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Size of Micelles Determined by Static Fluorescence Quenching

Jiann-Jong Jeng ( 873t ), Jin-Ming Chen® ( [f£50H ) and Chung-Yuan Mou* ( 2T )
Department of Chemistry, National Taiwan University, Taipei, Taiwan 10764, Republic of China

We developed a new method to measure the average aggregation number of large rod-like mi-
celles using static fluorescence self-quenching of a solubilized fluorophore. The method is based on the
increase of self-quenching of micelle-solubilized pyrene through excimer formation. We consider the
effect of random distribution of pyrene in micelles and the micellar size distribution. The measured
average aggregation < n> is based on a new M-weighted averaging similar to our exponential-weighted
averaging in the transient decay method. We apply this method to study the effect of a large concentration
of salt on the average aggregation behavior of sodium dodecyl sulfate (SDS) and cetyle tetraammonium
bromide (CTAB). The sizes increase with increasing ionic concentrations. For SDS, we used the ther-
modynamic model developed by Missel et al. to calculate <n >y which we compare with experimental

results.

INTRODUCTION

Micelles are small aggregates of amphiphilic mol-
ccules in solution. The fundamental problem of the struc-
ture of micelle! is to understand its size and shape distribu-
tions in terms of molecular interactions, that is, the
hydrophobic/hydrophilic balance. It has become possible
to a gain detailed understanding of the structure of a
micelle on the molecular level following extensive theoreti-
cal and experimental attacks. Experimentally, one can now
measure micellar size, shape and inter-micellar interac-
tions by neutron (light) scattering™ and fluorescence probe
techniques*’ in addition to various traditional techniques.’

According to the fluorescence method, the deter-
mination of the micellar size is based on the quenching of
flucrescence of a micelle-solubilized fluorophore, by the
appropriate micelle-solubilized quencher. Pyrene self-
quenching via excimer formation is commonly used for this
purpose. The method is based on increased excimer for-
mation in the micelle upon light excitation. This phe-
nomenon can be measured from the increased fluores-
cence yield of the excimer or the increased fluorescence
decay rate of excited monomer. The fluorophore generally
used is pyrene because of its large singlet lifetime and effi-
cient excimer formation in the liquid phase. With this tech-
nique, one can measure the large increase of aggregation
number of an ionic micelles in concentrated ionic solution.’
The excimer yield is found to increase with increasing salt
concentration, As the total amount of pyrene and surfac-

tants are kept constant, this increase can arise only from the
increase probability of binary encounters between pyrene

.. molecules in the micellar phase. As inter-micelle exchange

is slow (microseconds) compared to fluorescence decay,
one thus concludes that there is an appreciable increase of
micellar size upon increasing salt concentration such that
average number of pyrene molecules within each micelle
becomes larger. The fluorescence quenching method has
several advantages over other methods. Whereas light
scattering, centrifugation and other methods are generally
affected by intermicellar interactions, which may be ap-
preciable in the case of ionic micelles, fluorescence
methods are practically independent of interactions be-
tween micellar aggregates.

There are two methods of measuring fluorescence
quenching, static and dynamic. The latter method gives us
time-resolved variation of spectra, so it involves more
dynamical information. It also requires complicated in-
strumentation and computations for evaluation of the data.
In this paper, we are concerned with the application of the
static fluorescence quenching method to micellar solu-
tions. This method was first developed by Turro and
Yekta,” Infelta et al.* and later by Malliaris;® it is based on a
relationship of the Stern-Volmer type modified by a Poisson
distribution of the fluorophores in micelles. The in-
strumentation is simple and readily available. The deter-
mination of micellar size in previous applications were
mainly restricted to monodispersed micelles. The pur-
pose of our work has been to extend the static fluorescence
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method to poly-dispersed rod-like micelles. We demon-
strate the potential and range of application of this techni-
que in the determination of micellar size distribution for
ionic miceles of sodium dodecyl sulfate (SDS) and cetyle
tetra-ammonium bromide (CTAB).

