on a detailed evaluation of the initial part X= A (6)
of the scattering curves given in Fig. 1. The experimental 2 _1n (M)w
results for the concentration dependence of the apparent mo- 18T (M),

lar mass as obtained from SLS are summarized again in Fig.

3. We can try to analyze the concentration dependence af¥here(M), and(M), are the weight- and number-averaged
M g by including both a concentration dependence of themolar mass of the polymer, respectively. In our analysis we
micellar size given by a power law of the forM~c® as  apply the commonly used Schulz-Zimm distributiB#,85
well as a description of intermicellar interactions based on ,
conformation space renormalization-group theory originally N(M) = M [z+1
developed for semidilute polymer solutiof81]. Such an zl \(M),
analysis previously has been applied to solutions of polymer-

like reverse micelles and nonionic micelles and details cafhe paramete is related to the polydispersity index by
be found elsewherf40,55. In the limit of q—0 the scat- o?=1/(z+1). We fixed the polydispersity tOM),,/(M),
tered intensity is related to the molar madsthrough =2, which results inz=1 [9]. An explicit functional form

z+1
e—M(Z+ 1)/<M>n_ (7)
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for S(0), for example, has been calculated using theward scattering does not become insensitive to the micellar
renormalization-group methd@®6] size in the semidilute regime and we do not have to rely on
the experimental data obtained in the dilute regime only.
S(0)-1=1+ } This has in fact been overlooked in a previous attempt to use
) Eqg. (8) in the interpretation of static light scattering data
from the ionic surfactant hexadecyltrimethylammonium bro-
xexp[i mide at high ionic strengtfi88]. While Eq. (8) has been
4 applied in order to incorporate interaction effeat$, was
used as a constant without allowing it to vary in response to
and good agreement between theory and light scattering dathe increasing micellar siz&X was then calculated from the
was found for classical polymers with different values ofratioc/c*, i.e., assumed to increase linearly with concentra-
(M),, for an extended range of concentrations"4@X  tion. We therefore believe that the reported good agreement
<107 [87]. A major problem in a direct application of poly- between the experimentally determined forward scattering
mer theory to lecithin reverse micelles comes from the conand the calculations based on the theoretical mean-field ex-
centration dependence of the micellar size distribution. Sinceectations, i.e., assuming= 3, should be considered with
A, depends or, we incorporate a power law of the form caution[88]. A careful inspection of Fig. 15 in Ref88]
indeed reveals good agreement between data points and the-
(M),,=B;c” (9)  oretical curve at low concentrations, but also systematic de-
_ viations at and beyond* that are quite similar to those we
and a scaling law of the foriRy~M" in the relations folA,  find when using a too-small value of (see Fig. 3.

21In(1+X)

9X—-2+ X

'
X

1—%)|n(1+X) } (8

in Eq. (5). This leads toA,~c**~2) and according to Eq. At present we have no clear understanding of the large
(6) the reduced concentratiof is then given by values of a that we have found in a number of different
systems that form giant polymerlike micelles. For lecithin in

X=2.1B3" VB cleGr D1l (100  isooctane the extent of the micellar growth can be finely

tuned by the amount of water added. In a preliminary inves-

where B, provides the link betweei, and(M),,. Equa- tigation under conditions where we already observe the
tions (9) and(10) allow an explicit description of the micel- formation of large polymerlike reverse micelles, but where
lar features of an equilibrium size distribution in the the resulting sizes are considerably smaller than in the
renormalization-group treatment &0) given by Eq.(8) present study at similar surfactant concentrations, we indeed
[55]. As shown in Fig. 3, this allows a quantitative reproduc-found a smaller growth exponent af=0.63+0.05[89], in
tion of the concentration dependence of the apparent molagood agreement with mean-field predictions. As soon as we
mass. The resulting best-fit parameters using a nonlineanduced a more pronounced growth, as in, for example, the
least-squares fitting routine area=1.23+0.08, B; present study(Fig. 3), we encountered a situation that is
=4.89x10° g *ml*mol™%, and B,=6.60x10 * g~ ml totally incompatible with the predicted mean-field exponents.
mol*”~1, while the scaling exponentwas kept fixed to the The hypothesis that the concentration dependence of the mi-
excluded-volume value of=0.588 according to the results cellar size may be much more pronounced for giant polymer-
from previous light scattering measuremeffst] and an like micelles is further supported by recent studies of micelle
analysis of SANS data at low concentrations. In the case dformation in nonionic surfactant systems. A careful series of
wo=2.5 the corresponding values areB;=33.14 static light scattering experiments performed with very dilute
x10° gt~ *mI* mol ™4, and B,=3.23x10"4 g3 ml  solutions of the nonionic surfactant £ at different tem-
mol?*~1 with a=1.23 andv=0.588 fixed. It is important to perature§90] demonstrates that slightly above the critical
point out that we once again obtain a very high growth ex-micellar concentration, the micellar aggregation nunibgy,
ponente=1.23+0.08, which is in good agreement with the increases weakly with concentration and then crosses over to
previously determined value af=1.2+0.3 for a similar @ power law of the fornN,q;~c'2 as predicted by the clas-
organic systentcyclohexane instead of deuterated isooctanesical mean-field models of micelle formation. However, in a
[55] and of @=1.1+0.1 for C;4E¢ in D,O [40]. recent light scattering investigatigd0] of another nonionic

