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The counterion distribution around tetramethylammonium dodecyl sulfate micelles has been evalu-
ated by small-angle neutron scattering (SANS) using the contrast variation technique. The scattering
from the counterions and the hydrated shell was isolated by matching the scattering length densities of
the core and aqueous medium by adjusting the H,0-to-D,0 ratio. Thus the core component of the
scattering was “erased,” due to zero contrast with the solvent. The counterion distribution was estimat-
ed by fitting the SANS data to a model of an isolated particle consisting of a core, shell, and counterion
atmosphere, with only three adjustable parameters. For a micellar concentration of 6 vol %, the aggre-
gation number, core radius, shell thickness, and charge number were estimated as 77, 18.6 A, 4.6 ;X, and
44, respectively. Similar values were obtained for a concentration of 3 vol %. In addition, the electro-
static potential and the dissociation equilibrium at the micellar surface were also evaluated. The es-
timated value of the surface potential of micelles (—4.7kT') indicated the validity of using the numerical
solution of nonlinear Poisson-Boltzmann equation for the calculation of the counterion distribution.

PACS number(s): 82.70.Kj, 61.12.Ex

I. INTRODUCTION

The electrostatic potential plays a fundamental role in
determining the properties of macroionic systems such as
a polyelectrolyte and ionic micellar solutions, in view of
the strength and extended range of the interaction. The
distribution of ions and counterions, on which the
strength and the range of the electrostatic interaction
greatly depend, is one of the most important factors that
influence the characteristics of such systems. Thus many
studies on this problem have been undertaken in a variety
of macroion geometries including linear [1-7], spherical
[1,8-14], and planar [15,16] macroionic systems. For
lightly charged systems, the counterion distribution is
well described by linear approximation theories [17],
which can be used to describe the characteristics such as
osmotic coefficient and activity in highly charged sys-
tems. However, it is virtually impossible to treat the
counterion distribution near the surface of the macroion
(i.e., the condensed region) analytically because of the ex-
treme heterogeneity of the electrostatic potential in the
system [18]. In addition, no effective method to deter-
mine the whole profile of the counterion distribution has
been proposed so far. Data obtained by the other
methods such as potentiometry, osmosis, electrophoresis,
and viscoelastic measurement contain no direct informa-
tion on the geometrical organization of the system.
Small-angle neutron scattering (SANS) data are measured
as a function of the scattering vector and thus contain in-
formation on the spatial distribution of ions. Thus SANS
data can, in principle, provide important information on
the counterion distribution, as a function of the distance
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from the center of a micelle. Furthermore, by means of
contrast variation methods, it is possible to isolate the
scattering from the counterions. Wu et al. [19,20] car-
ried out the small-angle x-ray scattering and SANS mea-
surements for cylindrical micellar solution in order to
evaluate the counterion distribution. However, the
charge density was defined stoichiometrically from the
amount of the ionic surfactant and was not determined
from the scattering data. More recently, van der Maarel
et al. [21] evaluated the counterion distribution in
tetramethylammonium polystyrenesulfonate solutions as
linear macroionic systems by SANS based on the assump-
tion that the systems consist of randomly oriented
cylinders [21]. For the spherical macroionic systems,
however, the atmospheric distribution of counterions
have never been taken into account, as far as we know,
although SANS analyses for the various kinds of ionic
micellar solutions have been performed to estimate intra-
and intermicellar structures [22-27].

In this study, SANS measurements were carried out to
determine the counterion distribution around highly
charged spherical micelles. The advantage of the system
studied in this work is that the micellar system can be re-
garded as spherical to a good approximation and this en-
ables us to analyze the data quantitatively without resort-
ing to additional assumptions. Although the small-angle
scattering from counterions is generally weak, it may be
enhanced for SANS by deuterium labeling of both the
solvent and solute micelles. In this study, we used dode-
cylsulfate (DS) to form the micelle and hydrogenated
(H,,) or deuterated (D;,) tetramethylammonium (TMA)
as the counterion. SANS measurements were performed
for both H;,-TMADS and D,-TMADS solutions with
three different D,0O-to-H,O ratios to give a total of four
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different contrast conditions, which were used to extract
the scattering from counterions. The scattering data
from the differently contrasted micelles were all fitted by
the same structural model of an isolated spherical mi-
celle, composed of the hydrophobic core, hydrophilic
shell, and counterion cloud. From the results, significant
information was obtained on the counterion distribution,
in addition to the structural parameters of the micelle
(e.g., core and shell radii, aggregation number, etc.).

