
Micellization and Intermicellar Interactions in Aqueous Sodium Dodecyl 
Benzene Sulfonate Solutions 

DANIEL C. H. CHENG AND ERDOGAN GULARI 1 

Department of Chemical Engineering, University of Michigan, Ann Arbor, Michigan 48109 

Received December 3, 198 l; accepted March 12, 1982 

Quasielastic light scattering was used to investigate the size and shape of  sodium dodecyl benzene 
sulfonate (SDBS) micelles in aqueous solutions. Measurements were made as a function of  temperature 
and NaC1 and SDBS concentrations. Light scattering data indicate that the micelles are sphero- 
cylinders with a semiminor axis o f  22 A. The length of  the micelles increases strongly with salt 
concentration and decreases with temperature. The min imum micelle has an aggregation number  of  
n o = 28 and a hydrodynamic radius of  R = 22 A. Diffusion coeificient and intensity data were 
analyzed using a thermodynamic theory of  micellar aggregation and a model  based on DLVO theory 
of  interactions. 

I. INTRODUCTION 

Due to their importance in tertiary oil re- 
covery, surfactants of the alkylaryl sulfonate 
family have received considerable attention 
in recent years. In this paper we report the 
results of our quasi-elastic light-scattering 
measurements performed on dilute aqueous 
solutions of sodium dodecyl benzene sulfo- 
nate (SDBS). 

Many investigators have performed static 
(1-2) and dynamic (3-7) light-scattering ex- 
periments on aqueous solutions of ionic mi- 
celles. These results indicate that large, poly- 
disperse micellar aggregates are present, and 
that the size of the aggregates depends on 
temperature, ionic strength, and in some 
cases the counterion. Despite extensive ex- 
perimental and theoretical work, our under- 
standing of micellar solutions is not com- 
plete. This is due to the fact that the size and 
shape of the micelles may be changed by 
changing either the amphiphile or the elec- 
trolyte concentration or the temperature of 
the solution. Thus one has to rely on theo- 
retical models and several different experi- 
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mental techniques to separate the effects of 
intermicellar interactions on the equilibrium 
and transport properties from those due to 
a change in micelle size and shape. We pres- 
ent extensive data on the size and shape of  
SDBS miceUes and analyze our results in 
terms of two different models. 

II. EXPERIMENTAL 

A. Materials and Sample Preparation 

The SDBS (MW = 348.5) used in this 
study was Siponate DS-10 sold by Alcolac 
Company and claimed to be 98% active. This 
was further purified by successive extraction 
and recrystallization from isopropyl and 
methyl alcohols. We estimate the purity to 
be about 99.5%. An infrared spectroscopic 
isomeric purity check indicated that the sur- 
factant was a mixture of 80% para and 20% 
ortho isomers with no detectable meta iso- 
mer. Water was doubly distilled and deion- 
ized and the NaC1 was of ACS reagent grade. 

Micellar solutions were prepared by first 
dissolving a weighed amount of NaC1 in wa- 
ter and adding purified SDBS to the warm 
NaC1 solution afterward. Solutions were 
stored ~ 5-10 ° C above their critical micellar 
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temperatures in stoppered flasks for 12 hours 
in order to allow for complete dissolution 
before the final dilution to the desired con- 
centrations. 

The samples used for light-scattering mea- 
surements were filtered through 0.2-~zm Mil- 
lipore filters to remove the dust. 

B. Critical Micellar Temperatures 

The critical micellar temperatures (CMT) 
were determined as the midpoint of a small 
temperature range over which the hydrated 
solid phase of SDBS clarified and dissolved 
completely upon slow heating of the sample. 
These temperatures were checked by starting 
at a temperature above the CMT and slowly 
reducing the temperature until the hydrated 
SDBS phase started forming. CMT values 
determined by both methods agreed to within 
+0.8°C. 

C. Light-Scattering Measurements 

Integrated intensity and dynamic light- 
scattering measurements were made with a 
spectrometer described previously (8). A 2- 
W stabilized Argon-ion laser was the light 
source (2~ = 514.5 nm) and the autocorrela- 
tion functions were measured with a 64- 
channel Malvern multibit correlator. Some 
correlation functions were obtained by using 
software dust discrimination in order to com- 
pletely eliminate distortions due to occa- 
sional dust. The sample temperature was 
controlled to +0.1 °C and at least four hours 
were allowed for thermal equilibration. 