The incompatibility of the present data with a growth ex- surfactant from the same classi(Es), where giant worm-
ponent according to the classical mean-field models for milike micelles are formed, a value af=1.1+0.1 was found
cellar growth is shown in Fig. 3, where we tried to fit the and it has been demonstrated that the data are clearly incom-
experimental data using a fixed growth exponent0.5.  patible with a power-law exponent ¢f It is clear from this
Figure 3 in particular demonstrates that the actual value of that additional and careful investigations are required in
not only determines the initial slope of titedependence of Which the extent of micellar growth is carefully adjusted.
M ,pp but furthermore distinctly influences the region beyond
c*. This is a consequence of the fact that the valué\of
(and thusc*) is primarily given by the molar mass of the
semiflexible chain. WhileA, therefore remains constant for ~ As we have seen from the data shown in Figs. 1-3, sur-
classical polymers and the value Xfis simply proportional factant concentration has an enormous effect on the scattered
to ¢, for equilibrium polymers this is not the case akd intensity at low values ofy as a result of the combined
increases with a power law of the concentration. As a resultinfluences of micellar growth and intermicellar interactions.
we can determine the concentration dependencéVgf, We have demonstrated in Fig. 3 that the contributions from
much more precisely than originally believed since the for-growth and interactions can be successfully decoupled using

C. Data analysis: Local structure
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FIG. 4. (a) and (b) Comparison of the experiment@pen symbolsand fitted[do(q)/dQ2]/c scattered intensity using the indirect
Fourier transformation method for wormlike reverse micelles in deuterated isooctane at a molar water-to-lecithinwgti@ &, (c) the
corresponding distance distribution functions, ddythe radial excess scattering length density profilas.and (b) Scattered intensity
versusq for reverse micellar samples with) H,O (O, cylinder contragtand(b) D,O ([, shell contrast Fits to the data are given as solid
lines and the lower cutoff value of thg range used in the IFT is indicated with arrows) Distance distribution functiopcr) as
determined by the IFT for reverse micellar samples wifOHO) and D,O (). Solid lines represent the fits in the range 1&A

<55 A (indicated by arrowsby a square-root deconvolution pg(r). (d) Calculated radial excess scattering length density prafiler)
by deconvolutingpcg(r).

renormalization-group theory. In contrast to this, the data asions and structure, we thus continue with an analysis of the
high values ofg, which primarily reveal details of the local scattering data on local length scales.

structure, appear to be independent of concentration. This is As described in detail previousl6,67] we can extract

a result of the fact that micellar growth occurs in a one-information on the local structure of the reverse micelles by
dimensional fashion along the micellar contour and leavespplying the indirect Fourier transformatiqiFT) [91,92

the cylindrical cross section unaltered and because intermand the square-root deconvoluti®®@QDEQ method[93] to
cellar interactions are strongly screened on local lengtlihe experimental data from the highregime. The locally
scales. Therefore, we can expect that an analysis of the scatylindrical structure can be analyzed with a high degree of
tered intensity using single-particle scattering functions inaccuracy if we focus on a sample in the semidilute regime
order to determine the micellar cross-section structure, and tohere the lecithin concentration is only slightly above the
a lesser degree flexibility, should result in good estimatesoverlap thresholdc*. We have chosen a reverse micellar
Since the mass per length and the micellar flexibility aresolution with a water-to-lecithin ratio ofi;=2.0 and a total
important parameters in any attempt to link molar mass asveight concentration of lecithin plus water of=16 mg/ml
determined from the forward scattering with micellar dimen-(see Fig. 4. In this special case we benefit from a high ratio
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of coherent intensity to background, but we still work under  TABLE I. Cross-section radius of gyratidRcs, cross-section
conditions with a well-defined separation of length scales aforward scattering intensityc5(0), andmass per unit lengtiv
required in the decoupling approximation used be[®6]: obtained by the indirect Fourier transformation method for lecithin
The static correlation length exceeds the apparent persis- reverse micelles in deuterated isooctang= 2, c=16 mg/m) with
tence lengthl, 5o, Which is again larger than the cross- cylinder (H0) and shell (QO) contrast.

section radius of gyratiolRcsg of the tubular reverse mi-

) Re leg(0) M
celles,é>1p .o~ Resg - Figures 4a) and 4b) show theq CSg s 5t
dependence of the scattered intensity for two different scatgontraSt (A) (10° cm/g) (10~ *° g/cm)
tering contrasts used to investigate the local arrangement ofH,0 18.3 5.15 1.52
surfactant and water. By using,D instead of HO we D,O 19.2 4.43 1.45

achieve a different labeling of our samples. Normal water
and lecithin give rise to nearly the same scattering contrast

against the deuterated solvent. Therefore, we expect to find Having determine.4(r), we are able to calculate inte-
the scattering pattern of a nearly homogeneous cylinder ogral parameters of the micellar cross secti®6] such as the
the local length scale, whereas the samples wif® Bhould = mass per lengtiv_ and the cross-section radius of gyration
look like hollow cylinders with a typical shell contrast, i.e., 8 Resy. Resg is given by[96]
much more pronounced first minimum for the cross-section

1/2

form factor. This can be clearly seen in the scattering shown * e
in Figs. 4a) for cylinder and 4b) for shell contras{94]. _ jo r*Ppeg(r)dr
On length scales where the scattered intensity is con- Resg=| —F/— (13
trolled by the local stiffness of the micelles, it is possible to 2f Peg(r)dr
0

decouple the data into two contributions: one that originates

from the wormlike chain structure and another that reflects . . .
the local cylindrical cross-section struct(i6,67]. Provided and the cross-section forward scattered interigitf0) by

that{>1,, app> Resg the asymptotic behavior of the scatter- @
ing function forq>1/, ,,,can be expressed by ICS(O)=277J’ Pegr)dr. (14
0
do T ®_ T ) ) )
FTo) (q)= a 277f Pcdr)Jo(gr)dr= a legQ), M (in units g/cm) can be calculated via
0
(11) lcs0)
v 15)
Pm

whereJ, is the zeroth-order Bessel function ahgl{q) the . . .