II. EXPERIMENT

A. Principle of contrast variation in SANS

In general, radiation incident on a medium whose
scattering power is independent of position is scattered
only into the forward direction (i.e., at zero angle).
Scattering only occurs at finite angles if the scattering
power of the medium fluctuates from point to point in the
sample. Thus x-ray scattering is caused by fluctuations in
electron density, whereas neutrons are deflected by fluc-
tuations in scattering length density (SLD). Whereas all
electrons have the same scattering amplitude, the
equivalent quantity for neutrons (the scattering length) is
specific to each atom (isotope). These are tabulated in
standard reference work [28]. Interestingly, there is a
large difference between the scattering lengths of H and
D atoms, though to a good approximation their chemical
behavior is similar. The scattering length of D is a large
positive value while that of H is negative. This means
that the neutron scattering power can be changed by D
labeling either the solvent or solute. Such contrast varia-
tion techniques have been described in detail elsewhere
[29,30]. We used H-dodecyl sulfate (H-DS) and H- and
D-tetramethylammonium (H-TMA and D-TMA) in or-
der to observe the scattering from counterions (internal
contrast variation). We used mixtures of H,O and D,0
as a solvent to erase the scattering from the core com-
ponent of the micelle particle (external contrast variation)
and also to enhance the scattering from the counterions.
The combination of these internal and external contrast
variation techniques made feasible the isolation of the
scattering from counterions with high signal-to-noise ra-
tio. The values of scattering length (summed over the
atomic constituents) and SLD (p) calculated by dividing
by the molar volume (v) (p=3;b; /v) are summarized in
Table 1.

TABLE 1. Molecular volume (MYV), scattering length, and
scattering density of chemical species.

Species MV (nm?) 35 (fm) p (fm/nm?)
C,Hys 0.350 —13.741 —39
SO,~ 0.0579 26.07 450
DS~ 0.408 12.33 30
N(CH,),* 0.140 —8.936 —64
N(CD;),* 0.140 116.04 829
H,0 0.0299 —1.677 . =56
D,0 0.0302 19.153 634

B. Preparation of samples

D,,-TMADS was prepared as follows: sodium dodecyl
sulfate [(SDS), Nacalai Tesque Inc., Kyoto, Japan] was
dissolved in Milli-Q reagent grade water (Millipore, Bed-
ford, MA) and was protonated completely into dodecyl-
sulfuric acid (HDS) by using excess cation exchange resin
AG-1-X8 (Bio-rad Laboratory, Richmond, CA). By
comparison, tetramethyl D,;, ammonium bromide
(Euriso-Top, Gif-sur-Yvette, France) was also dissolved
in Milli-Q water and treated with excess anion exchange
resin AG-50W-X8 (Bio-rad Laboratory) to yield D,,-
TMAOH solution. With small amount of HDS and D,,-
TMAOH solutions, conductometric titration was carried
out to determine the equivalence point by using a con-
ductivity meter DS-8M (Horiba Ltd., Kyoto, Japan).
Based on this result, the HDS solution was neutralized
with an equivalent amount of D,-TMA solution. After
vigorous stirring, the mixed solution was freeze-dried and
yielded D;,-TMADS as white powder. H;,-TMADS was
also prepared using water-dissolved tetramethylammoni-
um hydroxide pentahydrate [(H;,-TMAOH-5H,0), Al-
drich Chemical Company Inc., Milwaukee, WI] instead
of the D,-TMAOH solution. Series of solvents were
prepared by mixing deuterium oxide [(D,0), Uvasol
grade, E. Merck, Darmstadt, Germany] and Milli-Q H,O
at the prescribed ratios.

Sample solutions of 6 and 3 vol % were prepared with
D,,- and H,-TMADS and D,0-H,O solvents in four
different SLD contrasts at each volume fraction. In prin-
ciple, isolated noninteracting micelles are observed only
in the limit of an infinitely dilute solution. However, in
order to achieve a measurable SANS cross section with a
good signal-to-noise ratio, we employed these concentra-
tions in which the micellar particles are electrostatically
interacting with each other, as will be described below.
The measurement conditions are summarized in Table II
for four different contrast conditions (CCs 1-4). For CC
1, the solvent SLD (p) matched that of the hydrocarbon
core (C;,H,s) of the micelle. Contrast conditions 2 and 3
refer to D,-TMADS and H,;,-TMADS, respectively, dis-
solved in pure D,0. Contrast condition 4 refers to H,,-
TMADS in a 17.4-vol % D,O solvent. It will be seen
subsequently that, although the counting statistics are
not as good for this contrast condition, the data are con-
sistent with the overall interpretation established from
contrast conditions 1-3, thus providing a valuable com-
plimentary cross-check on the analysis.