For ionic micelles (cationic and anionic) in aqueous
solution, the optimum size is determined by two factors.”
One is the electrostatic effect of a simple salt due to the
binding of counterions on the micellar surface, and the
other is the hydrophobic interaction of the hydrocarbon
chain which is related to the change of hydrogen bonding in
water. When one increases the concentration of a simple
salt added to a micellar solution, the effect is to decrease
electrostatic repulsion between ionic head groups. The
result is to favor micelle growth into a rod-like shape. A
distinct feature of micelles which grow into long rods is
pronounced polydispersity in size distribution. The
fluorescence decay in this polvdispersed micelles is dif-
ferent from those of monodispersed micelles, as discussed
by Almgren et al.’?

We® have previously used pyrene as a fluorescence
probe to study the effect of simple electrolytes on the
average aggregation number of simple anionic micelles,
sodium dodecylsulfate (SDS), sodium tetradecylsulfate
(STDS) and lithium dodecylsulfate {LiDS) over the range
of ionic concentration 0 to 0.8 M. We measured transient
fluorescence decay upon excitation by a pulsed laser, We
obtained by this technique an exponential weighted
average aggregation number < n > ; it was smaller than the
mass-weighted average aggregation number for rod-like
poly-dispersed micelles. We apply here the static fluores-
cence technique and find a new average micellar aggrega-
tion number <n>,. We examine the systems of SDS and
CTAB upon addition of large concentrations of strong
electrolytes.

We have observed the increase of ionic size with in-
creasing ionic concentration, in agreement with light scat-
tering results. We compare our results with prediction of a
thermodynamic model.

STATIC FLUORESCENCE QUENCHING IN
POLYDISPERSE MICELLES

In many papers>™® the monomer fluorescence decay
has been related to the average number of fluorophores in
cach micelle. We follow here the analysis of Atik et al.?
The kinetic scheme consists of the following processes:
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kinetic const
yrﬂnla

reaction
M,F, » M, F*F, excitation of the
fluorophore
M, F*F,1 > M,F, +h monomer fluorescence k,
M. F*Fp = M F;*F,, excimer formation  (m,-1kg
M,F,*Fn. = MoF*F,, excimer dissociation kg
M, F,*F,; = M_F, +h excimer fluorescence  k,'

Here M, F,, represents m fluorophores in a micelle of size
n; m, denotes the occupation number of fluorophores in a
micelle of size n; ym, 1s the fraction of m fluorophores in a
micelle of size n; ki, kg, kg and k;" are the rate constants for
monomer fluorophore decay, excimer formation, excimer
dissociation and excimer decay, respectively. I, is the inci-
dent light intensity. We assume that

(1) pyrene dissolves only in miceliar phase;

(2) there is an independent random distribution of pyrene
in the micelles; that is, they follow a Poisson distribution

<m>™ eg=<m*

f(m') = (1)

m'!
in which <m > is the average number of pyrene in each
micelle and m’ is the number of pyrene molecule in a
micelle;

(3) solubilization of pyrene occurs to only a minor extent
such that it does not change the size and structure of the
micelles;

(4) exchange of pyrene between micelles is slow so that it
does not affect fluorescence quenching behavior,

We derive the relation for the decay of fluorescence’

I(t)
1(0)

In = <n>, {exp(-kgt) -1} - kit (2)
Previously, we used the technique of temporal decay of
monomer fluorescence and with Eq. 2 we measured the
average aggregation number <n >, of SDS and other sur-
factants, Here we consider the steady-state method.
Under steady-state conditions the kinetic scheme gives us

d[M,F*F,, 1]

—— g = 0= yaL- [k + (my-Dke][M,F*Fipi]
+ K g[M.F2*F] 3)

d[M,F*,F]

———— = 0 = (m Dke[M,F*F ]

(k' + kg")[MF*Fp.] C))

Ymy 28 defined, 1s given by,
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T Fon (5)
yl'l'ln
£ ¥ modo,

n=1 mp=1

and am, is the population of m flucrophores in micelles of
size n following the Poisson distribution,

(;ﬂ-n) " E:X‘p(-;n-n)

X, =
!

n

(6)

Then the quantum yield of monomer fluorescence for
micellar size n is given by,

P, = kMoF*Fo /vl (7

in which k; is the radiative rate constant of the excited
monomer fluorophore. From egs (3), (4) and (7), we ob-
tain,
ke
; ; (8)
ki + (mn-l)kE ky /(kE + ki )