III. DATA ANALYSIS 

A. Apparent Molecular Weights 

The apparent molecular weights M were 
calculated from 

HC 1 
Rv - M (1 + q2R2g/3)' [1] 

where H = 41r2n~(On/OC)2/Ng)d, with no, C, 
NA, and ~ being the refractive index of the 
solution, concentration of the surfactant, 

Avogadro's number, and the wavelength of 
the incident light, respectively. The Rayleigh 
ratio for vertically polarized light, Rv, was 
obtained by using benzene as a reference, q 
= 4a-n sin (0/2)/k is the scattering vector, and 
Rg is the radius of gyration. Measurements 
of the scattered intensity were made over a 
range of angles (30 ° -< 0 __< 150 °) and by 
extrapolation to zero angle, the effect of the 
q 2R~/3 term in Eq. [1] was eliminated. 

B. The Apparent Radii of Gyration 

The radii of gyration were determined 
from the angular dissymmetry of the scat- 
tered light using 

I(O) 
I(q) ~ (1 + q 2Rg2/3). [21 

For some of our solutions the dissymmetry 
was too small to measure the Rg values re- 
liably. 

C. The Apparent Diffusion Coefficients and 
Hydrodynamic Radii 

For a monodisperse solution of small non- 
interacting particles the homodyne autocor- 
relation function of the scattered light is a 
single exponential with a time constant rc 
= 1/2Dq 2, where D is the diffusion coefficient 
of the particles. For a polydisperse (and pos- 
sibly interacting) solution the homodyne au- 
tocorrelation function deviates from a single 
exponential and its deviation contains infor- 
mation about the polydispersity of the sam- 
ple and in some cases about the shape of the 
scattering particle. 

The correlation functions were analyzed 
by a modified method of cumulants (9) to 
determine the Z-average diffusion coefficient 
/3 and the relative variance V of the scatter- 
ers. In all of our analysis we have ignored the 
contribution from the rotational motion of 
the micelles, since in the worst case this ac- 
counted for less than 2% of the scattered in- 
tensity. 

The Z-average apparent hydrodynamic 
radii/~h were calculated from the diffusion 
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coefficient using the Stokes-Einstein rela- 
tionship 

15 = kBT/67r~l~h, [3] 

where ~ is the solvent viscosity and kB is the 
Boltzmann constant. 

IV. INTERPRETATION OF THE DATA 

Formation and growth of SDBS micelles 
in aqueous solutions is a function of tem- 
perature, and NaC1 and SDBS concentration. 
To elucidate the effect of each variable in- 
dependently we have made two types of mea- 
surements; (i) holding SDBS and NaC1 con- 
centrations constant while varying the tem- 
perature and (ii) holding NaC1 concentration 
and the temperature constant while varying 
the SDBS concentration. The first set of data 
was analyzed by a thermodynamic model. 
The second set was analyzed using the DLVO 
theory of colloidal interactions. Each method 
of analysis is briefly described below. 

A. Thermodynamic Analysis 

A thermodynamic model similar to the 
one used by Mazer et al. (10) and Overbeek 
and Tausk (11) was used to interpret the vari- 
able-temperature data. This model is a mod- 
ified version of the equal probability stepwise 
association model. The basic assumptions 
are: (i) there are no aggregates smaller than 
the minimum spherical micelle with an ag- 
gregation number no (=28 for SDBS), and 
(ii) the larger micelles with aggregation num- 
ber n > no are spherocylinders (a shape con- 
sistent with our experimental observations 
as will be seen later), (iii) X, the total solute 
mole fraction, is much less than one (dilute 
solution), and (iv) X ~> XI, where X1 is the 
monomer concentration. 

The results of this model are (10) 

Xn = (BX1)'/K, [4] 

B = exp [(#0 _ ~o)/kBT] ' [5] 

K = exp [(#o _ no#O)/kBT], [61 

and 

( n o  BX1 
K X  = (BX1)  n° 1 - B X l  + (1 - -  B X 1 ) 2 ]  ' [7] 

where X, is the mole fraction of a micelle 
with an aggregation number n,/~°1 is the stan- 
dard chemical potential of the monomer, 
/~o is the standard chemical potential of the 
minimum spherical micelle, and go is the 
standard chemical potential of a monomer 
in the cylindrical portion of the micelle. 

Combining Eq. [7] with Eq. [4] one can 
then obtain the mole fractions )2, as a func- 
tion of the parameter KX. Once we know Xn 
we can readily calculate the number- and 
weight-averaged aggregation number fin and 
flu and the relative variances V. Since the 
primary quantity in a quasi-elastic light-scat- 
tering experiment is the diffusion coefficient 
we also calculated the Z-average diffusion 
coefficient/) by 

1) = • GiDi, [81 

where Gi is the fraction of light scattered by 
the ith species with a diffusion coefficient Di 
(calculated from Perrin's equations for pro- 
late ellipsoids of revolution);/~h is obtained 
from /) using the Stokes-Einstein relation- 
ship Eq. [3]. Relative variances o f / )  and/~h 
are also calculated in a similar fashion. 