cross-section scattering intensity. This has been demon-n€ resulting values are summarized in Table I. .
strated in[66] for noninteracting wormlike cylinders and in e see that an exchange ob® with DO results in
[67] for lecithin reverse micelles in deuterated cyclohexane® decrease of approximately 15% b¢0) due to the

atc>c*. The normalized cross-section distance distribution®Wer values of the scattering length density for a
function Peg(r) is given by subunit of one lecithin and two water molecules

(App=—5.87x10%cmig for H,O and Ap,=-5.53

x 10* cm/g for D,0), whereas the cross-section radius of
_ 27C (= gyration increases by approximately 5% due to the higher
Pcs(r)= ™M, J; Ap(r')Ap(r+r")r'dr’, (120 weighting of the surfactant shell.

1. Scattering length density profile

whereM | is the mass per length of the cylindrical micellar  In addition to the evaluation of the integral parameters of
core. Note thalpcg(r) andlcqq) contain a factorc/M , the micellar cross section, we can also aim at a quantitative
which is important for absolute normalization of the data. estimate of the radial scattering length density prafir).

As described previouslf66,67, we obtain a param- This can be done by a deconvolution of the pair distribution
etrized form of the distance distribution functipas by ap-  function pes using the square-root deconvolution method
plying the IFT method. The resulting values pgs and a  [66,93. For the semidilute samplevy=2.0, c=16 mg/m)
comparison of fitted and experimental values of the scatterethe resulting profileAp(r) versusr is shown in Fig. 4d).
intensity are shown in Fig.(d) for the data obtained from a The distance distribution functiopcg(r) obtained via the
sample in the semidilute regimewy,=2.0 (with c IFT and the fitted one by using the deconvoluted scattering
=16 mg/m). The lower limit g,,;,=0.04 A~! [indicated length density distribution are shown in Figcs Within the
with arrows in Figs. &) and 4b)] of the fittedq range was fit range 12 A<r<55A, both functions are in good
chosen close to the limit where the crossover from stiff toagreement. The range is limited at short distances by diffuse
flexible behavior occurs. Experimental data and fitted curvesongitudinal correlation$66).
coincide perfectly within the fit range af=0.04 A~ and Following this deconvolution procedure we have now ac-
the expected strong deviations in the lowegime due to the cess to the cross-section profile on an absolute $talaits
crossover from locally stiff to flexible coil structure are cm 2 Fig. 4d)], which can be compared with a simple geo-
clearly visible. metrical model of a tubular cross secti¢7]. The IFT
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method has yielded a value &, =1.52x10 13 g/cm (see 19.5 —
Table ). Together with the molar mass of a “monomer”
(one lecithin plus two water moleculesf M ;=812 g/mol,
this results in a linear monomer number density of

=1.13 A~ * (lecithin molecules per angstrgralong the mi- .

cellar contour. The surface area per lecithin headgeguat 19.04 * ¢ . .
the hydrocarbon-chain—water interface for long-chain phos- = ‘. 1
phatidylcholine molecules in a variety of different aggregate — I *

structures is approximatep~ 70 A2 [4,97], which together
with A\ allows us to estimate the circumference of the cy- ] ]
lindrical cross section at the hydrocarbon-chain—water inter- 18.51 o 1
face A\ a,~79.1 A. From the known circumference of the ]
cylindrical cross section at the hydrocarbon-chain—water in-

terface we can then finally calculate the inner core radius

(water plus lecithin headgrolpRoe~\ ag/2m~12.6 A. 18,04 . .
For the given distribution of fatty acid chain lengths in soy- 0 5 10 15
bean lecithin the chains should extend on average over a

length of approximately,~17 A. Due to the penetration of ¢ [mg/ml]

the solvent(deuterated isooctap@nto the radially extended
lecithin tails, a sharp steplike scattering length density profile
is clearly an oversimplification. A more realistic geometrical - ; U e .
model for a “hairy” cylinder[66,67] would predict that the t::o;%e(rér)agﬁg\(;v f;)rz ;vx(/o.)dlfferent water-to-lecithin ratios: Wo
profile should decay in a first approximation witkip(r) ' o '

~ApPIR /I from r{=R e t0 Fp=Reoet . Finally, the

lecithin chains can extend by abproximately 5-6 A be OnOdifferent dilution se_rigs by IFT under ide.ntical conditions,
| [IG]I ie Alp(r)zo ;(hould gccﬁfat)i% Ay YONCsuch as the cutoff limig,i,=0.04 A%, as discussed before.
C 1 . " .

Based on Eq(13), we calculated the cross-section radii of
gyration shown in Fig. 5. With increasing water content

cess scattering length density profilAp(r) are in close > .
agreement with the expectation based on the simple gecﬁrom Wo=1.5 to 2'5 one obsgrve; a small increase of th?
cross-section radius of gyration in the range of approxi-

metrical model. We not only recover the predicted cross- telv 0.5 A due 1o the i . t of water in th
section dimensions of the tubular micelles, but the magni-maey : ue o theincreasing amount of water in the

tudes of the experimentally determined values Ags(r) tubular reverse micelles, whereas the concentration depen-

agree on an absolute scale to within 10-20 % with the predence ofRcsg for a given water contentv, primarily re-
dictions based on the known chemical composition of thdlects the influence of interaction effects. Such contributions
polar core(water plus lecithin headgrolmnd the apolar peqome more do_mmant at higher concentrations, yvh|c_h is
shell (lecithin tail). indicated in the slightly larger error bars of the IFT fits with

