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Fractal scaling of small-angle neutron scattering from nonionic micellar solutions
below the cloud temperature
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Power-law variations of small-angle neutron-scattering intensities from nonionic micellar solutions of isooc-
tylphenoxy polyethoxy ethandTriton X-100) in D,O for a range of concentratiori$—4 wt %9 and tempera-
tures(295—-335 K are interpreted in terms of simple models of fractal aggregates. The results show a large
increase in dimensionality from+1 at ambient temperature t©2.3 near the cloud points. The variation of
fractal dimension with temperature is almost the same for the three concentrations studied. Thus one arrives at
a picture of micellar aggregates becoming more and more tenuous as cloud points are appf64€I6ad.
651X(96)08305-3

PACS numbes): 82.70-y, 05.40+j, 64.70—p, 61.10.Eq

An exhaustive set of small-angle neutron-scatteringhe data at 313 K. This is not very surprising since micelles,
(SANS) experiments from Triton X-10Gisooctylphenoxy which have an aggregation numberl45 and an effective
polyethoxy ethanol, Aldrichsolutions in D,O covering a  diameter of 75 A1], are at a mean separation of 250 A in
wide range of concentration&—15 wt %9 and temperatures the 1 wt % solution. The short ranged interactions incorpo-
(295-335 K was reported by us recent[ll]. These solu- rated in Baxter's model are therefore totally ineffective to
tions show the well-known clouding phenomei2} with a induce_par_ticle clll_Jstering needed to pr(_)duc_e the _buildup of
lower consolute point in the phase diagram¢at-6 wt %  Scattering intensities. Use of more detailed intermicellar po-
and temperatur@,~335 K. The clouding temperatures for tent@ls[?]', Iqu|d'state theories, and polydispersity in micel-
1,2, 4,8, 12, and 15 wt % solutions, the systems for whicHar size did not improve the results. These approaches as-

SANS measurements were made. are 336.5. 336. 335. 3353/Me that density fluctuatiofi2,8—10 alone can account for
337, and 338 K, respectively. The measurements were ma e buildup of scattering intensity. However, for Triton

. -100 surfactant — which has 14 carbon atoms in the hy-
at the Intense Pulsed Neutron Source at Argonne NatlonarO hobic part and an average of ten ethviene oxide units. in
Laboratory, Argonne, lllinois, U.S.A., by using the small- P P g y

. the hydrophilic chain — there is a possibility of micellar

angle d|ffr.actom.gte(_SAD) [3]. ) , grovvt)rll [2,:FL)1—14 on increase of tempgrature. ¥Nhile growth

SANS intensities in these e_xlperlments, especially for 10Wat micelles and critical fluctuations can be mixed together in
scattering vectoiQ(<0.03 A 7%, show a significant in- principle in data analysis, their separation would be quite
crease(see Figs. 1-Bas the temperature approaches theypitrary. Therefore a simple alternate approach is necessary
cloud pointg[1]. For instance, in the case of 4 wt % solution ig characterize the SANS data fr< by .
the intensity aQQ~0.006 A increases by one order of mag-  \We noticed that SANS intensitieQ) in this regime
nitude as the solution temperature changes from 295 to 335&how a power-law variatiofsee Figs. 2 and)3with respect
K. Baxter’s sticky hard sphere modgl] was used to com- to Q for Q<0.03 A~%; for higher values ofQ they are
pUte the intermicellar structure factor for interpreting thedetermined by the micellar form factor. In this paper, we
temperature variation of SANS intenSitieS; micelles Werereport the exponentsm extracted from the power-'aw
modeled as oblate ellipsoids of revolution. This model de\/ariations,l(Q)~Q*D, with the use of simple models of
picts micelles as particles interacting via a short ran@emh-  structure factor of fractal aggregates and arrive at new con-
perature dependengttractive potential5,6] which is re-  cysions regarding variation d as the cloud point is ap-
sponsible for the clouding behavior. The temperaturgyoached. It is known that correlated regions in several bi-
dependent potential depthy, embedded in Baxter's sticki- nary mixtures near their critical points have a fractal
ness parameter, was the only adjustable parameter in this structure[15]. Therefore it is plausible that the structure of
analysis. For solutions withb> ¢, the model provided a mijcellar aggregates — whether they arise out of growth or
good fit. A linear variation of the potential depth — with a density fluctuations — can be modeled with fractal concepts.
value around EgT, at the lower consolute point — was For the sake of completeness, we first recall the scattering
deduced from these analysdd. functions used in the analysis.

