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Small-angle neutron scattering (SANS) has been used to study a series of agueous solutions of (i) the anionic
surfactant sodium dodecyl sulfate and the simple electrolyte sodium chloride and (ii) the cationic surfactants
dodecyltrimethylammonium bromide and dodecyltrimethylammonium chloride, in the presence of sodium
bromide and sodium chloride, respectively. For all three systems, the surfactant spans a wide concentration
range, and by suitable choices of electrolyte concentration, it is possible to engineer these solutions to have
the same concentration of counterions in the agueous phase. According to a recent hypothesis by Bales et al.
(J. Phys. Chem. B001, 105 6798), such a series is expected to produce micelles having the same aggregation
number Nagg), a point verified by time-resolved fluorescence quenching (TRFQ) and electron paramagnetic
resonance (EPR). The SANS results presented here are in good agreement with the TRFQ and EPR studies.
We therefore show unequivocally that the sizes and shapes of these surfactant micelles depend only on the
free counterion concentration, a conclusion supported by conventional theories of micellization. Subsequently,
for the SDS data, a comparison is made between fitting the SANS data to a model in which the aggregation
number and degree of hydration are constrained and fitting them to a model in which these features are
fittable parameters. In essence, both approaches yield the same conclusion. Such an approach is not possible
with the cationic surfactants, as the contrast between the hydrated shell and the core is minimal.

Introduction The effective area per surfactant headgroag) ¢f an ionic
) ) surfactant micelle is a rather difficult quantity to calculate due

Small-angle neutron scattering (SANS) has evolved into a g the tendency of the surfactant counterions to dissociate from
very powerful technique for studying the morphology of micelles {he mijcelle surface. However, the dressed micelle nfédel
formed in aqueous solution by surfactants, as well as the gjjows the degree of counterion dissociatiomg) to be
interac_tio_n between theht. These properties are usuall_y _quanti- calculated by solving the nonlinear Poissd@oltzmann equa-
fied within the context of a particular model describing the tjon describing the ion distribution around a charged spherical
micelle morphology, as embodied by the form factor, and gtycture. Typical values for SDS solutions (16 mMM[SDS]
combined with some model taken from liquid theory to describe < o0 mM in the presence of 0 mM [NaCl] < 200 mM salt)
the intermicelle interactions via the structure factor. are 0.20< ana* < 0.30, in excellent agreement with the same

The surfactant number or molecular packing parar¢igy quantity measured by SANE3
is a remarkably simple and insightful parameter to consider Recently, the hypothesis was advancixt the aggregation
when discussing the morphology of the structures formed by numbers of ionic micelles, at a constant temperature, depend
surfactants. Defined as the ratio of the volumg 6f the only on the concentration of counterions in the aqueous phase
surfactant tail to the area per headgroag) @nd the length of (Ca9:
the surfactant taillf, Ns = v/agl, this dimensionless quantity
can be translated into a specific micelle shape; that is, spherical Nagg= NagdCag) Q)
micelles are predicted when & Ns < /3, whereas, for
cylindrical micelles /3 < Ns < /.. Within the context of this lonic micelles grow in response to increases in the valu@,gf
study and established theories of micellization, an increase inwhether the counterions are provided by the surfactant alone
the ionic strength of the solution will screen the interheadgroup or by the surfactant plus any added electrofyfeaking SDS
repulsion, and thusy decreases. Given thagndl are constant, and NaCl as an example, the micellized surfactant provides a
Ns increases and the micelle becomes more elongated. Thiscounterion concentration equal Sy, Where S, is the
simple approach suggests that there is a correlation betweerconcentration of surfactant forming the micelles angy is
the ionic strength of the solution and the micelle morphology the degree of dissociation of the (sodium) counterions from the
and,inter alia, the aggregation number. micelle surface. The concentration of counterions added via salt
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TABLE 1: Surfactant and Electrolyte Concentrations for the Samples Used in This Study, plus Corroborating Aggregation
Numbers and Debye Lengths