C. SANS measurements

The SANS data were collected on the W. C. Koehler
30-m SANS facility [31] at the Oak Ridge National Labo-
ratory (ORNL) with a (64X 64)-cm? area detector and
cell (element) size approximately equal to 1 cm?. The
neutron wavelength was 4.75 A (AA/A~5%) and the
sample-detector distance was 2.4 m. The data were
corrected for instrumental backgrounds and detector
efficiency on a cell-by-cell basis, prior to radial averagm
to give a g range 0.025<g=47A"" sin6<0.25 A
where A=4.75 A is the wavelength and 20 is the angle of
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TABLE II. Characteristics and fitted parameters for samples.

Concentration CC CSI model CS model

(vol %) No. ¢po Counteion N R, (A) R, (A) Z w @ N R, (A) R, (A) Z w

6 1 0024 D,,-TMA* 77 18.6 232 44 70 —466 79 18.8 257 22 130
2 1 D,,-TMA*
3001 H,,-TMA*
4 0174 H,-TMA®

3 1 0024 D,-TMA* 77 18.6 236 38 79 —461 75 18.4 250 21 169
2 1 D,,-TMA*
3001 H,,-TMA*

scatter. The solutions were contained in quartz cells (2-5
mm path length) and the coherent intensities of the sam-
ples were obtained by subtracting the intensities of the
corresponding cell, which formed only a minor correc-
tion (<2%) to the sample data. The net intensities were
converted to an absolute (£3%) differential cross section
[Zexpt(g)] per unit sample volume (in units of cm™!) by
comparison with precalibrated standards, based on the
measurement of beam flux, the vanadium incoherent
cross section, and the scattering from water and other
reference materials [32]. The efficiency calibration was
based on the scattering from light water and this led to
angle-independent scattering for vanadium, H-polymer
blanks, and water samples of different thicknesses in the
range 1-10 mm.

The transmission of the sample was measured in a
separate experiment by collimating the beam with slits
(irises) approximately equal to 1 cm in diameter, separat-
ed by a distance approximately 7.5 m. A strongly scatter-
ing sample, porous carbon, was placed at the sample posi-
tion to spread the beam over the whole detector, placed
at a sample-detector distance approximately equal to 10
m. Without the carbon in position, the beam would be
either blocked by the beam stop or concentrated in a few
detector cells, with the possibility of saturating or damag-
ing the detector. The total count summed over the whole
detector (> 10°) was recorded in a time period approxi-
mately equal to 1 min and the sample being measured
was placed over the source slit, thus attenuating the
beam. The count was repeated over the same time inter-
val and the transmission is given by the ratio of the two
counts after minor corrections ( <0.1%) for the beam-
blocked background due to electronic noise, cosmic rays,
etc. In this geometry, only scattering from the same at g
values less than 103 A™! can enter the second iris and
be scattered by the porous carbon and hence be counted
by the detector.

III. RESULTS

Figure 1 shows the SANS data from the 6% TMADS
solutions at the three different contrast conditions (1-3)
specified in Table II. For each condition, a single broad
peak was observed, indicating the existence of a more or
less ordered structure in the system arising from the
strong electrostatic interaction between micellar parti-

cles. The profiles at contrast conditions 2 and 3 are at
first sight very similar and the peak position is virtually
the same. However, on close examination differences
may be observed, especially at hlgher g values. The two
curves intersect at g=0.14 A", indicating subtle
differences in the scattering length density profiles. A
peak is also observed at CC 1, but the peak position is
somewhat different from that observed where the contri-
bution of the core is dominant (CCs 2 and 3). For CC 1,
the SLD of the solvent was matched to that of the micel-
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FIG. 1. I, (q) (M, @, and A) and n,P(q) ( , calculated
with the CSI model) of 6-vol % samples at three contrast condi-
tions (Table II) plotted against scattering vector ¢. (a) and (b)
are different only in their 7 scale.
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FIG. 2. I, (q) and n,P(q) of 3-vol % samples at three con-
trast conditions plotted against g. Symbols are as in Fig. 1.

lar core. Hence the scattering is sensitive only to the
shell and counterion parts of the micelle and this is the
origin of the large difference of the SANS profile from
contrast conditions 2 and 3.