B. Intermicellar Interaction 
Potential Analysis 

To the first order in volume fraction q$ the 
apparent diffusion coefficient D and the ap- 
parent molecular weight M are related to 
their true values Do and M0 by 

D = D0(1 + k b40, [9] 

M -1 = M o  1 (1 + k~) ,  [10] 

where the coefficient k ~ is proportional to the 
second virial coefficient and k b is a measure 
of the intermicellar interactions on D. Ap- 
plications of Eqs. [9] and [10] to macro- 
molecular solutions are straightforward but 
their use for micellar solutions necessitate the 
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extra assumption that the micellar size does 
not change with the volume fraction ~b (or 
the concentration C) of the micelles. Since 
there are both repulsive (electrostatic) and 
attractive (London-van der Waals) forces 
between the micelles we can expect k ~ and 
k b to change both in sign and magnitude as 
one varies the salt concentration of micellar 
solutions. 

For rigid spherical particles k~ is related 
to the pair interaction potential V(x) by (12) 

k } = 8 + 2 4  (1 + x )  2 

× [1 - e-~(x)/~Br]dx, [111 

where x = (R - 2a)/2a, R is the distance 
between the centers of the two particles, and 
a is the radius of the particle. The constant 
8 in front is the hardsphere contribution. The 
value of k b is given by (7) 

kb = k ~ -  k}, [121 

where k ~ accounts for the change in the fric- 
tion coefficient with concentration. For our 
analysis we have used the results of Felderhof 
(13) 

k~ = 6.44 + 12(1 + x) - 15/8(1 + x) -2 

27 75 1 + 6-~ (1 + x)-4 + ~-~ (1 + x )  -5 

X [1 - e-~(x)/k"r]dx. [131 

A similar expression is also given by Batch- 
elor (14). Thus if we know the interaction 
potential V(x) we can calculate k b and k ~. 

According to the DLVO theory (15), V(x) 
is the sum of an attractive part VA and a 
repulsive part VR. The attractive part is due 
to London-van der Waals interaction and is 
given by Eq. [ 14] for the case of two spheres 
(16): 

VA=--(~2)[(XZ+2X)  l + ( X 2 + 2 X +  1) -1 

+ 2 1 n ( x  2+2x)/(x  2 + 2 x +  1)]; [14] 

A is the Hamaker constant. The repulsive 

interaction is due to the electric charge of the 
spheres and their double layers; VR was ap- 
proximated by (17) 

VR = (ea~@2) In (1 + exp (-2Kax)), [15] 

where E is the dielectric constant of the sus- 
pending medium, ~o is the potential of the 
diffuse layer surrounding the sphere, and K 
is the reciprocal Debye length given by 

K 2 "~- 87rCNacle2Z2/(ekBT), [16] 

where CNacl is the concentration of the ions 
in solution and Z is the valence of the ions. 
Equation [15] is valid for Ka >> 1. This form 
was used because 2 _< Ka < 20 for our so- 
lutions. The diffuse layer potential ~0 is fur- 
ther related to the micellar charge qe through 
(18) 

~o = (2kBT/e) sinh -1 

× [2~reK-lqe/(4~ra2~kBT)]. [17] 

To prevent the divergence of the attractive 
part of the potential we used a lower cutoff 
OfXL = 8 × 10 -2 corresponding to a closest 
approach of 4 A. If XL is decreased by two, 
the Hamaker constant A is decreased by 40%. 

V.  R E S U L T S  

A. Critical Micellar Temperatures 

The CMT values of solutions containing 
0.07 M SDBS are shown as a function of salt 
concentration in Fig. la. For comparison the 
CMT values of 0.069 MSDS taken from Ref. 
(3) are also shown. We see that the CMT 
values for SDBS solutions increase by 40°C 
in going from no salt to 0.5 M salt. Critical 
micellar temperatures of SDS solutions, on 
the other hand, only increase by ~ 8 ° C  over 
the same range. Perhaps more important 
than the range is the difference in curvature 
between the two systems. The SDBS curve 
is concave up and the SDS curve is concave 
down with a continuously decreasing slope 
indicating that perhaps a limiting CMT exists 
for SDS but not for SDBS. The higher CMT 
values for SDBS are expected in that SDBS 
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F1o. la. Plot of CMT values as a function of salt 
concentration for 0.07 M SDBS solutions. For compar- 
ison data for SDS are also shown. 

whether or not the presence of  two isomers 
affects the shape of  the CMT curve. 

The CMT values of  solutions containing 
0.2 M NaC1 are plotted as a function of  
SDBS concentration in Fig. lb. While the 
shape of  the curve is the same as that of  Fig. 
la, the increase is much smaller, only 4°C 
in going from 0 to 0.3 M SDBS. 