[SDS]/M [NaCl)/m Nrrro  Neonsens®  CadM F(S) ¢Psps ionic strength/M Debye length fro@eiectrolyte S, andaSy/A

0.660 0 111 112 0.188 1236 0.19 0.09 10.0
0.440 0.060 109 110 0.186 1145 0.13 0.12 8.6
0.330 0.090 108 110 0.188 1.105 0.095 0.13 8.1
0.165 0.135 106 109 0.189 1.050 0.048 0.15 7.6
0.085 0.157 107 108 0.186 1.026  0.025 0.15 7.4
0.055 0.165 107 108 0.184 1016 0.016 0.16 7.3

a Calculated usingus- = 0.27 andy = 0.25. If one useswat = 0.24 andy = 0.20, the aggregation numbers are larger by about 10 molecules.

is denotedCelectrolyte SDS below the cmc and NaCl are strong Tanford then set
electrolyes. Summing the contribution due to the monomeric

(“free”) surfactant &), the micellized surfactang), and any Aﬂ;

added electrolyte yields a total counterion concentration in the = =|Z a,
aqueous phase of interface

Cag= FRMonarS + (1 = 0ya)S + Copecrond  (2) and

whereS is the total concentration of surfactant and the factor (Aﬂﬁagg) ((1) 1
1 kT head_ k_T a_e

(1-9) whereo is the interfacial tensiom is a headgroup repulsion
takes into account the fact that the counterions do not penetratgparameter, ande is the equilibrium area of the hydrophobic
the micelles¢ is the volume fraction occupied by the micelles core occupied by each surfactant molecule. Minimizing the free
and is commonly approximated th = V[S], whereV is the energy with respect to the aggregation number shows that only
molar volume of the surfactant, which assumes that the densitythe second (interface) and third (head) terms contribute to
of the unhydrated surfactant is approximately unity. In the SANS determining the size and shape of the micelléth theinterface
literature, ¢ is employed to correct for the penetrating back- term decreasing and theeadterm increasing with a decrease
ground of the electrolyte There are many combinations &f in a., equivalent to an increase Mugg
andCelecrroiyiethat yield the same value @,qand, according to For ellipsoidal aggregates, the equilibrium aggregation num-
eq 1, the same aggregation numdey. In the pasf,we have ber is given by?
referred to the study of such a series of samples as a "constant

KT KT,

FQ) = ®)

Caq experiment”, although in practice such series are rarely 4nlg adly -t
strictly at a constant value ., because of the factd¥(S) Nagg= {3, 157~ (6)
and small density variatiorTs. SN
The variation ofNaggWith Caq for SDS was fountito follow Assuming a DebyeHickel interaction between the ionic
the power law S
headgroups, the equilibrium area per molecule can be expressed
o as
Nagg = N°(C,fcmc)” (4)
2
whereN°® = 49.5,y = 0.25, and cmt = 0.0083 M (cmé is _[27€d__1 7)
the critical micelle concentration in the absence of salglues eo 1+«

arrived at from data taken from a number of different experi-

mental technique%in eq 4, to arrive aCyq a constant value  whered is the capacitor thickness,is the dielectric constant

of anat = 0.27 was used. We call valueshéfygcomputed from of the mediumeis the charge of an electron, awnds the inverse

eq 4 “consensus values”. These values are given in Table 1. Debye length. This last quantity has a square root relationship
Such a relationship is embodied in established theories onwith ionic strength

micellization but is rarely encountered in this guise. The free

energy of micellization 4ug, /KT) can be calculated within 8re? |12

various theoretical framework&:12 For illustrative purposes, k= I

we use the conceptually simple approach proposed by Tanford,

recently extended by Nagaraj&h,

ekT (8)