Figure 2 shows SANS profiles for the samples with 3
vol % concentration. The general trends are similar to
the previous observations, with the exception that the
shift of the interference peak is less, due to the lower mi-
cellar concentration.

IV. DISCUSSION

A. Basic assumptions and scattering function
for the analysis of SANS data

The SANS data were analyzed by fitting to a structural
model based on the following assumptions.

(i) The molecular volumes and chemical properties of
D,,- and H,z-TMA+, D,0, and H,O are the same, apart
from their molecular weight (specific gravity) and total
neutron scattering length 3b (Table I). Intramicellar
structures and intermicellar interactions for the same
volume fraction are independent of the different SANS
contrasts (e.g., there are no substantial isotope effects).

(ii) SLD distributions are calculated from the informa-
tion given in Table I, following the incompressibility
principle. In other words, p=3b /3.

(iii) The micelle is spherical with a core-shell structure
and polydispersity effects may be neglected.

The first postulate attributes the variations in the ob-
served scattering patterns under the various contrast con-
ditions to SLD differences. It follows that samples have
the same intermicellar structure factor S (q), independent
of deuterium labeling, and that minor differences in mo-
lar volume, dielectric properties, etc., between the H and
D species may be neglected. The third postulate allows
us to represent I, (q) as

I(g)=n,|F(q)>S(q)
=n,P(g)S(q) , (1)

where F(q) and P(q) are the amplitude factor and parti-
cle form factor, respectively. Note that the latter func-
tion contains the scattering length density, so P(0)#1, as
in the case where the SLD differences are included in a
separate ‘“contrast factor.”

n,=[¢/(vrma +vps)—ncmcl/N (2)

is the number density of micelles and @, vppma> Ups> 2 cMme»
and N are the volume fraction of TMADS, the molecular
volumes of TMA 1 and DS™; the critical micelle concen-
tration of TMADS, and the aggregation number, respec-
tively.

For an isolated spherical ionic micelle including the
surrounding ion cloud, F(q) in Eq. (1) is expressed as

R
= €= df( ’r)
F(q) 417_[0 p(r)J—dr dr , 3)
where
f(q,r)=[sin(gr)—gqr cos(gr)1/q* , 4)

p is a function of the distance from the center of a micelle
r defined as

p(r)=p(r)—p(R,) , (5

and R, is the radius (boundary) of a spherical cell at
which a micelle is centered and is determined to equalize
the micellar concentration of the practical system to that
of the cell model

R, =(3/4mn,)'", (6)
The micellar structure of TMADS will be discussed here
in terms of two models as follows.

B. Models for isolated micellar systems

1. The core shell ion-cloud model

As the most feasible model to describe the isolated mi-
cellar system, the core shell ion-cloud (CSI) model was in-
troduced to analyze the obtained SANS data. The micel-
lar particle in this model consists of three regions; core,
shell, and ion cloud. This model gives the following SLD
(p) distribution:

Pc,H,, (0=r=R;)
p(r)= {pgen (R;<r=R,) 7
pioncloud(r) (R2<"SRC).
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The hydrophobic core is formed with N (the aggrega-
tion number) hydrocarbon chains of DS and its radius R
is given by

Nvc u, =47R31/3. 8)

It is assumed that all the hydrocarbon chains are
confined within the core (radius R, ), which seems reason-
able in view of the large hydrophobicity of alkyl chains.
The core SLD is given in Table I. The shell region
(R{<r=R,) consists of N head groups of DS™ (SO, )
and bound TMA ™, with hydrating water molecules occu-
pying the remaining volume of the shell. Hence the SLD
in the shell (pg,;) is given by

Psnen = [Vso1pso (N = Z)brva + Nbso, 1/Vpen ©)
where
Vaen =4m(R3—R3)/3 (10)

is the shell volume and Z is the effective charge number
of the micellar particle. bpy, and bso4 are the molecular

scattering lengths of TMA™' and SO,, respectively
(Table I). V, is the volume occupied by the hydrating
water molecules and is given as

Vsol=Vshell_(N_Z)vTMA—NvSO4 . (11)