B. Apparent Molecular Weights, 
Aggregation Numbers, and 

Radii of Gyration 

The scattered intensity was measured as 
a function of  temperature, and salt and SDBS 
concentration.  The apparent molecular 
weights and the aggregation numbers t~ were 
determined from the extrapolated zero angle 
intensity using Eq. [1]. Values of  t~ deter- 
mined in this fashion are shown on the right- 
hand side vertical axes of  Figs. 2 and 3, to- 
gether with the corresponding/~h values. The 

has a larger hydrophobic part and the sul- 
fonate group is less polar than the sulfate 
group of  SDS. At this point we are not sure 
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FIG. lb. Dependence of CMT values on SDBS con- 
centration for 0.2 M NaCI solutions. 
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FIG. 2. Dependence of the Z-average hydrodynamic 
radius and the aggregation number on salt concentration 
and temperature for 0.07 M SDBS solutions. The ag- 
gregation numbers and the hydrodynamic radii were in- 
dependently determined from intensity and correlation 
function measurements. The agreement between the two 
methods is less than the size of the data points. The 
dashed lines represent the predictions of the thermo- 
dynamic model described in the text. 
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temperature for 0.2 M NaC1 solutions. The solid points  
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average aggregation number ti ranged from 
a minimum of  t7 = 28 to r7 --- 1300 for the 
solutions we investigated. 

From Figs. 2 and 3 we see that as the tem- 
perature increases r7 decreases and reaches a 
concentration and temperature independent 
value of  28. We took this to be the aggre- 
gation number no of  the minimum spherical 
micelle; no = 28 is small compared to a min- 
imum aggregation number of  60 -80  (7, 10) 
for SDS but comparable to the aggregation 
numbers of  other alkylaryl sulfonates, which 

TABLE I 

Radii of  Gyrat ion Data  for 0.07 M SDBS 

CN,,o Temp. 
(/14) (°C) Expfl. Theor. 

0.2 16 203 224 
18 186 195 
20 178 173 

0.3 35 234 270 
40 199 218 
45 185 195 

TABLE II 

Average Diffusion Coefficients and  Variances in 0.07 
M SDBS as a Funct ion o f  NaC1 Concentra t ion and  Tem-  
perature 

Average Relative variance, 
diffusion V (%) 

CN~:a Temp. coefficient 
(M) (°C) /5 (10 -7 cm2/see) Exptl. Theor. 

0.1 5.4 2.55 4.4 3.6 
10 3.35 5.8 2.2 
12 3.82 6.8 1.7 
14 4.25 6.3 1.4 
16 4.72 6.8 1.0 
18 5.29 6.8 1.0 
20 5.82 5.3 .64 
25 7.77 3.2 25 
35 11.8 4.4 .04 
45 16.0 4.8 .01 
55 21.3 5.8 .01 
65 25.3 6.3 .01 
75 30.4 6.8 .01 
85 36.2 5.3 .01 

0.15 25 4.77 3.2 2.9 
35 7.59 2.6 1.2 
45 11.7 1.7 0.36 
55 17.2 1.2 0.04 
65 24.7 1.7 0.01 
75 33.8 0.8 0.01 

0.2 16 1.75 14 14.4 
18 2.05 12 12.2 
20 2.37 11 10.9 
22.5 2.78 7.8 9.0 
25 3.25 12 7.8 
35 5.42 3.6 4.0 
45 8.46 2.9 1.96 
55 13.2 4.8 0.64 
65 18.0 4.0 0.25 
75 25.4 2.7 0.04 
84 34.4 3.2 0.01 
95 41.3 0.64 0.01 

0,3 35 2.54 28 18 
40 3.06 18 16 
45 4.01 12 12 
50 5.26 7 7 
55 6.67 3 7 
65 10.1 2 3 
75 14.5 2 2 
85 20.4 1 1 
95 28.9 1.2 0.2 

0.5 65 2.61 12 12 
67 3.05 6.2 8.4 
70 6.05 3.2 7.3 
75 7.94 2.3 4.8 
80 9.42 1.7 4.0 
85 11.9 0.5 3.2 
90 13.7 0.3 2.0 
95 15.6 0.2 0.8 
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are in the range of 20 to 30 (19a, b, c). The 
difference between SDBS and SDS can be 
explained in terms of the differences in the 
structure of the hydrophobic parts and po- 
larities of the head groups. 

When the dissymmetry of the scattered 
intensity was high enough to determine re- 
liable Rg values Eq. [2] was used to calculate 
the experimental Rg values for those samples. 
The experimental Rg values, along with 
the calculated values using the thermody- 
namic model described above, are given in 
Table I. 