wherel is the ionic strength. By incorporating the approach
R R o R embodied in eq 2 and the large particle limit to describe the
A/‘Nagg AP‘Nagg A”Nagg A/‘Nagg double layer £lo > 11419, it is clear that, sinc@e [ 2, then

kT |~ VKT Jvanster KT [intertace KT /head Nagg O [NaT]¥4 In reality, «lo is only slightly greater than 1,
and there may well be counterion-dependent steric or hydration
factors present which would result in this simple approach not
where the subscripts refer to the free energy contribution of being exact. However, such a simple approach does describe
transferring the hydrophobic tail from an aqueous environment quite a large body of dafat®

into the core of the micelle while leaving some of the In this study, we present SANS data from a series of SDS/
hydrophobic corethe interface-exposed to the water phase NaCl, dodecyltrimethylammonium bromide (DTAB)/NaBr, and
and, concomitantly, introducing steric- and, for ionic surfactants, dodecyltrimethylammonium chloride (DTAC)/NaCl systems for
electrostatic repulsion between the neighboring headgroups.which we are able to predict the aggregation numbers and thus
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are able to test the prediction that the micelle morphology is damped electrostatic term) and the hard-core poteittalThe
invariant within this series of solutions studied. model is described via four parameters: the hard sphere volume
fraction @nard sphery the particle radiusRhara sphery the micellar

Experimental Section charge, and the inverse Debye screening length.

Materials. Sodium dodecyl sulfate (Aldrich) was recrystal- The hard sphere volume fraction is given by
lized from ethanol until no dip in the surface tension
concentration plot could be detected around the cmc. All other ATNA(S — S)a3
reagents, including the cationic surfactants DTAB and DTAC, Drard sphere= oAt e (10)
were of analytical grade and used as received. The solvent was ardsphere 3N.gg

D-,0 in the SANS and kD in the time-resolved fluorescence

qguenching (TRFQ) and electron paramagnetic resonance (EPR)wherea is the equivalent spherical outer radius of an elligse,

measurements, but this had no effect on the results. = XY¥3(R.ore + dsnel). The Debye length is calculated in the
Time-Resolved Fluorescence Quenching. RFQ measure- normal manner (eq 8), where the effective ionic concentration

ments were carried out on the SDS solutions with pyrene as (strength) is taken as®2+ ana (S — §) + 2Celectroyte Here,

the probe and dimethylbenzophenone as the quencher, botlong is obtained by dividing the surface charge Myyq

purchased from Aldrich and used as received. The samples were Scattering from Sodium Dodecyl! Sulfate/Sodium Chloride

all prepared from one stock solution in a manner that allowed Systems.Two approaches to parametrize the form factor for

the relative values of the quencher/surfactant molar ratios to bethe SDS solutions have been undertaken. These are denoted

determined with high precision. The average number of quench-“nonconstrained coreshell approach” and “EPRTRFQ con-

ers per micelle was constant. Therefore, any possible systematicstrained core shell approach”.

errors that sometimes plague the interpretation of TRFQ data Nonconstrained CoreShell Approachin this model, the

will be the same in all these samples, leading to better relative inner core, with a radius equal to that of a fully extended dodecyl

precision in the aggregation numbers. The fluorescence decaychain (16.7 A), contains only alkyl chains and is space filled.

curves of pyrene were obtained atZ5using an FL90O lifetime For aggregation numbers larger tha5, the constraint that

spectrometer (Edinburgh Analytical Instruments) and fit to the the minor radius of the core cannot be larger than 16.7 A results

Infelta—Tachiya modél—1° using the software provided by the in the elongation of the micelle. The outer shell contains any

manufacturer. Before fitting, the decay curves were corrected alkyl chain not in the core, the sulfate headgroup, plus any

for the instrument response. Details of the experimental setupcounterions and hydration water. Therefore, the outer radius is

and the procedure for calculating values\afg are identical to also defined by space filling arguments. The degree of hydration

those previously reported. is input in the form of a number of water molecules per
Small-Angle Neutron Scattering.The SANS measurements  surfactant headgroup, typically five. Thus, tH&) is readily
were also performed as detailed previodshf on the fixed- calculated using the decoupling approximation and the elliptical

geometry, time-of-flight LOQ diffractometer (ISIS Spallation core—shell form factor described previously.