Therefore, the hydration number per DS molecule w can
be calculated as

w=Vsol/stol ’ (12)

where v, is the molecular volume of water, p,, is the p
of the solvent and is given with the volume fraction of
D,0 in D,0-H,0 solvents ¢D20 as

Psot=Pp,0%p,0 1 PH,0(1—¢p0) - (13)

Pion cloug MY be expressed as a function of »

Pion cloud(") =Pso1 7 (PT™MA ~Psol 'V TMA P TMA (7)
+(Pps—PsoWpshps(?) , (14)

where nry, and npg are the local concentration of
TMA™T and DS~ and follow the Poisson-Boltzmann
equation for spherically symmetric systems [11]

1 d do(r)
—r—z—; rz—g'rL' _—_47TA,B[nTMA(r)_nDS(r)]

- _ —@lr) _ (r)
=—4xmApg[nrmace * npsoe® "] .

(15)

@ is the electrostatic potential nondimensionalized by kT
and satisfies the boundary conditions

@(R.)=0, (16)
L2 S (17)
dr |r=Rr, R2

and
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Ap=e?/4mekT (18)

is the Bjerrum length. nqps0 and npgy are the activities
(the local concentrations where ¢=0) of TMA™ and
DS™, which are related to the mean concentrations npp s
and npg by

nima =Rtmaole #)

=ncmct2Zn, , (19)

nps=npsole?)
=HncMme s (20)

where ( ) represents the volume average. Hence the
TMADS molecules that do not belong to micelle behave
as added salt. By introducing the Poisson-Boltzmann
condition in this manner, the SLD (p) distribution in the
ion-cloud region is determined only by Z and R, over the
whole range of surface potential. In summary, an isolat-
ed micellar system can be described by using only three
variables N,R,, and Z as fitting parameters.

2. The core shell model

The CSI model was also compared to the simple core
shell model, which has previously been widely used
[22-27] to analyze the micellar structure. In this model
the SLD (p) is given as a step function

pC]ZHZS (OSrSRl)
P(r=1pme (R} <r=R,) 2D
Psoln (R2<rSRc)’

where and are the same as those in Eq. (8).
PcH,, Pshell
Psoln 1S @ constant given by

Psoin = Psol T (PTMA —Psol)VTMA P TMA
+(pps—PsoWpshps - (22)

This model is based on the assumption that simple ions
are distributed uniformly in the solvent.

C. Fitting procedure

F(q) was calculated from both the above models and
S (g) was determined by

SA@ =1 . 1(q) /0, Pi(q) (23)

where the subscript i indicates the different contrast con-
ditions 1-4. I ;(q) is the coherent experimental
scattering intensity (cross section) from which solvent
scattering and the incoherent background of the solute
have been subtracted. In order to facilitate this subtrac-
tion, the (angle-independent) scattering of D,O (=0.06
cm™!) was measured, along the flat backgrounds of H,O
(=1.3 cm™!) and various H,0-D,0 mixtures (e.g., 0.605
cm ™! for a 1:1 mixture). In addition, a small correction
(~0.015-0.025 cm™!) was made for the incoherent
scattering of the micelle (as opposed to the solvent). As
an independent check on the efficiency of the background



53 EVALUATION OF THE COUNTERION DISTRIBUTION AROUND. ..

subtraction it may be noted that both I, (¢) and n,P(q)
should tend to zero at higher g (0.14<¢ <0.15 A~ ! for
CC 1 and ¢ ~0.23 A~ ! for CCs 2 and 3). From postulate
(i), S;(g)’s calculated by Eq. (23) are expected to give the
same curve at all contrasts. Therefore the mutual curve
fitting for 6-vol % series was carried out to minimize the
deviation among the structure factors calculated with the
three contrast conditions. For 3-vol % series, only the
deviation between S,(q) and S;(g) was considered in the
parameter fitting because of the poor statistics with the
data collected for CC 1. All the fitting calculations were
performed by using the super computer M-1800 (Fujitsu)
in Kyoto University Data Processing Center.