M
oY, =

When there is only one fluorophore in cach micelle, ob-
viously we have

(I)QM = k[/rk1 = kfrf, with T = k1_1

Therefore,

k'

¥, = 1+ fer(ny DI, and f =

(9)

Then the (otal quantum yield of monomer fluorescence is
given by

Dy = £ P()E yu,
n Mp

m, o,
=3 P(n) 2 - P, (10)
m; Mg
in which P(n) is the size distribution of the micelles. For
the quantum yield of excimer fluorescence, a similar proce-
dure yiclds

Py = D%/ {1+ [Bkp 7 (my-1)] '} (11)
(I)OE = kfJ T[J (12)
witht; = (k;')"; k¢’ is the radiative rate constant of ex-

cimer, The total quantum yield of excimer fluorescence is
then given by
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(mo)"™” exp(-m,)
Pe = PREP()E 1+ B ket (me )]

The quantum yicld of monomer fluorescence (Eq. 10) is
written in the form,

(13}

()™ exp(-m,)
=1 (mq-1)![1+p ke t{m,-1))}

@y = D EP(n) 2 (14)

The sum over m, in eq(14) is made in closed form and the
result is a confluent hypergeometric function. We omit the
details;" the result is

Py
P°p

= TP(n)e™ M(d,d+1,m,) as)

in which M{d,d + 1,50) is the confluent hypergeometric
function and the parameter d is given by d = (Bkgz)"
Similarly, the quantum yield for cxcimer fluorescence is
given by

Dg
Dy

= TP(n) e my(d+1)"M(d+1,d+2,m,} (16)
n

The appareat concentration of dissolved pyrene be Cy;
cmc is the critical micelle concentration where the micelles
begin formation and Cis the surfactant concentration; then
the average m, is given by

my o

_— = 17
n C-cme (17)

Thus ¢q. (15) is written as

Dy
Dy

= E P(n) exp(-nC,,/(C - cmc)) M(d,d +1,
nCW/(C - cme))

This equation gives us the monomer fluorescence yield in
terms of a weighted average over the micellar size distribu-
tion. The weighting function is different from that in Eq. 2.
Thus we define a weighted average aggregation number
<1 >y from the experimentally measured fluorescence in-
tensity quenching,

/T, = exp(- <n>y Cp/(C - cme)) M(d,d+1,  (18)
<n >y C,/(C- cmc))
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Eq. (18) is to be solved iteratively to calculate the M-
weighted size <n>y,.

EXPERIMENTAL SECTION

Pyrene (Riedel-DeHaen) was separated on column
of silica gel and collected after vacuum sublimation as
reported previously’. Both surfactants, SDS and CTAB,
were from Merck; the purity of SDS is exceeded than 99%;
it was used without purification. We recrystallized twice
CTAB; the HPLC determination showed that our CTAB
sample purity is exceeded than 99.5%. All salts (NaCl and
NaBr) were recrystallized twice,

Preparation of sample: Pyrene was dissolved in
hexane, then hexane was pumped out to leave a thin layer of
pyrene on the flask surface. A detergent solution was then
added to this flask and stirred at 50°C for three days to en-
sure complete dissolution. The samples were extensively
de-oxygenated by nitrogen bubbling before measurement
of the fluorescence spectrum. The fluorescence spectra
were recorded on a fluorometer (Perkin-Eimer L5-5) with
data station (Perkin-Elmer 3600). All samples were
thermostated within 0.1°C. Care was taken to avoid the
inner filtering effect.

All experiments were done with constant concentra-
tions of pyrenc and surfactant whereas the salt concentra-
tion was varied. The emission between 370 nm and 420 nm
is that of monomer pyrene, the emission band centered at
475 nm was due to excimer.

To obtain the proper value of 1/I,, we made many
measurements of fluorescence at small concentrations of
pyrene such that the intensity varied linearly with pyrene
concentration. We thus determined the intensity for the
hypothetical state that there was no excimer formation.

RESULTS

In order to use Eqs. 15 and 18 to calculate <n >,
one needs the values of rate constants, k;, kg, etc., and cmc.
As we have measured them previously,’ we used these
values. Some values are interpolations of literature data.
The values of CMC and rate constants are listed in Tables 1
and 2.