C. Average Diffusion Coefficients 
and Variances 

The values for the Z-average diffusion 
coefficient/5 and the relative variance V ob- 
tained from dynamic light-scattering mea- 
surements are listed in Tables II and III./5 
was reproducible to 1% for the same sample 
and 3% for different samples under identical 
conditions. The corresponding percentages 
for Vwere 3 and 5%. Both/5 and Vare strong 
functions of temperature. From Table II we 
see that/5 increases with temperature at con- 
stant NaC1 concentration and decreases with 

TABLE III 

Average Diffusion Coefficients and  Variances in 0.2 
MNaC1 as a Funct ion  o f  SDBS Concentra t ion and  Tern- 
perature 

Average Relative variance, V 
diffusion (%) 

CraBs Temp. coelfieient, 
(2~ (°C) /~ (10 -7 u-1ll2/se¢:) Exptl. Theor. 

0.018 

0.14 

0.20 

25 3.23 2,9 7.8 
35 5.49 2.2 3.2 
45 8.48 1.0 1.4 
55 13.2 1.4 0.36 
25 4.07 10 4.4 
35 6.22 5.3 2.6 
45 9.3 3.6 1.4 
55 13.3 2.9 1.0 
25 4.78 9.6 2.9 
35 7.18 3.2 1.4 
45 10,2 3.2 0.8 
55 13.7 2.2 0.4 
65 18,3 2.6 0.2 
95 38.3 0.5 0.01 

increasing NaC1 concentration at constant 
temperature. Variances decrease signifi- 
cantly with increasing temperature for high 
NaC1 and SDBS concentrations but show no 
appreciable dependence of any of the vari- 
ables for low-concentration solutions. 

Values of /5  and V for 0.2 M NaCI solu- 
tions are listed as a function of temperature 
and SDBS concentration in Table III;/5 in- 
creases with temperature and SDBS concen- 
tration. The relative variance decreases with 
temperature going from 10 to 0.5% for 0.14 
and 0.2 M SDBS solutions and from 3 to 
1.5% for 0.018 M SDBS solution. 

D. Apparent Hydrodynamic Radii 

The Z-average hydrodynamic radius /~h 
calculated from Eq. [3] using the /5  values 
of Tables II and III are plotted in Fig. 2 as 
a function of temperature and NaCI concen- 
tration for 0.07 M SDBS solutions. Figure 3 
shows the temperature and SDBS concentra- 
tion dependence of/~h for 0.2 M NaC1 so- 
lutions. From Fig. 2 we see that/~h varies 
dramatically with temperature and salt con- 
centration. At high temperatures/~h asymp- 
totically approaches a minimum value of/~h 
= 22 &, which is independent of NaC1 and 
SDBS concentration. We took this value to 
be the effective hydrodynamic radius of a 
minimum spherical SDBS micelle. The value 
/~h = 22 A, is slightly less than the 25 A re- 
ported for the minimum SDS miceUe (3) but 
in good agreement with what Qne would ex- 
pect from adding up the bond lengths. As the 
temperature is lowered Rh increases dramat- 
ically for solutions with NaC1 concentrations 
greater than 0.15 M (roughly twice the SDBS 
concentration). At low NaC1 concentrations 
only a moderate increase in/~h occurs as the 
temperature is lowered. From Fig. 3 we see 
that for SDBS concentrations below 0.07 M, 
Rh is independent of SDBS concentration 
and decreases appreciably for higher SDBS 
concentrations. This decrease, however, is 
not a decrease in the real hydrodynamic ra- 
dius. It is a decrease in the apparent hydro- 
dynamic radius due to application of the 
Stokes-Einstein relationship when it should 
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not be used (i.e., when there are strong charge 
interactions between the micelles). Figure 3 
clearly demonstrates that when the salt-to- 
surfactant concentration ratio is at least two 
there is enough counterion shielding, and the 
micelle size is independent of surfactant con- 
centration. When the ratio is less than two 
there is inadequate shielding and one should 
not use the Stokes-Einstein relationship to 
obtain the hydrodynamic size. The smooth- 
ness of the Rh curves as they pass through 
the CMT points shows that the micellar size 
in the supercooled region has the same tem- 
perature dependence on NaC1 concentration 
as above the CMT. Also the temperature 
dependence of the rate of increase is too slow 
compared to the power law. This behavior 
rules out the possibility of using critical phe- 
nomena theories to interpret micelle growth 
as the CMT is approached. 