Neutron Source, Oxfordshire, U.K.). All measurements were  The only parameters refined in this model are the aggregation
carried out at 25°C. Experimental measuring times were number Nagg, the fraction of alkyl chain in the headgroup
between 40 and 80 min. All scattering data were normalized region, and the surface chargs, (the parameters dependent
for the sample transmission and incident wavelength distribution on these (micelle ellipticity, ionic strength, aRard spherk bEING

and corrected for instrumental and sample backgrounds usingrecalculated at each iterative step of the fitting process. Here, it
an empty quartz cell and for the linearity and efficiency of the is found that roughly 10% of the alkyl chain is present in the
detector response. The data were put onto an absolute scale usingeadgroup, and thu¥ydrophobic tail = Vundecyl chain= 323 A3,26

a well-characterized partially deuterated polystyrene-blend equivalent to a bulk density of 0.80 g/mL (compared-0.75

standard sample. g/mL for liquid dodecane). Implicit in this is the assumption
SANS Data Fitting and Analysis.The intensity of scattered  that the methylene group closest to the sulfate group does not
radiation [(Q)] as a function of the wave vecto®J is given have a hydrophobic character. The volume of the headgroup
by Vheadgroup= 74 A3, that is 60.6 & for the sulfate group and
13.6 A3 for the sodium ior#3
1(Q) = n, [SQ)F(Q)H + IF(Q)I’L— F(Q)H] + By (9) TRFQ Constrained CoreShell ApproachThe model of the
micelle adopted here is also that of a charged particle with an
whereny, is the number of micelles per unit volume aBg is elliptical core-shell morphology; however, the model is
the incoherent background scattering. The bracketed t&@)-[ parametrized quite differently. In this case, all of the hydro-

F(Q)@ + F(Q)|2+ F(Q)(], calculated from the decoupling ~ carbon chain is assumed to be present in the hydrophobie-core
approximatior?3 describes the morphology of the scattering hence, the minor radius of the ellipse is taken as the all-trans
species, wheré(Q) = Vi(p1 — p2)Fo(QRy) + Va(p2 — psotven)- length of a G chain; that is,Reore = 16.7 A. However, the
Fo(QRy). For an elliptical micelle, bot(Q) andF(Q)? require aggregation numbemNagg = 110, is constrained to be that
numerical integration over an anglebetweenQ and the axis measured in the time-resolved fluorescence quenching experi-
of the ellipsoid to account for the random distribution of ment. Since all the methylenes are in the core of the micelle,
orientations of the ellipse. For clarity, we omit this. The first Mmultiplying this aggregation number by the volume for a dodecyl
term represents the scattering from the core (subscript 1) of tail (Vaodecyitai= 353 A%1227bulk density= 0.8 g/mL) provides
radius R and axial ratioX, and the second, the polar shell the volume of the hydrophobic cor&dg). Given the minor
(subscript 2)V; = 43nXR® and Fo(QR) = 3ji(QR)/QR (ji is radius constraint, this inherently defines the micelle ellipticity
the first-order spherical Bessel function of the first kind). The asX = 2; namely,
structure factoiS(Q) describes the spatial arrangement of the
micelles in solution; this term is discussed in more detail below. Veore= Vdodecyi talNagg (11)