D. Profile of the counterion distribution
and structural parameters of the micelle

Iexpr,i(q) and n,P;(q), which were fitted with the CSI
model, under contrast conditions 1-3 at 6 vol % are
shown in Fig. 1. The fitted variables and the other model
parameters are listed in Table II. R, was calculated to be
18.6 A from the N value (=77) with Eq. (8) and the shell
thickness (=R, —R;) was estimated to be 4.6 A. The
aggregation number (NN) obtained in this study was less
than that reported in Ref. [24] (~94), although the inner
radius R, estimated here was a little larger than that in
Ref. [24] (=17.2 A). This discrepancy probably arises
from the different assumptions used to determine the core
size. In Ref [24], a portion of the DS-hydrocarbon chain
is located outside the core (in the shell region), whereas it
is assumed to be confined to the core in this work. Thus
the shell thickness estimated in Ref. [24] (11.5 A) was
much larger than that obtained in this study (4.8 A). In
addition, the shell t}}ickness of a SDS micelle was es-
timated to be ~11 A, whereas calculations in Ref. [23]
indicated a thickness ~5-7.5 A. This suggests that it is
difficult to determine a certain structure of a micelle with
too many fitting parameters.

Figure 3 shows the intermicellar structure factors de-

14 ,‘%
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-
0.6 s .
o

04| (4 .

I L L

0 1
0 0.02 0.04 0.06 0.08
qlA]
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FIG. 3. Intermicellar structure factors S(g) of 6-vol % sam-
ples plotted against g. The calculation is based on the CSI mod-
el. B, @, and A indicate S(g) at contrast conditions 1, 2, and 3,
respectively.
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rived from the three different contrast conditions for the
6-vol % series. S,(q), S,(q), and S3(q) are in excellent
agreement, indicating the self-consistency of the analysis.
Radial SLD (p) distributions for the (spherical) CSI mod-
el at the four p contrast conditions are shown in Fig. 4.
These profiles were calculated from the fitted N, R,, and
Z with Eq. (7). From this figure, the largest fluctuation in
p seems to arise from the hydrocarbon core region in
D,O (CCs 2 and 3). However, n,P,(q) and n,P;(q) are
quite different in their absolute value and intersect each
other at g ~0.14 A™! in Fig. 1(a). This tendency is ob-
served also in I, ,(q) and I, 3(q). Of course, the p
distribution at CC 1 is quite different from those at CCs 2
and 3 and results in n,P,(q), whose shape deviates large-
ly from n,P,(q) and n,P;(g). In contrast condition 1, p
in the core (pclzﬂzs) and p in the bulk are nearly equal

and the fluctuation in p is mainly due to the shell and the
ion cloud. nPPl(q) indicates the oscillating behavior,
which is reflected in I, ;(¢).

Figure 5 shows I, 4(¢) and n,P4(q), which were cal-
culated from the p distributions at contrast condition 4
(Fig. 3). Ixp,4(gq) could not be used in the parameter
fitting because of its low intensity and bad statistics.
However, a product of n,P,(q) and S(q), which is defined
as an average of S,(g) and S;(g), is also shown as
Lipeor,a(q) in Fig. 5. Iy 4(q) reproduces the tendency of
I,p,4(q) within the range of the statistical error.

Figure 2 shows I, ;(¢) and n,P;(q) of 3-vol % series.
The parameter fitted for this series are listed in Table II
and they give similar values to those of 6 vol %. There-
fore, the difference in shapes of I, ;(g) from those of 6
vol % are mainly due to the difference in S(g). S; of 3-
vol % series are shown in Fig. 6. These were calculated
according to Eq. (23) and obtained by requiring that
S,(g) and S5(q) coincide with each other. However,
S,(q) agreed well with S,(q) and S;(q), although S,(q)
had not been considered in the parameter fitting. These
S'(g) showed the maximum at lower g than the 6-vol %

700

600
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400

300

p [fm/inm?]

200

100

., _ CC-4
0 10 20 30 40 50
distance from center of micelle [A]

-100

FIG. 4. Scattering length densities p of 6-vol % samples in
the CSI model as functions of the distance from the center of a
micelle r at four contrast conditions (see Table II).
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FIG. 5. I (q), n,P(q), and I, (B with error bars, ,
and A, respectively) of a 6-vol % sample at contrast condition 4
plotted against g.

system corresponding to the decrease of n,. The max-
imum value of S(q) reaches 1.4, suggesting the strong
electrostatic interaction between micelles. This is also
consistent with the charge number (Z =44) and the large
calculated value of the surface potential (¢, =—4.67kT),
as shown in Table II.