E. Results of  the Thermodynamic Model 

To use the thermodynamic model of mi- 
celle formation we first determined the tem- 
perature and salt concentration dependence 
of the parameter K using the experimental 

- 1 0  
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- 2 0  
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/ 
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/ " 
- 2 5  0 . 1 , . . 4  . 5  

NaCl (MOLES/LITER) 

FIG. 4. Dependence of the thermodynamic model 
parameter/3 (CNaCI) on  salt concentration. 

data given in Fig. 2. The data for In K can 
be represented by (10) 

In K(T, CNact) = a/T  + ~(CNao). [18] 

For SDBS we determined a to be 10,470°K 
compared to 17,110°K found for SDS (10), 
and fl(CNaa) is shown in Fig. 4. Theoretical 
values of/~g calculated using the above values 
of a and/3 are shown in Table I. Theoretical 
curves of/~h calculated are shown in Fig. 2. 
We see that the agreement between the cal- 
culated and experimental/~g and/~h data is 
very good. One major problem with using 
the thermodynamic model with only light- 
scattering data is that it has two adjustable 
parameters (a and ~). Due to those two ad- 
justable parameters the model can fit data 
(such as 0.1 M NaC1 curve in Fig. 2) for 
which the Stokes-Einstein relationship does 
not hold. The calculated relative variances 
are also given in Tables II and III along with 
the experimentally measured values. The 
agreement between the calculated and ob- 
served variances is good for high salt con- 
centrations but poor for low salt concentra- 
tions. This is not surprising since experimen- 
tally measured variances are one order of 
magnitude less accurate than D values and 
are also affected by the contributions from 
electrostatic interactions (precisely the case 
for low salt solutions). 

From the values of a and/3 one can cal- 
culate the enthalpy AH and the entropy AS 
of the hydrophobic interaction (per A2) of 
the hydrocarbon-water interface. For SDBS 
they are AH = 18.9 cal/mole/~ 2 and AS 
= -7.2 × 10 -3 cal/mole/°K/~ 2. The corre- 
sponding values for SDS determined by Ma- 
zer et al. (10) are AH = 22.4 cal/mole/A 2 
and AS = -5.9 × 10 -3 cal/mole/°K/A 2. 

F. Results of  the Intermicellar 
Interaction Model 

To determine how kb and kl depend on 
temperature, and SDBS and NaC1 concen- 
tration extensive measurements of the ap- 
parent molecular weight and diffusion coef- 
ficient were made; kb and kl are related to 
kD and kl by k b = ko6 and k ~ =kir ,  ~ is the 
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TABLE IV 

Scattered Intensity Data at 40°C 

K~O/M) 
CNaL7 
(M) 10SM~0 t n E x p t l .  T h e o r ,  

0.05 4.7 61 23.51 19.38 
0.1 4.21 68 6.42 10.79 
0.2 1.2 228 3.74 8.3 
0.3 0.42 683 0.01 4.24 

specific volume of the micelle. The plots of 
M -1 are shown in Figs. 5a and 5b. The data 
points were fitted with 1/M = l/M(1 + k~(c 
- Co)) to obtain the experimental values of 
Mo and ki reported in Tables IV and V. From 
Table IV we see that the aggregation number 
at the CMC varies from a minimum of 61 
for 0.05 MNaC1 to a maximum of ~ 6 8 0  for 
the 0.3 M NaC1 solution at 40°C. For 0.3 M 
NaC1 solutions k~ is zero. At 60°C the ag- 
gregation number at the CMC varies from 
46 to 226 for the same salt concentrations 
and again k~ is approximately zero for 0.32 
M NaC1 solutions. The dependence of the 
aggregation number at the CMC on the salt 
concentration is much stronger than its de- 
pendence on the temperature• 

The apparent diffusion coefficient, D, data 
are shown in Figs. 6a and 6b. The experi- 
mental data was fitted with D = D0(1 + ko(c 
- Co)) to determine the Do and ko values as 
a function of temperature and salt concen- 
tration. The results are given in Tables VI 
and VII. The extrapolated diffusion coeffi- 
cient Do increases markedly with decreasing 
salt concentration and temperature and de- 

TABLE V 

Scattered Intensity Data at 60°C 

CNao 
(M)  lOnM~o * 

0.05 

SI]BS (*18^2 MOLES/LITER) 0.1 
0•2 

FIG. 5b. Plot of  apparent molecular weight M -~ as 0.3 
a function of SDBS and NaCI concentration at 60°C. 0.4 
The dashed line is the best fit theoretical curve. 

K, O/M) 

n Exptl .  T h e o r .  

6.28 46 16.01 20.71 
4.89 58 13.46 8.53 
2.86 100 2.2 5.85 
1.27 226 0.61 5.33 
0.99 290 -5.93 1.96 
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TABLE VI 

Intensity Correlation Data at 40°C 

KD (i/M) 
CN*cl 107 Do Rh 
(M) (em~/sec) (A) Expfl. T h e o r .  