It is only the predicted very strong variations &p(r) increasing concentration. The calculated mass per length of

i N - 13

between the water core and headgroup region that we do nff#€ Stock solutions results iM, =1.42<10 = gfem for
observe. However, this is not surprising as for these very loWo=1.5 andM, =1.55<10" " g/cm forwo=2.5.
values we do not expect to find a clear separation between Although the IFT uses the assumption that the cross-
the water core and headgroup region but rather Section contribution to the total scattering can be decoupled

quite extended water distribution throughout the inner part off0m the rest, it has the advantage that it does not rely on the
the micellar core, with an average value of low-q part of the data used in the model fitting approach and

Ap(r)=—-583x101°cmig for HO and Ap,(r) that no specific model assumptions have to be made regard-

= —4.50% 10'° cm/g for D,O contrast. This modified model ing the overall size distribution and overall structure of the
cross section does indeed agree very well with the reSungﬂcelles. Therefore, contributions from polydispersity and

from SQDEC and we find deviations of less than 10% on arnteraction effects are minimized, which should result in a
absolute scale. more reliable determination of integral parametegg 4 and

M _ at finite concentrations for different water-to-lecithin ra-
tios.
This is supported, for example, by the data shown in Fig.
_ _ 5, which demonstrates that interaction effects do result in a
After having established the local tubular cross-sectioryecrease O0Rcs, by less than 3% even at concentrations of
structure through the combination of contrast variation eXapproximately fhree times* . In combination with the de-

periments and an analysis using IFT and SQDEC, we invessonyoluted scattering length density profiles discussed in

tigate thew, dependence of the integral parameters describgec. 1] C 1, we can profit from the very accurate measure-

ing local structure M ,Rcsg), which will be incorporated ments of both the scattering length density profiles and the
in the final attempt to calculate the full structure factorintegral parameters in order to measure and verify the actual
S(qg,c). The distance distribution functignc(r), the cross-  surfactant concentrations. From several series of SANS mea-
section scattering intensitg(0), and theradius of gyration  surements performed with different stock solutions we know

of the cylindrical cross-sectioRcsy were determined for that the local arrangemefs.g., water channel surrounded by

FIG. 5. Cross-section radius of gyratid?bycs versus lecithin

Figure 4d) reveals that the experimentally obtained ex-

2. Integral parameters and their dependence
on solution composition
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a lecithin monolayerof wormlike lecithin micelles in deu-
terated isooctane does not change with concentration. There-
fore, the distance distribution functions and excess scattering
length density profiles, respectively, should coincide on an
absolute scale for all concentrations. Any deviations between
samples with_the same value w©fy, which do not show
differences inRcsgy, can thus be attributed to uncertainties
in the concentration. The SANS data on an absolute scale
can therefore be used to check and correct the actual concen
tration in samples prepared by dilution from stock solutions.
The preparation of highly diluted samples can in fact realis-
tically be done by using dilutions from concentrated stock
solutions only since the small values @f, cannot be
achieved directly for small sample volumes and low concen-
trations with sufficient precision. The preparation of larger
samples cannot be considered as a practical solution due tc 000 002 004 006 008 040
the requirement to use the prohibitively expensive deuterated

isooctane. While dilution from a stock solution is generally q [A—l]

no problem for lower values ok, considerable uncertain-

ties arise due to the strongly viscoelastic nature of samples 30 T T T
with wy=2.5, where giant micelles form already at very low
concentrations. Therefore, we have cross-checked the con-
centration in all samples by performing an IFT analysis on
an absolute scale and all concentrations used have been cor
rected in this way.

30 T T T " T T T

[do(q)/d®] (a/c) [10°cm/g]

D. Data analysis: Flexibility and overall structure

After having analyzed the local structure of the lecithin
reverse micelles in deuterated isooctane we are now in a
position to investigate the intermediajerange of the scat-
tered intensity. We will explicitly use the information ob-
tained by IFT and SQDEC techniques on local length scales
to reduce the number of adjustable parameters in a nonlinear 0 —— - ————
least-squares fitting procedure based on a model cross sec 000 002 004 006 008 010
tion for a single chain with excluded-volume effef&3]. In At
this section we aim at a quantitative evaluation of the flex- q [ ]
ibility, which is given in terms of either the persistence
lengthl, or Kuhn lengthb, whereb=2l,,. FIG. 6. Comparison of experimental data for wormlike micelles

The starting point of our discussion is Fig. 6, which shows(, Wo=1.5; O, wo=2.5 with theoretical curves based upon a
the scattered intensity for two samples with different Water_le_ast-squares fitting procedure_ of a single-chain scattering function
to-lecithin ratios(w,=1.5 and 2.5in the so-called bending with eX(_:Iuded-vqume effects in the Holtze_r representatiahw,
rod or Holtzer plot given byI(q) versusq [51,98,99. This ~ — -2 With ¢=2.09 mg/ml andb) wo=2.5 with ¢=1.64 mg/ml.
representation provides a sensitive way to test the agreement
between theoretical and experimental scattered intensity fdiects (as shown in Sec. Il § the situation appears to be
semiflexible chains as it significantly amplifies all deviationsmore complicated on intermediate length scales. The evalu-
between data and theoretical curve. For semiflexible polyation of the scattered intensity is hindered by the fact that a
mers, the Holtzer plot visualizes the distinct scaling regionslear distinction between the intrinsic stiffness and interac-
discussed already in a previous section. Special emphasis tion effects is difficult to achieve. Even without interactions,
given thereby to the crossover from polymerlike to rodlikethe precise determination of the flexibility would cause prob-
behavior, which shows up as a distinct plateau due to théems because the often-used crossover relationships or
characteristia~ !-scattering pattern of an infinitely thin cyl- asymptotic expansions from the coil or rod limit are too un-
inder. Such a plateau can easily be recognized in theertain to provide a good estimate of the persistence length.
intermediateg range of the data presented in Fig. 6. Towards In order to overcome these problems, an extensive Monte
higherg, a decay in the scattered intensity occurs because dfarlo simulation study was performd&9] that aimed to
the finite cross section that extends into the rodlike regiondetermine a suitable model cross section that could be ap-
At lower scattering vectors we clearly see an upturn due t@lied in a least-squares analysis of real wormlike micelles
the flexible coil-like structure of the wormlike micelles on [63]. The model used in the simulations is a discrete repre-
length scales larger thdg. sentation of a Kratky-Porod wormlike chain model with