In Table 3, we list the results of the measured values of
monomer quenching ratio I, for various combinations of
surfactant and salt at many different temperatures. The ag-
gregation numbers < n >y calculated from Eq. 18 for SDS
and CTAB at various temperatures, salt concentrations and
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Table 1. CMC and Kinetic Parameters of SDS Micellar System for
Various Salt Concentration at Different Temperatures

TrC CMC/I0° M Ke/10 6™ K10%s™  Kuiets?
(a) [NaCl] = 0.0M
30 8.25* 2.0 229 3,16
35 8.43 23 243 3.08
8.60* 27 2.56 312
50 9.03 4.0 331 3.94
10.00 40 4.45 3.86
70 12.00 4.5 432 4,58
{(b) [NaCl] = 02 M
30 0.88* 2.0 245 356
35 0.91 23 2.60 352
40 093 2.7 2.72 351
50 0.97 33 3.36 400
60 1.10 3.6 3.58 3.96
70 1.26 39 419 423
(c)[NaCl] = 04M
30 0.57* 2.0 261 3.63
35 0.58 24 2.80 3.78
0.60 2.6 2.89 3.55
063 3.0 341 3.76
0.70 32 3.71 386
70 0.81 34 407 448
(d) [NaCI] = 05 M
30 0.53* 20 2.69 3.87
35 054 24 289 373
40 0.55* 2.6 297 377
50 0.58 29 344 3.99
60 0.65 30 378 4,46
70 0.75 31 401 47
(&)[NaCl] = 0.8M
30 0.36* 10 229 3.53
35 037 12 251 3.46
40 037+ 13 2.56 338
50 0.39 i6 2,70 3.51
60 044 20 267 3.50
70 0.51. 23 278 3.3

*The values are interpolations of literature data.

surfactant concentrations are listed in Table 4. The ag-
gregation number increases with increasing salt concentra-

Table 2. CMC and Kinetic Parameters of CTAB Micellar System

at Different Temperatures
TrC CMC(10HM  Ks(10*)/5" Ky(10%8™!
22 0.8* 0.47* 58*
30 0.8 0.61 6.48
35 0.8 0.76 6.71
40 0.8 0.95 6.93
50 0.8 ' 134 741
60 08 1.73 8.00
0 038 2.11 8.70

*The values are interpolations of literature data.
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Table 3. Mcasured Values of Monomer Quenching Ratio Il for Various Combinations of
Surfactant and Salt at Differcnt Temperatures

(a) o values of SDS micclics system, [SDS) = 0.0625 M, [NaCl] variable

[NaClyM
1. 0.0 02 04 05 0.8

TrC

30 081320012 0729+0015  0.786x0012  0.687x001 0.587+0.015
35 079320012 07290015  0.720x001 0698002 0.637£0.032
40 0.798+0.01 0.733+0.01 07270017 07222001 0.639£0.032
50 0.829x0.02 0.7560.02 0773£0015  0760x003 0.675x0.034
&0 080320023  (.740x002 076220015 074240045  0.716:006
70 0.780+0.04 07440015 0781002 0.730x0.00 0.739£0.09

(b) Vlo Vvalues of CTAB micelles system, [CTAB] = 0.0625 M, [NaBr) Variable

517

{NaBrj/M
1. 00 02 0.4 0.5 08

TrC
22 08100017 0.715x0.02 0.634+0.013
30 0.795+0.012 0703+0017  0.624x0012 0.649x0.04 0.596:£0.015
35 07990014 0697=0014 061520013 063520042 0,590£0.01

07900016  0701x0014  0.658+0.02 0.621:+0.03 0.583:£0.012
30 0801x0.01 06960015  0.643+002 0.606£0036  0.557x0.011

0.787x0.02 0700£0012  0.627x0.02 061320038  0.537+0012
70 0797£0026  0.712+0.01 0633+0022 06370029 054220016
() VI, values of CTAB micelles system, [NaBr] = 0.0 M, [Pyrenc] ~ 104M

o [CTAB]= |CTAB]= [CTAB)=

TrC 00375 M 0.0625 M 0.10M
2 0.785x0014 081020017 0.7690.01
30 07782002 0.795+0.012 0.768+0.01
35 0.766£0.02 0.799x0.014 0.750£0.01
40 0.763x0.015 0.790+0.016 0.752=0.01
50 07450014 0.801x0.01 0,742+0.01
60 0.758x0.01 0.787+0.02 0.740£0.01
70 0.723+0.022 0.797x0.026 0.733+0.01