The structure factor is calculated from the RMSA approach
on the basis of a repulsive Yukawa tail (an exponentially and
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111 T T T T T T T
X: 3VCOT83 (12)
4‘chore 1o 1
In contrast to assigning a number of water molecules of  '®f I
hydration, as was done in the nonconstrained approach, the_ .| |
volume fraction of water in the shell(,0) is constrained at & T
the value determined from the EPR experiment; namalys £ o7} 1
= 0.52. Vsuirate(dry) IS calculated assumingnat = 0.27, that is, 2§ T
60.6 A3 for the sulfate group and an average of 99fédr the 108 T4 l
bound sodium ions. Thus, the shell thickneés.{) is also sk — ; | |
defined: '
104 4] 4
VsheII= Vtotal - Vcore: 4%TX[(Rcore—i_ éshelba - R<:0re3] (13) 103 : : . . . . :
105 106 107 108 109 110 111 112 113
or Nagg (consensus)

Figure 1. Values ofNyggfor SDS micelles measured by TRFQ plotted
Vehe = Naggvsulfate(dry)+ (pHZOVsheII (14) against the consensus values. The valuds.gfvary slightly because
the samples detailed in Table 1 do not exactly form a constant

The core scattering length density was taken as that of S€Mes:
dodecane deore = —0.39 x 107% A=2). The scattering length
density of the dry shell, that igneas Was input as a constant
(Phead= 3.3 x 1078 A~2), but the fitting routine recalculates
the scattering length density of the wet shell on the basis of the
value of ¢n,0. We reiterate, likeVsuratery), phead has been
calculated by adoptingwa = 0.27. Hence, all parameters
describing the form factor are essentially fixed. This constrained
approach has been applied successfully to SDS/sugar surfactant
and SDS/GE, systems?

The approach adopted with the structure factor is similar to .
that of the nonconstrained model except that, since the aggrega-§
tion number and degree of sodium ion dissociatia,() are g
known, it should also be possible to constrain the ionic strength =
and the charge on the micelle (chargeonaNagg. Hence, in
principle, all the parameters defining tB&)) routine can also
be calculated. This contrasts with the nonconstrained approach,
whereong" (=chargeNagg is refined during fitting.

Scattering from Dodecyltrimethylammonium Bromide
and Dodecyltrimethylammonium Chloride SystemsFor the
DTAB and DTAC systems, there is insufficient contrast between
the core of the micelleptore = —0.39 x 1076 A*Z) and the Figure 2. Raw SANS data for 20< [SDS] < 660 mM with varying .
headgroup regionpfeaq= —0.16 x 1076 A2 for DTAB and [NaCIL. Tf;lg data b_ehc_ome more |néeDnSse,_l\_/\r/]|th thlc_edslt_ructure peak mdovmg
fres= .14 x 10°S A for DTAC) o warrant fiting to a {214 811010, win ereasing 5051 The s fnes corespond
core=shell model. The scattering length densities of the S o )
headgroups are increased somewhat by the presence of water 1he raw SANS data are shown in Figure 2; with increasing
but not sufficiently to require a further step in the scattering surfactant. concentratlon, the peak due to the structure fgctor
length density profile. This small degree of hydration (compared Pecomes increasingly more pronounced and moves to a higher
to that of SDS) is consistent with the findings of Hayter and Q, associated with the decreasing separation of the surfactant

Penfold?® who report a hydration number of4 for CTAB. micelles. Over this serielagg= 108+ 3; that is, it is effectively
The approach taken is otherwise identical; that is, the data wereconstant throughout the series. The only difference between the
fit to a charged solid ellipse. various samples is the number of micelles present (e,p;
Therefore, the SANS data should be described by a common
Results set of parameters, with onlg, and SQ) (by virtue of ny)