In contrast to the physical properties on local lengthexcluded-volume interactions applied in the pseudocontinu-
scales that are not significantly influenced by interaction efous limit. From the simulations scattering functions were

[do(q)/dQ2) (g/c) [10°cm/g]
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generated for various ratios of contour lendthto Kuhn 300
lengthb and a parametrized expression was derived of the
form

ch(q,l-,b):{[1_X(q,L,b)]Schair{q,L,b) 1
+x(a,L,b)Sod(9,L)}T(q,L,b), (16) 2001

where Sehai{q,L,b) is the scattering function of a flexible
chain with excluded-volume effectS,,4(q,L) is the scatter- ]
ing function of a rod,x(q,L,b) is a crossover function, and 1004
the functionI'(q,L,b) corrects the crossover region. Nu- ]
merical approximations to these functions have been deter-
mined and these provide interpolations between the simu-
lated functiond 63].

Within the decoupling approximation, the finite size of 0 — E—
the local cross section is included in a separate scattering 0 1 2 3 4 5
function of a simplified two-shell cross section. The applica-
bility of this model is supported by the scattering length ¢ [mg/ml]

density profile, which we have obtained independently with

IFT and SQDEC methodsig. 4(d)]. The cross-section scat-  FIG. 7. Apparent persistence length,,, versus concentration
tering functionScq(q) for the locally cylindrical micelles is  for wy=1.5 (0) andw,=2.5 (®). In the limit of c—0 the linear
given by a core and shell model fits result inl ,~150—160 A.

,. J1(aRy) ,-J1(aRy) 2 we check and optimize the input values of the local physical
p2mR52 aR +(p1—p2) mR12 R parameters via a grid search; after that we continue the least-
2 > 5 ! , squares analysis with all parameters until the fitting proce-
[p2mRy+ (p1=p2) TRy ] dure converges. As shown in Fig. 6, the resulting fit based on
A7 this procedure provides an excellent description of the ex-
perimental data.

In the next step we performed the analysis for samples
with different concentrations. The resultifgpparent per-
istence lengthk, 5, for wo=1.5 and 2.5 are shown in Fig.

7. We have restricted our investigation of the concentration
dependence to samples that were prepared by diluting the
Qame stock solution. Furthermore, the actual concentration
values were checked via the calculatbt] as described
above.

For each data set with the same water-to-lecithin ratio we
have chosen the same fit range. Fgy=1.5 we have taken
j N(L)L2Syc(q,L,b)dL Omin=8%x10"2 A~1: for wy=2.5 the lower boundary was

(18  Amin=2.3X 102 A~1. As a result, we can see that the cal-
culated persistence length depends linearly on concentration.
This finding is due to the fact that we apply in our analysis a
least-squares fitting procedure based on the single coil scat-
whereN(L) is the number distribution of wormlike chains tering function where interaction effects are neglected. In
with contour lengthL and Syc(q,L,b) is the normalized order to estimate the true persistence length we have to make
scattering function given by EL6). In our data analysis we an extrapolation toc—0. In this limit we find thatl,
apply the Schulz-Zimm distributiof84,85 and the polydis- ~150 A for w,=1.5 andl,~160 A for w,=2.5.
persity is fixed to{M),,/{M),=2 [9]. Results from a many-chain Monte Carlo simulation study

A typical fit procedure involves the optimization of seven [68] of the wormlike chain model have indeed demonstrated
parameters. Five of them are determined by the lojgiart  that interaction effects do influence the structure factor even
of the data and were obtained from an independently perin theq region used to determirg. In this study, a series of
formed analysis of the local properties with the help of IFT static structure factors at concentrations below and ab®ve
and SQDEC techniques. On the local length scale we hawras generated and analyzed using the same fit function for
the inner and outer radii of the cylindrical cross sectionsingle coils as for the analysis of the data from lecithin re-
(R1.,Ry), the mass per lengthi, ), the ratio of the scatter- verse micelledEq. (16)]. A distinct concentration depen-
ing length densities of inner and outer cogs (p,), and the  dence ofl, ,,, was also found. A careful analysis of the
background. On the intermediate and global scale we haveonformation statisticébond angle correlation functiprof
the persistence lengly and the contour length. As men-  the individual chains generated in the simulation clearly re-
tioned before, we have fixed the polydispersity to the probvealed that the change i ,,, with concentration is not a
able value(M),,/{M),=2. In the first step of our analysis result of a change in the intrinsic chain flexibility but a struc-

Scs(d)=

whereJ;(x) is the Bessel function of first ordeR; andR,
are the core radius and the outer cylinder radius, @ndnd
p» are the scattering length density of the core and the out
shell.