{d) Vs values of SDS micelles system, [NaCl} = 0.5M, [Pyrene] ~ 10*M

Vlo [SDS}= [CTAB]=
TFC D.0347 M 00625 M
30 043020021 08130012
35 04222002 07930012
40 0.431x0.02 0.798+0.01
50 0.470+015 0.829+0.02
60 0.4800.02 080320023
70 04800015 0.78020.04

tion for both systems. At the salt concentration 0.4 M,
there seems to be an abrupt change of micellar size. The
micellar size decreases as the temperature is increased as
shown in Figs. 1 and 2. The aggregation aumber of CTAB
increases with concentration of CTAB at all temperatures
shown in Fig. 3. To check the sensitivity of this method to
oxygen quenching, we performed some experiments
without degasing. The calculated aggregation number is
compared with the degasing results, these are listed in
Table 5. As there appears no significant difference, it may

be safe to measure aggregation number without the cur-
bersome degasing operation.

DiSCUSSION

We review the problem of large aggregation of micel-
les at high ionic strength. For the case of SDS in high con-
centration of NaCl, various techniques give similar results
at small ionic concentration {0 to 0.2 M), but for salt con-
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Table 4. Measured Aggregation Number < n >y for Various Systems
{(a} <n>wm of SDS micelles system, [SDS) = 0.0625 M, [NaCl) variable

[NaClyM 0.0 0.2 04 0.5 0.8
TFC
31 876 16010 190:£9 200+8 304225
35 06 15010 166+7 183210 250228
40 06 1426 15211 1637 21022
50 74210 134x12 1289 138+19 198225
60 9+11 133x13 1219 13827 165235
70 88:+19 134:x9 115+12 152x40 14445

{b) <n>m of CTAB micelles system, [CTAB] = 0.0625 M, [NaBr| variabie

[NaBr]/M 0.0 0.2 0.4 05 0.8

TrC

2 148x15 209+10 20+13

31 14410 20210 26213 328440 365+14
35 13610 199+12 252+ 11 319x35 345+12
40 130x12 189+11 212+ 15 30633 322x13
50 123+6 17711 Wo+14 281+34 31112
60 118+13 169+8 2014 256+34 305+12
70 110x16 1576 195+15 230+23 202215

{c) <n>M of SDS micelles system, [NaCl] = 0.5M

[SDSYM 0.0347 0.0625
T7C
31 198+8 20x12
35 15010 15611
40 163+7 182+10
50 138+19 167x7
60 13827 158+9
70 15240 1589

(d) <n>wm of CTAB micelles system, {NaBr] = 0.0 M

[CTAB)M  0.0375 0.0625 0.10
TrC
22 82+8 148+15 241212
3 809 144210 23211
35 809 136+10 235+11
40 757 13012 224x10
50 514 1236 217x10
0 024 118213 210+9
70 764 110x16 2139
Table 5. Comparison of Measured Aggregation Number <n>n centration above 0.3 M there are results of two types.
under Degasing and Non-degasing Treatments Mysels and Princen,'5 using a conventional light scattering
{a) [SDS] = 0.0625 M, [NaCl] = 0.0 M technique, obtained a mean aggregation number about 60
TrC 31 35 40 50 60 70 without NaCl which increases gradually to 140 at {NaCl] =
DEGAS 0% 00 % 85 82 95 0.5 M near the critical micelle concentration. Tkeda et al **
NONDEGAS 85 90 &89 15 77 85 found a large increase of aggregation number up to 1000 at

35°C and [NaCl} = 0.8 M. The interpretation gradually

() [SDS] = 0.0625 M, [NaCl] = 04 M shifts to rodlike micelle at a large concentration of salt,