For lower Triton X-100 concentrations, i.e¢{ ¢.), the For monodisperse individual scatterers, of number density

model was quite inadequate to explain the data. For exampl@, the SANS intensity can be factored [ds]
in the case of 1 wt % data, the model failed to show any

temperature variation of SANS intensity fdr>313 K (see 1(Q)=n(|F(Q)|)S(Q), 1)
Fig. 1) whereas the experimental results indicated a threefold
increase af ~331 K (for Q~0.006 A1) in comparison to  whereF(Q) is the single particle scattering function
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FIG. 2. The absolute differential scattering cross section of 2
wt % Triton X-100 solution in QO at 295 K(o), 313 K (@), 323
K (O), 328 K (M), 330 K (X), 332K (A), 334K (A). The
204 solid lines are fits with the fractal model. Note that the data merge
at Q>0.03 A for all temperatures.
10
0 Here,D is the dimensionality of the structure of the scatter-
0 0.02 0.04  0.06 ing units, S, is the compressibility factor, and is the cor-

Q (A'1) relation length. Equationg&l)—(4) together with a model for
the micelle form factor can be used to extract the dimension-
FIG. 1. The absolute differential scattering cross section of 1ality D. An alternate formula that can be used is the structure
Wt % Triton X-100 solution in DO at 295 K(o0), 313 K (O0), 323 factor for a fractal aggregate discussed in several papers
K (X), 328 K (A), and 331 K @) in the Q region <0.06 A.  [19-22:
Between the fractal modgl—) and Baxter's model- - -), the

former fits the data well in the whol@ region, while the latter fails B ¢]®  I(D+1)
in the low Q region. S(Q)=1+A o] (1+Q%¢%)D-1r2
sif(D—1)arctariQ¢)]
FQ- [ To-pdei@nar. @ “o-noE ©
Up

The constanA~1 is an amplitude parametf20,23 which
describes the packing of particlésf radiusr o=37.5 A), the
fractal D is the dimensionality of an average aggregdtes
an exponential decay lengfl20,23 introduced to describe
finite clusters, andI'(x) is the gamma function£ is

Here,p(r) andpg are, respectively, the scattering length den-
sities of the particle and solvent, and is the particle vol-
ume. The angular brackets in E@) indicate averages over
all particle orientations. The effective structure facB§Q)

for an isotropic system can be expressed 1§ related to the radiuR of the average aggregate &
IF(Q)? =¢(D+1)(D+2)/2]¥2[23]. That is, has a similar mean-

§(Q)= 1+ &[S(Q)— 1], 3) ing in Egs.(4) and(5). Both Egs.(4) and(5) yield a power-
(IF(Q)[%) law variation S(Q)~Q P for Q>¢ 1; they reduce to the

Guinier form for Q<¢ 1. Extended regular objects also
where S(Q) describes the center-of-mass correlations. Thgjield power-law decay in SANS intensity. In the absence of
prefactor(|F[)?/(|F|?) accounts for the orientation distribu- 3 priori knowledge about their dimensionality, a first ap-
tion of particles. For the present application, this approximaproximation would be to assume that they are also covered in
tion to S(Q) is adequate since the axial ratio of the ellipsoi- this formulation. For example, a long cylindrical aggregate
dal micelle is around Z17]. The variation of the above can be constructed out of small cylindrical units or a tortuous
prefactor because of the distribution in sizes and shapes, fivo-dimensional sheet can be built up with a disc as the unit.
any, has been neglected. A generalization of the Ornstein- Modeling of scattering profiles over a limite@ range
Zernike formula for the center-of-mass structure factor isalone cannot provide an unambiguous picture of micellar
(18] structure, let alone settle the issue of critical fluctuations

and/or micellar growth. Use of Ed1) which factors the

S(Q)=1+ (So—1) @ scattering intensity intd®(Q)(=(|F(Q)|?) and S(Q) in
(1+QZg2)br: situations where both aspects are likely to be present — as in
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FIG. 3. The absolute differential scattering cross section of 4 2 g
wt % Triton X-100 solution in BO at 295 K(o), 313 K (@), 323 a
K (O), 328 K (W), 330 K (X), 332K (A), 334 K (A). The . 1.5
solid lines are fits with the fractal model. The behavior is similar to ]

that for 2 wt % solution. ; 1 8
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Triton X-100 solutions — is only a first approximation. The

minimal set of parameterg{, S, andD in Eq. (4) and FIG. 4. Temperature dependence of fractal dimensidjy cor-
A, &, andD in Eq. (5)] extracted from the data are hoped to relation length £), and the compressibility fact®, derived from
provide the shape and extent of an average aggregate. fractal model fits for Triton X-100 solution in BD at 1 wt %(0), 2
particular, the variation oD with temperature can yield wt% (@), and 4 wt % (<).

some insight into the evolution of solution structure, as we

will see later.