0.05 13.5 26 10.24 10.11 
0.1 11.4 30.8 4.58 3.05 
0.2 6.5 59.4 -0.47 -0.46 
0.3 3.3 106.1 -0.99 -1.16 

creases with increasing salt concentration. 
The slope kD is a decreasing function of the 
salt concentration. The salt concentrations 
corresponding to zero slope were found by 
interpolation to be 

at 40°C kI = 0 for 0.30 M NaC1 

kD = 0 for 0.18 M NaC1, 

a t 6 0 ° C k i =  0 for 0.32MNaC1 

ko=O for 0.25MNaC1. 

In order to be able to compute the theo- 
retical values of k~ and kD given in Table IV 
through VII we assumed that the Hamaker 
constant A and the micellar charge q ap- 
pearing in Eqs. [14] and [17] were both in- 
dependent of the salt concentration. Accord- 
ing to recent measurements (20, 21) both of 
these assumptions appear to be reasonable. 
One fundamental assumption involved in 
the derivation of Eqs. [11] and [13], that the 
interacting particles are spherical, is defi- 
nitely not satisfied by the SDBS micelles at 
high salt concentrations. In 0.4 M NaC1 so- 
lutions the aspect ratio of the micelles are as 
high as 10. 

TABLE VII 

Intensity Correlation Data at 60°C 

KD (l/M) 

CN,o l0 T Do R~ 
(M) (em2/sec) (A) Exptl. Theor. 

0.05 
SBBS (*18^2 MOLES/LITER) 0. I 

0.2 
FIG. 6b. Dependence  of the apparent diffusion coef- 

0.3 
ficient on SDBS and NaC1 concentration at 60°C. The 

0.4 
dashed lines are the best fit theoretical curves. 

20.8 25.2 10.92 11,19 
18.3 28.6 6.63 2.85 
12.4 41.1 3,07 2,25 
9.7 54.1 -2,44 -2,52 
7 74.9 -6,33 -5.29 
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Best fit values of A and q at each temper- 
ature were determined by an iterative pro- 
cedure. First for 0.05 M NaC1 solutions we 
neglected the attractive part of V(x) and ob- 
tained a q value that reproduced the exper- 
imentally determined ko values. At high salt 
concentrations (0.3 M NaC1) there is a bal- 
ance between the attractive and the repulsive 
part of V(x), the q values determined above 
were then used to obtain the best value of 
the Hamaker constant that would reproduce 
the kD values for 0.3 M NaC1 solutions. This 
value of A was substituted back into the de- 
termination of q for 0.05 M NaC1 solutions 
to get a better estimate of the actual q which 
in turn was used to obtain a new A value. 
The final "best" values are 

at 40°C q = 12, A/kBT = 3.6, 

a t 6 0 ° C q =  10, A/kBT=5.4. 

These can be compared to q = 37 for SDS 
and A/kBT = 11.3. The lower q value is to 
be expected since the SDBS critical micellar 
temperatures and micelle sizes are much 
stronger functions of salt concentrations. The 
above values of q and .4 probably have sig- 
nificant errors since our micelles deviate 
from a spherical shape, and also the as- 
sumption of salt concentration independent 
q and A may not be valid. Despite these ov- 
ersimplifying assumptions the theoretical 
curves calculated using the best q and A val- 
ues are in good agreement with the experi- 
mental data as shown in Figs. 5 and 6. Again 
like the thermodynamic model the good 
agreement may be due to the determination 
of A and q from the same data. Independent 
knowledge of q (or A) would have made a 
more rigorous test of this approach. 

G. Results of Dilution Experiments and 
Evidence for Mixed Micellization 

Before starting this project one of our aims 
was to determine the axial ratio of the mi- 
celles by making simultaneous measure- 
ments of the translational diffusion coeffi- 
cient D and the rotational diffusion coeffi- 
cient OR. We first tried obtaining OR from 
the autocorrelation function of the depolar- 

ized light. Our first attempt was with a 0.07 
M SDBS solution containing 0.3 M NaC1. 
Much to our surprise the intensity of the de- 
polarized scattering was very small (1-3% of 
the polarized scattering) and it was not pos- 
sible to obtain any correlation functions of 
the depolarized light. A calculation of the 
center-to-center distance between the rod- 
like SDBS micelles yielded values that were 
significantly less than the length of the mi- 
celles. To eliminate this problem the solution 
was diluted in a stepwise fashion and the data 
shown in Figs. 7 and 8 were obtained. From 
these dilution measurements we had to con- 
clude that we could never have freely rotating 
micelles. Figures 7 and 8 also show that be- 
low 10 × 10 -3 M SDBS the micelles start 
increasing in size with dilution. This can hap- 
pen under two conditions: (i) when there is 
mixed micellization or (ii) where there are 
trace amounts of high molecular weight al- 
cohol impurity in the surfactant. We believe 
the first mechanism is the probable reason 
for the formation of very large aggregates 
upon dilution. Since our surfactant consists 
of ortho and para isomers, the ortho isomer 
having the higher CMC in aqueous solution 