TrC 31 35 0 56 60 70 Mazer et al." used quasi-elastic light scattering to study the
DEGAS 200 172 48 18 119 1S effect of NaCl on SDS micelles. They found that for SDS
NONDEGAS 195 170 160 128 125 120 concentration at 0.069 M, T = 25°C, an increase of ionic

concentration in the range ¢ - 0.6 M resulted in an increase
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of the aggregation number from 80 to 1000. These later
results disagree with the results by fluorescence quenching
which agree more those from with viscosity and earlier light
scattering measurements, Based on the later results, many
workers have interpreted the growth of micelle size as an

350
[SDS}=0.0625 M
NERAEE
250 r C =40
s 27
c 1504
100 4
%01
o + ~+ + — ; !
0.0 0.2 0.4 0.5 0.8 1.0
{NaCl)/M

Fig. 1. Average aggtegation number <n>y for SDS at
various NaCl concentrations and temperatures.

450

400 {CTAB]=0.0625M
1/°C A=3 A
350 1 B = 3% B
C =40 c
3 3004 D=5
E = 60
c 2504 F=70
-
200 4
150?
1001
50 —— — ~ i + -
0.0 0.2 0.4 05 oR 1.0
[NeBr]/M

Fig. 2. Average aggregation number <n>M for CTAB at
various NaBr concentrations and temperatures.

250 —
[NaBr]=0.0 M

DOm

/°c= a=22

200 8=231

C =40

B o =60
(= 150 r
100 +

50 —— + 4
0.000 aQ¥ 0060 o090 0120

[ CTaB /M

Fig. 3. Average aggregation number <n>m for CTAB
at various concentrations and temperatures,
when [NaBr] = 0.0 M.
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elongation of large rodlike micelles with a single connect-
ing interior at high ionic strength. This concept began in
the theoretical consideration of Stigter.!® Later Missel et
al.® proposed a simple ladder model for such spherocylin-
drical micelles; they used only two independent parameters
to characterize the chemical potential of the micelle and to
fit well the average size of SDS obtained from diffraction
data. The mode!is based on multiple equilibrium between
monomer surfactant (S) and micelle of size n. We have pre-
viously* used this model to explain our data of <n> we
apply this model to the present results.

X, and X, are the molar fractions of monomer surfac-
tant and micelle of size n; we have

X, = X" exp(-(u,” - nu;")/RT) (1%

in which u,° and ,° are, respectively, the standard parts of
the chemical potential. For a spherocylindrical micelle
with n, monomers in the end caps and n-nin the cylindrical
patt, the chemical potential change is separated into the
cap part and the cylindrical part

(%0 - 1ts®) + (nn)(e,® - 11°)
A + (n-n,) é (20)

ﬂno - niulo

I

and & represents the equal-space change of Gibbs energy
upon transfer of each monomer from solution to the
cylindrical part of the micelle. Therefore the micellar dis-
tribution P{n) is given by

P(n) = X/(Z X0 21

Only two Gibbs energy parameters are needed to fit the
size distribution, For SDS we use the parameters from Ref.
5.

In Fig. 4, we plotted the results of the modcl calcula-
tion with the experimental values for SDS at [NaCl} = 0.8
and 0.5 M. We did not attempt the model calculation for
salt concentration less than 0.5M as the micclles become
less rodlike. One sees that the theoretical model agrees
well with experimental results for the case of [NaCl] = 0.5
M. But for the larger micelles at [NaCl] = 0.8 M, they
diverge at low temperatures. Why the model fails at low
temperature is unknown but there is a similar tendency for
the case of < n> . in our previous work. We draw the atten-
tion of theorists to this problem ao as to modify the ladder
model to fit better our data. For comparison, we also
plotted our previous results of <n > in the same figure.
Although they are of different weighting, the two results
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0
8501 [SDS]=0.0625 M (NeCI] =08 M o SN,
600

550 *
500
by —=~ (N} u Calc.
_Faop [NaCli=05m o : <n) "
Z 350 a @ (N) .
~ 300
0 ‘f ........ PANDY |, Colc.

150

ANY g

100
50

ol . — —_ ; 4

20 30 40 50 50 ) 80
T/ °C

Fig. 4. Average aggregation numbers <n> Mand <n>,
for SDS at [NaCl] = 0.5 and 0.8 M, solid lines are
the results of model calculation,

<n>,and <n>, are similar., But we do obscrve a small
difference; at low temperature <n>, tends to exceed
<n> y whereas at high temperature side the opposite is
true.
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