Sodium Dodecyl Sulfate SolutionsTable 1 gives the values  varying between samples.
of Nagg measured by TRFQ, and Figure 1 shows these values Two approaches to fitting these data have been tested. The
plotted against the consensus values. The valudg.gfvary fits are indistinguishable, and both fit the data remarkably well
slightly because the samples detailed in Table 1 do not exactly (Figure 2). The parameters are presented in Table 2 for the
form a constanCyq series, but they do agree with the consensus nonconstrained approach and Table 3 for the EPRFQ
values extremely well. It is appropriate to note that although constrained approach. As may be seen from both approaches,
the absolute values dfl,gq are probably no better than 10%, the main point of this study has been verified, namely that the
the relative values are quite precise because the relativemicelle size and shape are invariant (within experimental error),
guencher/surfactant ratios were precisely determined. Figure 1reflecting the importance of the aqueous phase sodium ion
reinforces an already large body of dathat substantiates the  counterion concentrationCf), rather than either the total
form of eq 4 and the simple theoretical approach given surfactant concentrationS§ or the concentration of added
previously. electrolyte Celectrolytd, in determining micelle morphology.
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TABLE 2: Parameters Describing the Fits to the Nonconstrained Model
surface charge Debye innerradius outer radius -ellipticity

[SDSI/M  [NaCl/M  Nagq a) length/A (R)/A (R)/IA X degree of hydration  ona®  Rhard sphere
0.660 0 136 33 10.0 16.7 19.8 2.28 5 0.67 0.24 26.1
0.440 0.060 137 31 9.1 2.30 0.69 0.23 25.7
0.330 0.090 132 33 8.3 2.20 0.70 0.25 25.2
0.165 0.135 123 28 8.3 1.96 0.68 0.23 24.9
0.085 0.157 120 26 7.7 2.00 0.70 0.22 24.2
0.055 0.165 114 40 7.7 1.92 0.70 0.35 24.2

2 The number of water molecules per surfactant headgroup.

TABLE 3: Parameters Describing the Fits to the EPR-TRFQ Constrained Model

surface charge Debye inner radius ellipticity  degree of

[SDS)/M  [NaCI[/M  Nagg 2 length/A (R)/A Oshel A X) hydratio  ona*  Rhardsphere  @hard sphere
0.660 0 110 35 9.3 16.7 2.6 2.00 0.52 0.32 26.0 0.190
0.440 0.060 37 8.3 0.34 25.8 0.127
0.330 0.090 35 8.0 0.32 25.4 0.095
0.165 0.135 36 7.6 0.33 24.4 0.048
0.085 0.157 38 7.4 0.34 21.8 0.025
0.055 0.165 32 7.3 0.30 20.0 0.016

aThe amount of water in the polar shell expressed as a volume fraction.

1(Q)/ cm
(Q)/ cm

Q/4- ' 0.25
Figure 3. SANS from a constar@.qseries of DTAB with NaBr. Lines Figure 4. SANS from a constart,q series of DTAC with NaCl. Lines
are best fits to the data based on a charged, solid ellipse model.are best fits to the data based on a charged, solid ellipse model.
Concentrations were as follows [DTAB/mM]/[NaBr/mM]: circles, 25/  Concentrations were as follows [DTAC/mM]/[NaCl/mM]: circles, 32/
95; squares, 90/76; triangles, 155/57; inverted triangles, 220/38; 251; squares, 144/201; triangles, 258/151; inverted triangles, 372/100;
diamonds, 285/19; hexagons, 350/0. diamonds, 486/50; hexagons, 600/0.

All these data are best fitted using ellipses, rather than TABLE 4: Principal Parameters Describing the Fits to the
polydisperse spheres. For the nonconstrained model, minorSANS Data Using a Charged Solid Ellipse _
adjustments to the model do not improve the fits; that is, (Podecyltrimethylammonium Bromide/Sodium Bromide

changing the hydration per headgroup from 0 to 10, although 5 Solutions)

is mostly used, does not alter the model parameters or the quality RIA o Nagg

of the fit. This is in good agreement with the conclusion reached _[PTABYM  [NaBr/M  (30.2)  ellipticity ()  (&58°
in the constrained fitting approach. Since 10% uncertainties in 0.025 0.095 18.2 1.7 71
the scale factor, aggregation number, and surface charge are  0-990 0.076 17.5 19 70
acceptable, there is agreement with the central premise of this 8'%38 8'825 13'2 i'g Z;Z
paper-namely that, over the whole range of the datahe 0.285 0.019 17.7 1.8 69
aggregation number is largely imriant. 0.350 0 18.0 1.9 74