The basic unit used to build the fractal structure has bee » —1; il
assumed to be an oblate micelle. The detailed structure an% the smallesQ~0.006 A”* in the data. The compressibi

form factor P(Q) of this unit was obtained from 1 wt % Ity factor, Sy in Eq. (4), increased from-2 at room tempera-

SANS data at 295 K and is given in the earlier pajidr For ture to ~100 near cloud points. Thg amplitude paramet.er
the sake of completeness we recall that Triton X-100 mi> — When Eq.(5) was used — remained nearly constant in
celles can be modeled as a double shell oblate ellipsoid df'¢ range 0.4 — 0.5 except for the lowest temperafés
revolution. The inner core with axes 20 and 70 A contains<); Where it was in the range 0.2-0.3. Both models of
the hydrophobic segments of the surfactant. The outer shelf(Q) showed thatD increases from a value close to
of hydrophmc Segments have axes 45 and 95 A The aggreliols at low temperature to around 2.8.1 at the h|ghest
gation number is around 145 and there are about 20 watdemperature. Within experimental errors, the temperature de-
molecules per surfactant molecule in the outer shell. Thigendence of, Sy, andD is the same for the three concen-
model of Triton X-100 is consistent with available resultstrations, as seen in Fig. 4. Thus we find that the solution
from light scattering, x-ray, and NMR studi€®4—-24. structure remains more or less the same for concentrations
The measured SANS intensiti€er cross sectionsto-  ¢<¢.. Micellar aggregates, which have a linear structure at
gether with the fits using the formulas discussed earlier areoom temperaturdfractal dimensionD~1), are found to
shown in Figs. 1-3 for 1, 2, and 4 wt % solutions, respechecome more and more tenuous as temperature is increased.
tively. Both models ofS(Q) gave quite comparable results, These findings together with the micellar model we have
the solid lines in the figures are based on ). For clarity  used suggest that an average aggregate would be like a strip
of presentation and comparison with the results of Baxter'sf a ribbon(of thickness~45 A) at room temperature. The
model (dashed ling data forQ<0.06 A~* only are shown aggregates extend in both dimensions and become a tortuous
in Fig. 1. In spite of their simplicity, the structure factor object near cloud points. It is interesting to note that this
models of fractals provide excellent agreement. This is furbehavior of the solution is independent of the surfactant con-
ther elaborated in Figs. 2 and 3 where data from 2 and 4entration.
wt % solution for seven temperatures are presented in loga- Some of the earlier investigations on micellar solutions
rithmic scales. For the three concentrations, the parametdrave given evidence of fractal structyid,27,28. We also
& varied from 100 to 300 A as temperature approached thaote that there exist growth models wherein a parameter can
cloud points. These values must be taken as lower bounds b tuned to generate random fractals of a specified dimension
correlation lengths since the power-law variation extends up29]. While these applications use fractal concepts to model
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purely interparticle correlations, the present work showst would be worthwhile to extend the measurements to lower
their usefulness in characterizing more complicated struce values so that the correlation lengths can be determined
tures resulting out of growth and critical fluctuations. accurately.

A few conclusions emerge from this SANS study of Tri- ) o
ton X-100 solutions(i) models of structure factor of fractal ~ We thank S. L. Narasimhan for bringing some of the ref-
aggregates provide a simple way to characterize the solutiofr€nces to our attention and many fruitful discussions. This
structure near the cloud pointéi) the nature of the aggre- Work benefited from the use of the Intense Pulsed Neutron
gates, more or less, remains the same for concentratiorfsource at Argonne National Laboratory which is funded by
d<¢., in particular, the variation o, S,, andD with  the United States Department of Energy, BES — Material
temperature is the same for the three concentrations(iiand Science, under Contract No. W-31-109-ENG-38.
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