It is known from previous SL$54] and SANS[39] ex-
periments that size polydispersity has to be included due t
the equilibrium nature of the micelle. The scattering function
Swc of polydisperse wormlike micelles is given as the
average

<S\NC(qaL!b)>Z:

JN(L)LZdL
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ture factor effect on a relatively local scale. Having elimi- 100
nated the effects of finite concentrations kyy,,, we are ]
able to provide precise values for the persistence length of a
micelle. Moreover, our results clearly demonstrate that esti-
mates made from single measurements at finite concentra-
tions or using crossover relations can only be used with cau-

tion. s
]
. i . ~ 1014 1
1. Concentration dependence of the static correlation length w7 K

Based on the detailed data analysis presented so far, we
have values foM, |, (or b), and quantitative relations to
calculate the actual weight-average molar mgés,,, the
reduced concentratio, and the static structure factor in the
limit g—0, S(0), for anygiven surfactant concentration for

lecithin in deuterated isooctane &= 1.5. This means that 102 S —

we not only have the molar mass as a measure of the micellar 102 101 100 107 102
size, but that we can also calculate structural parameters such

as the weight-average contour length), or the mean- X

square radius of the gyratidR, ; of the micelles in the hy- .

pothetical case of no interactions for any valueofWe are FIG. 8. Comparison of,/Ry o versus reduced concentratidh

thus in a good position to tackle our ultimate goal, i.e., to tryfor lecithin wormlike micelles in deuterated isooctane with
to calculate the full structure fact®(q,c) using appropriate  =1.5 (0J), wo=2.5 (O), and Monte Carlo simulation8] with a
models from polymer physics. In a first step we can sedatio of L/b=90(®), wherelL is the contour length ankl the Kuhn
whether the initial decay of the reduced scattering intensity isength. The theoretical curve according to the renormalization-
indeed compatible with our combined results from SE®).  9roup theory is shown as a solid line.
3) and SANS M ,b). )

The basis for this is the existence of a universal relatiovhereNx=L/b is the number of Kuhn lengtb=2l,, per

be written as for the effect of excluded volume in so-called good solvents

through

5 F(X), (19 R2=aZ(Ng)R2 o (22)
Rg.0

- . ) _ As derived from a systematic study of the conformation of
whereRy o is the radius of gyration that the polymer would \yormiike micelles with excluded-volume effects by Monte

have in the limitc— 0. Experiments with polystyrene of dif- -4 simulations, the expansion faciey follows the equa-
ferent molar mass in good solvents have indeed demon;g, [59]

N 37€l3

_K) } (22)

strated that such a universal curivg(X) can be constructed
2
8.67

+

that shows no systematic dependence on the molar mass or
the solven{100]. Attempts have been made to put this find- a5(Ny) =
ing onto a solid theoretical basis, and an explicit functional
form for F¢(X) has, for example, been calculated with \yheree=0.17.
renormalization-group metho@$01]. However, whereas the  Based on the set of equatior®), (10), (20), (21), and
theoretical calculations reproduce the correct shape of th®2) we can thus calculate the expected values of the
experimental master curve, the calculated crossover occurs 8Hea|” radius of gyration of the micelles and the corre-
a too-small value ofX and results in a strongly over- sponding values of the reduced concentratiofor all con-
estimated effect of concentration ¢ [87]. centrations investigated at the water-to-lecithin rationgf

We can now try to generate such a universal curve from. 1 5 Together with the experimental values of the static
our experimental results. On the basis of the known locatgrelation length determined from the initialdependence
;:gcgﬁéer;;:gi Isg;th:enerze%eersr?fcr?ellfaerll(éz(r)]t:ol.r5| :rrilgcihzﬁz of the scattered intensity as described in Sec. Il, we can

i Wi [ u Can i Ei
weight-average molar mag),,, and M, given by(L),, gﬁ%]ﬁ;rru;;; CUrVets /Ry versusX as given in Fig. 8. A
. ysis can also be performed for all the data ob-

=(M)w/NaM_, the theoretical values dRy(C) can then (ained withw,=2.5. We see that all data points collapse
be calculated for all values af investigated. This is done pjcely onto a single master curve, which shows the same
using the relation between the radius of gyratRy,, the  functional form as the renormalization-group prediction
contour lengthL, the persistence length, for wormlike  shown as the solid line in Fig. 8. When compared with the

1+

3.12

chains without excluded-volume effedts02] situation encountered in polymers, we find a similar system-

atic difference between the experimental and theoretical

R2 (Ll)= ﬂ 1— 3 + 3 3 [1—e 2Nk curves. In view of the unsatisfactory theoretical basis, a sys-
9.0 = P 3 2Nk 2Ng 4N ’ tematic Monte Carlo simulation study of wormlike chains

(20) with excluded-volume interactions at different concentra-
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tions ranging from very dilute to well above the overlap do

threshold was startef58]. The simulations were based on aa (9,¢) =Kc(M)ySrea(Q,C), (23

our previous Monte Carlo studies of single-chain properties

using a Kratky-Porod model with fixed valence angles andyith

free rotations about the bonds, where the strength of the

excluded-volume interactions and the Kuhn length as a mea- S(a)

sure of the chain flexibility were chosen so as to closely Srea(0,€) = 1+v(c)S(q)’ (24

mimic wormlike micelles or polystyrene in good solvents

[59,63. Simulations were made for several ratios of contourwhich is consistent with the random-phase approximation

length to Kuhn length./b using a box with periodic bound- [104]. K is the contrast factor for either SLS or SANS and

ary conditions. During these simulations, the scattering funcS(d) denotes the normalized single-particle scattering func-

tion [103] as well as the radius of gyration of the chains wastion. In this approximatiom (c) is a concentration-dependent

calculated and sampled as described elsewf&Se excluded-volume parameter tha_t has been introduced to in-
The thus calculated scattering functiode(q)/dQ was corporate many chz_;un interactions. Unfortunately, to our

analyzed and quantities such as the forward scattering arffpowledge, fchere exists no quantitative treatment t.hat would

the correlation length could be obtained from the initial part®/|0W US to incorporate the effect of molar mass in)

of do(q)/dQ as a function of concentration. Moreover, from and we thqs have no means to calcutafe) asa function of

the iniial part of the concentration dependence ofconcentration, contour length, and flexibility. Moreover,