DTAB and DTAC Solutions. The question then arises as to
whether or not this is a general behavior or specific to SDS.
Presented in Figures 3 and 4 are analogous data and fits for thenodel, the radius is in fact the outer radius of the micelle, that
DTAB/NaBr and DTAC/NaCI solutions. The essential param- is, Reore + dsnelr The freely fitted data arrive (within experimental
eters are given in Tables 4 and 5. As can be seen, the aggregatiorrror) at the same ellipticity and radii obtained from the TRFQ
numbers thus obtained are consistent with those found by TRFQcalculation. This simpler approach has again arrived at the
(73+ 2 DTAB, 60+ 2 DTAC). Since there is no shell in this  similar conclusion found previoustythat the aggregation

2 Nagg (TRFQ) = 73.
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TABLE 5: Principal Parameters Describing the Fits to the 160 . . T
SANS Data Using a Charged Solid Ellipse
(Dodecyltrimethylammonium Chloride/Sodium Chloride wl |
Solutions)
RIA Nagg
[DTAC)/M  [NaCl}/Mm (#£0.2)  ellipticity (X)  (&5) 120r ]
0.030 0.251 17.5 1.4 63 >
0.144 0.201 18.0 1.4 69 z% 100 f- 1
0.258 0.151 18.1 1.3 65
0.372 0.100 17.4 1.4 62 sl |
0.486 0.050 17.5 1.4 64
0.600 0 17.5 1.4 62
2 Nagg (TRFQ) = 60. eor T