In this work, Z is the number of counterions dissociat-
ed from the hydrated shell of a micelle, rather than the
activity number [33], which is the number of the coun-
terions completely free from the electrostatic influence of
macroions. Although the binding of TMA™ into the mi-
cellar shell is not accompanied by any chemical process, a
certain dissociation equilibrium is considered to be estab-
lished at the surface. The local concentration of TMA ™
at the surface [nppa(R,) in Eq. (15)] was calculated to be
1.6M in the CSI model from the fitted parameters. With
this value, an intrinsic dissociation constant of the Stern
layer to TMA™ was estimated as 2.1M for the 6% sys-
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FIG. 6. S(q) of 3-vol % samples plotted against g. Symbols
are as in Fig. 3.
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tem.

@s [=@(R,)] was calculated to be much less than —4
(—100 mV) in the CSI model and indicates that it is not
appropriate to describe the simple ion distribution ac-
cording to the linear (Debye-Hiickel) approximation; in
such a case of large |@,|, the difference between the elec-
trostatic potential calculated with this approximation and
that calculated via nonlinear methods cannot be neglect-
ed and gives rise to different ion distributions. Thus, for
such highly charged colloidal systems, it is necessary to
take account of the interparticle interaction, which is
strongly dependent on the simple ion distribution. For
example, the Debye screening length k! has often been
used as an estimate of the range of the electrostatic force
in macroionic systems by many researchers [9,10,34]. It
is well known, however, that «~! should not be calculated
with the mean concentrations of simple ions but with the
activities, especially for highly charged systems. In this
work, the counterion activity is expected to be less than
2% of the local concentration at the micellar surface
whose value was estimated above and this results in a
much larger value of k! than that calculated via the
mean concentration. Data from ultra-small-angle x-ray
scattering exhibited an unexpected variation of the inter-
particle distance in colloid crystals with salt concentra-
tion [35]. These findings may be rationalized by using the
« "1 value calculated from the activity to show that the
distance scales well with «a (a is the radius of the parti-
cle) [36].

The fitted parameters by the core-shell (CS) model are
also listed in Table II. Both R and R, were estimated to
be larger than those with the CSI model at 6 vol % con-
centration. The goodness of fit of this model is almost
the same as that of the CSI model and the volume frac-
tion (or n,) dependence of N reproduces the tendency re-
ported in some papers [24] better than that with the CSI
model. It should be emphasized, however, that the CS
model is less feasible physically than the CSI model;
counterions cannot be distributed uniformly in the sys-
tem [10-14]. Figure 7 shows the p distribution in the CS
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FIG. 7. Scattering length densities p of 6-vol % samples in
the CS model as functions of r at four contrast conditions.
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model at 6 vol %. Since the shell is defined to include the
ion cloud in the CS model, this results in a much larger
shell thickness than in the CSI model. The differences in
the shell thickness between these two models suggests
that the contribution of counterion cloud in the SANS in-
tensities is detectable enough and that the simple core-
shell model, which has often been widely used in the
literature, may be inadequate when the scattering from
counterions is dominant.

V. CONCLUSION

The counterion distribution around the highly charged
spherical micelle of tetramethylammonium dodecylsul-
fate has been evaluated by SANS in combination with
internal and external contrast variation technique. In all
the steps of the analysis, we attempted to minimize the
number of fitting parameters. Similarly, we avoided a
priori calculations of the structure factor, from either the
mean spherical approximation MSA [37] or the rescaled
mean spherical approximation (RMSA) [38]. Not only
would this have introduced additional fitting parameters,
but also the S(g), which is calculated from the interparti-
cle potential function based on the Debye-Hiickel ap-
proximation, is not reliable in cases where |g;| is large.
In fact, |@,| was expected to exceed 4 in the CSI model.
Hartland, Grieser, and White evaluated the surface po-
tential of SDS micelles by spectroscopic probe measure-

ments and reported its absolute value to be 3.8k7-5.7kT
in the range of NaCl concentration 0.1M-0M [39].
Dunstan and White determined the £ potential of SDS
micelles to be 3.0kT-6.4kT by mobility measurements
[40]. Even with the Z value estimated in Ref. [24] (~20),
|@,| should exceed 3 and the system will be beyond the
Debye-Hiickel approximation. In addition to the internal
structure of a micelle, the simple ion distribution plays a
very important role in determining the physico-chemical
characteristics of the ionic micellar systems. Further
research along these lines should contribute to our under-
standing of colloidal phenomena such as ordering, small-
ion effect on diffusion and on electrophoresis.
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