) . most theoretical treatments have been based on a model for
do(0)/dQ the product 0fAx(M),c was determmgd, which either flexible chains or rigid rods. An analysis of the static
allowed us to calculate the reduced concentra¥ofor all

. . . s structure factor generated in the Monte Carlo simulations
ratios L/b and volume fractions simulated. Having deter- [68] has led to the discovery that a simple RPA expression of

mined these quantities, we could then construct CuB(€9  the form of Eq.(24) leads to systematic deviations at higher
versusX and £s/Rg o versusX from the simulation results. values ofq when using the single-chain scattering function
We found that for both reduced quantities all the simulationfor wormlike chains with excluded-volume effects as derived
data for different chain lengths fall onto single master curvesfrom the Monte Carlo results presented receh@ig]. How-

in good agreement with the experimental data for polysty-ever, good agreement for all valuesgfvas obtained when
rene in good solvents. The simulation results will be de-using a phenomenological derivative of the original RPA

scribed in full details elsewhel®8]. expression
An example of the resulting cun& /Ry o versusX from
the Monte Carlo simulations fdr/b=90 is given in Fig. 8 Seon(0.C) = Swc(a) 25
as the filled circles. We see that the calculated data points RPAV 1-5(0) _
from the light scattering measurements with lecithin reverse 1+ W fpenyd 4°R3)

micelles and the simulation data perfectly agree. The simu-

lations t.hus_ strongly supp_ort our findings from_ the where Syc(q) is the single-chain scattering function for a
renormalization-group analysis of the forward scattering in-

; ; ] . wormlike chain with excluded-volume effects according to

tensity and provide us with a very valuable consistency testEq. (16) and

It is important to point out that in this comparison no free

parameters other than the previously determined values of e X—1+4x

B;, By, @, |,, andM,_ for lecithin reverse micelles were fDebyéX)IZT (26)

used. Moreover, the agreement between the concentration

dependence of the reduced correlation lengthR, o from  is the Debye function, i.e., the form factor of a Gaussian

Monte Carlo simulations and experimental data indicates thathain. The factof 1—S(0)]/S(0) ensures the correct value

not only can we account for the static structure factor in theof Sgpa(q=0,c) when using Eq(8) for S(0). Due to the

limit g—0 by using renormalization-group theory, but we very good agreement between the initialdependence of

can also reproduce the initia dependence o08(qg,c) for ~ S(g,c) obtained from the Monte Carlo simulations and the

polymerlike micelles. In a final step we can now try to usecalculated relation betweeé&/Ry, and X for lecithin re-

the full structure factoS(q,c) estimated from Monte Carlo Vverse micelles as demonstrated in Fig. 8, we can hope that

simulations in order to analyze the experimental data fronthe phenomenological expression given in E25) could

the lecithin reverse micelles. provide a quantitative description of the experimental scat-
tering data at all values af. We have therefore used aal

2. Modified random-phase approximation hoc modification of Eq.(25) of the form[95]

The basis for this final step is the finding that all structure (Swc(9)),Scs9)
factors obtained by the Monte Carlo simulations can be re- Srpa(Q,C) = 27
produced by using a phenomenological ansatz taken from the 1+ 1__5(0) f e(ng)
random-phase approximatigRPA) frequently used in poly- S(0) Deby g

mer physics. A theoretical treatment of the elastic coherent
scattering intensity for a polymer solution at arbitrary con-in order to calculate the normalized intensity of a solution of
centration leads to an expression of the form lecithin in deuterated isooctane fowy=2.5 with ¢
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=3.49 mg/ml, i.e., at a concentration closecto. From an
analysis of the concentration dependence of the apparent mo-
lar mass forwy=2.5 we have obtained values Bf, B,,

and «, which we can use to calculate the weight-average
molar mass(M),,=2.9x 10’ g/mol of the micelles at this
concentration Eq. (9)], and the expected value of the re-
duced concentratiod=1.26[Eq. (10)] or the corresponding
value of S(0)=0.365[Eq. (8)].

In combination with the experimentally determined value
of M_ we obtain the weight-average contour length
(L),=36 000 A. Together with the experimentally deter-
mined value ofl ;=160 A (Fig. 7) and the cross-section ra-
dius of gyrationRcsy=19 A as obtained from the entire
series of SANS measuremerifsg. 5), we now have all the
parameters required in an attempt to calculate the full struc-
ture factor on an absolute scale using E2y). The result of
this calculation is shown in Fig.(8 together with the ex-
perimental data from light and neutron scattering experi-
ments and a calculation for the ideal scattering curve using
the single coil scattering function without interaction effects.
We find excellent agreement over the entire rangq ofl-
ues, which spans more than three orders of magnitude. In
particular, the intermediatg-range around the crossover
from flexible coil to stiff cylinder, for which no previous
theoretical description existed, is remarkably well repro-
duced. This is shown in more detail in Fig(b® using a
Holtzer plot. The agreement between calculated curve and
experimental data is generally well below 10%, with a maxi-
mum deviation of around 13% in the crossover region.