number and hence micelle size and shape are indeed a function 40 ‘

. A . 0.0 0.1 0.2 0.3 0.4
of the solution counterion concentration only.
C,q/cme

Discussion Figure 5. Aggregation number extracted from the previous work of
Hayter and Penfofd plotted as a function of the free sodium ion
The SANS and TRFQ results presented here substantiate thesoncentration normalized to the critical micelle concentration. The open
previously presented EPR data on the cons@gtseries for symbols correspond to no added salt; the closed symbols correspond
SDS; the micelle aggregation number is largely invariant with to added salt. The broken line represents the concensus values used
the [SDS]? The SANS and TRFQ results presented here for here; the solid line represents the behavior outlined in the text with the
the cationic surfactants suggest that this is a general phenom-eXponem“W = 0.16.
enon. The SANS method senses the size and to a lesser extent the
It is appropriate to review the essence of the three methodsshape of the micelles, but a detail such Ngg is usually
in their approach to studyindNagg The TRFQ technique  extracted within the context of a model. Thus, it is very different
essentially “counts” the number of micelles. The technique from the previous two methods. This model dependence is a
involves several possible sources of systematic error. First, theweakness of SANS. Further, unlike the cases of the two previous
value ofNaggcan only be as accurate as the value of the quenchermethods, the details of the distribution of the micelles and their
concentration. Second, the valueS®imust be subtracted from  concentrations enter directly into the analysis.
S in the analysis. Third, the statistical distribution of the Despite this apparent weakness, SANS studies support the
quenchers among the micelles, usually assumed to be Poissoeonstant conclusion that,gg depends only on the sodium ion
nian, must be known. Fourth, the effect of polydispersity has concentration. Consider only the SDS/NaCl systems, for which
never been dealt with satisfactorily despite much effort. All of there is a larger body of data available compared to the case of
these uncertainties can add up to an uncertainty in the absolutethe cationics. Previous SANS experiments are in agreement with
value ofN,gg Nevertheless, TRFQ does very well indeed when the form of eq 4 (Figure 5), albeit with slightly different
compared with the consensus value (eq 4) derived from variousparameterdNagg= 164C,, and marginally larger aggregation
techniques. The same conclusion is supported in many studiemumbers. Clearly, the raw data fit the power law well and
involving other micelleg® More important in the context of  describe the growth of SDS micelles whether the concentration
this work is the fact that TRFQ is even more reliable as an of surfactant or salt is increased. Note the abscissa is computed
indicator of relative values dflagq since the systematic errors  supposing a constant valueafs- = 0.27, as found previously.
due to the four uncertainties just mentioned will be very nearly The solid line below the SANS data gives the consensus values
the same in every member of the sample series. Further, theof Nagq that is, those extracted from a variety of studi€3ur
values of unimer concentrations for all members of this series (TRFQ) value ofNagq= 110 falls on this latter line. The limited
are so small compared with the valuesSthat even a large  data on the cationics also support this approach. Thus, all three
uncertainty in& would be completely negligible. methods have their weaknesses. Insisting that a given model
The EPR approach to studyidyg is very different. Here, be consistent with all three methods is the best insurance against
we do not determine the value bfyg We ascertain, to a high  misinterpretation of any one of the three. We test the viability
precision, if the micelles in two samples have the same value of such an approach using the SDS data.
of Nagg This is accomplished using techniques exhaustively  Consider now the detail within the fitting, implications of
detailed in recent publicatior?§-32 In essence, a spin-probe is  invoking constraints, and the coarse grained nature of the model.
solubilized by the micelles in low concentration and the polarity Effectively, the data analysis involves fitting a step-profile to
sensed by the probe is from the hyperfine coupling. Similar the scattering length density cross section of the micelle. The
work?8-31 has related the measured polarity to the hydration of core of the micelle, consisting of (hydrogenous) hydrocarbon
the micelle surface. However, in the present context, it is not chains, has a scattering length density-0f-0.56 x 1076 A2,
necessary to invoke that model or even that the model be correctFor a shell consisting of hydrated headgroups, the scattering
All that is required is that the spin-probe senses the same polaritylength density is rather similar to that of the solvernt.0 x
if the micelle is the same size. This has been amply demon- 1076 A-2, essentially due to the degree of water present in the
strated and is expected from what is kndWwrabout the headgroup region. The continuous phase has a quite different
mechanism of the effect of local electric fields on the hyperfine scattering length density;-6.4 x 107 A~2 The principle
coupling. The only conceivable ways for the hyperfine coupling contrast step is, therefore, at the core/shell interface. Indeed,
constant to be different in two micelles of the same size would simply fitting these data to a solid ellipse returns a fit that is
be if the spin-probe senses the nearest neighbor micelles or ifremarkably similar to the core dimensions. The eeskell
the neighbors induce a change in the average location of theapproach forces the fitting routine to include a “step” in the
spin-probe. Both of these possibilities are very unlikely. scattering length density cross section of the micelle. The model
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then parametrizes the width and height of this step. Inherently, For SDS solutions, a number of quite different technigtes
the fitting routine is less sensitive to this step, and we invoke SANS, EPR, and TRFQhave been combined to verify the
various criteria (core radius, ellipticity, etc.) to limit the fitting. SANS model and evaluate the constrained fitting used in the
The key point to remember, of course, is that the micelle is a SANS analysis. Ultimately, this has the result of slightly
dynamic structure and there will be no sharp discontinuities in decreasing the perceived aggregation number extracted from
scattering length density between the core, shell, and continuoushe SANS analysis but at the expense of a larger error associated
phases. In this regard, the model can introduce artifacts and itwith the counterion binding. A simpler approach adopted with
is these that we aim to guard against. DTAB and DTAC gives the same conclusions.

With that in mind, let us compare and contrast the two
approaches. Both models confirm that the gross morphology Acknowledgment. We gratefully acknowledge support from
of the micelle is the sameelliptical micelles with an axial ratio ~ NIH/MBRS S06 GM48680-03 and the EPSRC for provision
of 2 and a core radius of 16.7 A. of SANS beam time.
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