280 

N ~ C l =  .3H 
TEHP= 35C 

240 DILUTE NITH 5RLT NRT~'R 500 
o R H 

R G 

200 400 

300 

. . . . . . . .  ~ '200 
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S~BS (~10^3 MOLES/LITER) 

~G. 7. Plot of Rh and /~, on SDBS concentration 
when diluted with 0.3 M NaC1 salt solution. 
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FIG. 8. Plot of Rh and /?g on SDBS concentration 
when dilution is achieved with a 0.3 M NaC1 solution 
slightly below its CMC. 

is preferentially lost to the bulk fluid until 
there is not enough of  it left in the micelles 
to keep the para isomer from forming large 
hydrated crystallites. Dilution with a solution 
approximately at the CMC extends the range 
over which micellar size remains constant 
but does not prevent the eventual formation 
of  large crystallites as shown in Fig. 8. From 
Figs. 7 and 8 we see that there is no change 
in ~ and/~h when the surfactant concentra- 
tion is decreased from 0.07 to 0.03 M or less. 
This indicates that for the majority of  sur- 
factant concentrations used in this study/?h 
and ff are independent of  the surfactant con- 
centration. 

H. The Shape of the SDBS Micelles 

If  we assume that the min imum micelle 
is spherical in shape and has/?h = 22 A we 
can then combine the intensity information 
with the -~h information and calculate the 
average scattered intensity by assuming the 
micelles to be spherical, prolate ellipsoids or 
oblate ellipsoids of  revolution. The results of  
such calculations along with the experimen- 
tal data are shown in Fig. 9. Clearly the data 
favor the prolate ellipsoid or the rod shape. 

Figure 10 shows the excellent linearity be- 
tween n obtained from the apparent molec- 
ular weight measurements and L the length 
of the rod-like micelles calculated from the 
radius, adding further support to the prolate 
ellipsoid model of  the SDBS micelles. 

VII. CONCLUSIONS 

We have deduced the size and shape of  
SDBS micelles as a function of  temperature, 
and NaC1 and SDBS concentration over a 
very wide range. We find that at high tem- 
peratures SDBS micelles approach a mini- 
mum  size of/~h = 22 /~  and an aggregation 
number  ff = 28 independent  of  NaC1 and 
SDBS concentration. Based on the assump- 
tion that the semiminor axis of  the rod-like 
micelles is fixed as 22 ~,  the semimajor axis 
of  the micelles increases strongly with NaC1 
concentration as the temperature is lowered. 

Using a thermodynamic model of  micelle 
formation to analyze our data we find that 
there is very good agreement between the 
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FIG. 9. Plot of the relative scattered intensity for SDBS 
solutions along with theoretically calculated curves for 
various geometrical shapes. 
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FIG. I0. Linear relationship between the aggregation number n determined from intensity measure- 
ments and the length of the SDBS micelle L, calculated from -~h measurements by dynamic light scattering. 
The slope indicates that in the cylindrical portion the length increases by 1.5 ~ for each SDBS molecule 
added to the micelle. 

theoretical predictions of micelle size and the 
experimental measurements. We also used 
the DLVO theory of colloidal interactions to 
explain the salt concentration dependence of 
intermicellar interactions. From this analysis 
we determined the net charge on an SDBS 
miceUe to be ~ 10 and the Hamaker constant 
to be A ~ 5kBT. Both of these values are in 
qualitative agreement with those found for 
the SDS system. Due to the presence of two 
adjustable parameters both models can fit the 
experimental data quite well even in regions 
where they are not valid. The thermody- 
namic model is valid for very low surfactant 
concentrations of SDBS and salt concentra- 
tions that are at least twice that of the sur- 
factant. Below the two-to-one ratio intermi- 
cellar charge interactions become important 
and an interacting micelle model based on 
the DLVO theory is more appropriate. 

Dilution experiments close to the CMC 
indicate that due to a mixture of ortho and 
para isomers our surfactant forms mixed 
micelles. 

One disturbing observation was the lack 
of depolarized scattering and our inability to 
determine a rotational diffusion coefficient. 
It remains to be seen whether this was due 
to the entanglement of long rod-like micelles 
or not. We hope to resolve this question by 
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using an isomerically purer surfactant and 
other experimental techniques. 

We are continuing our studies of SDBS 
solutions in aqueous and nonpolar solvents 
in order to obtain a better understanding of 
micelle formation, and will report our results 
in the near future. 
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