It is important to point out that the only parameters used
in the calculation were integral parameters obtained from a
combined analysis of a large set of measurements such as the
growth parameters, B;, andB, as predicted from an analy-
sis of all the light scattering data, the flexibility as deter-
mined from a set of SANS measurements in the [A‘I]
intermediateg range, andV| andRcsg4 as determined from 1
a concentrated stock solution. No attempts to adjust or fit
some of these quantities to the individual data set dor FIG. 9. Comparison of experimental data for lecithin wormlike
=3.49 mg/ml have been made. The close correspondené@icel!es(woz2.-5'(3:3-4_9 mg/m} \{vith theoretical results based on
between calculation and experimental data is thus quite rethe smgle_-chaln scattering fu_n_ctlon with excluded-volume_ efft_acts
markable as it is performed on an absolute scale and relies ¢fiotted line and the modified random-phase approximation
the perfect agreement between the light scattering and th traight ling. For details see the tex@ Full scatterlng_curve over
SANS data. In fact, some of the discrepancy between datd" eXtendea.q range of approx'mately three decadesjin(b) Rep-
and the calculated curve may come from a slight mismatcl‘rlesentatlon In & so-called bending rod or Holtzer plot.
that leads to systematically too-high values of the calculated S )
intensity when compared to the SANS data. Another poinf‘ave a theoretical justification for this proqedure oyhgr than
where we still need improvement is the correct treatment of® fact that the result was very encouraging and it is clear
polydispersity. The expression f&(q,c) given in Eq.(25) that we t_:lespe_rately need a better understanding of the effects
has been derived from Monte Carlo simulations of monodis®f Polydispersity.
perse chains, whereas micelles are known to be very poly-
disperse with an exponential size distribution described by
the Schulz-Zimm distribution according to Eq7) with V. CONCLUSION
(M),,/(M),=2. In order to incorporate polydispersity we  The static and dynamic properties of “equilibrium poly-
have chosen aad hoctreatment in which we calculate the mers” have been the subject of numerous theoretical and
appropriate intensity-weighted polydisperse single-chairexperimental studies. In particular, surfactant systems in
scattering function using the Schulz-Zimm distribution, which giant wormlike micelles are formed frequently have
whereas we used the weight-average contour length to calbeen used as very interesting model systems. The presence of
culate the corresponding Debye function and §6) from  flexible and locally cylindrical aggregates and the close anal-
the renormalization-group theory analysis, i.e., we relied orogy between the structural properties of wormlike micelles
some sort of decoupling approximation. We do not reallyand polymers have been demonstrated in a large variety of

Mgy [10°g/mol]

[do(¢)/dQ] (g /¢) [arb. units)

0.0
0.00 0.01 0.02 0.03 0.04 0.05
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systems primarily by scattering experiments. However, destudy of many chain systems that we are able to identify and
spite the considerable effort devoted to a characterization aéliminate the interaction effects and provide precise values
polymerlike micelles and microemulsions, we still lack pre-for the persistence length of wormlike micelles and micro-
cise knowledge of fundamental properties, such as themulsions. These findings now open new opportunities to
concentration-dependent micellar growth or the micellarstudy micellar flexibility and investigate the influence of
flexibility, and the available data are inconsistent. A majorcompositional changes, temperature, or chargek,on
obstacle in experimental studies employing scattering meth- A direct comparison of experimental data and a calculated
ods has always been the problem of how to incorporatéull structure factorS(q,c) at arbitrary concentrations using
growth, polydispersity, flexibility, and intermicellar interac- the independently determined parameige “true” molar
tions in a consistent way in the interpretation of scatteringnass(M(c)),,, the true persistence length, and the mass
data. A first step in this direction was made recently, where iper lengthM,) represents the ultimate consistency test for
was shown that one can successfully tackle this problem bgny theoretical description of micellar growth, structure, and
directly applying the results from conformation spaceinteractions. The results presented in this article strongly
renormalization-group theory for semidilute polymer solu-suggest that a phenomenological form S(fq,c) obtained
tions to equilibrium polymers. However, we cannot expectfrom the Monte Carlo simulations indeed achieves this for-
that a direct application of renormalization-group theory cammidable task. It is clear that we still have to make major
yield a quantitative description of the static structure factomprogress in the incorporation of polydispersity and subject
on all length scales, which could otherwise be used as athe proposed expression for the static structure factor to ad-
additional test of these earlier findings. ditional test. Nevertheless, we believe that we have made an
Additional important progress towards a full descriptionimportant step towards a complete descriptiors@i,c) that
of S(q,c) was recently made by using Monte Carlo simula-fully incorporates micellar growth, flexibility, and interac-
tions of wormlike chains with excluded-volume effects in thetions in a consistent way.
pseudocontinuous limit, which provided accurate expres-
sions for the single coil scattering function on all length
scales. As demonstrated in this article, these parametrized
scattering functions are capable of fitting the experimental We gratefully acknowledge the contributions of Carolina
data from polymerlike reverse micelles over more than thre€avaco during the setup of the first experiments. G.J. thanks
decades iy with very good agreement. The use of numeri- John Daicic for his careful reading of the manuscript. This
cal expressions for the full scattering function allows for anstudy was supported by the Swiss National Science Founda-
incorporation of polydispersity and permits us to determinetion (Grants Nos. 20-40339.94 and 20-46627%.96he
apparent values of the contour length and the persistenageutron-scattering experiments were performed partly at the
length with high precision. These accurate valueslfor,, DRS3 reactor at RisdNational Laboratory and supported by
yield clear evidence that the SANS data at mtermedqate the Commission of the European Community through the
from where we extract the information on the persistencd.arge Installation Programme. We also gratefully acknowl-
length, is influenced by intermicellar interaction effects evenedge the support from the Institut Laue-Langevin in
at relatively low concentrations<<c*. It is only from a  Grenoble, where part of the SANS measurements were per-
direct comparison with a recent Monte Carlo simulationformed on the instrument D22.
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