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Critical Behavior of Nonionic Micellar Solutions'

K. Hamano,> T. Kaneko,?> K. Fukuhara,? and N. Kuwahara?

The critical behavior of micellar solutions of triethylene glycol mono
n-hexylether in water has been investigated in view of the issue of critical-point
universality for such systems close to their critical mixing point. The values of
the critical exponents obtained in this work are in excellent agreement with the
theoretical ones for three-dimensional Ising-like systems. The dynamical critical
behavior is also discussed.
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1. INTRODUCTION

Great attention has been directed to critical phenomena in fluid systems
that contain aggregates of surfactant molecules, known as micelles. Corti
and co-workers [1] have found critical-like anomalies in a series of
aqueous micellar solutions near their critical mixing points, which have
been analyzed in terms of the analogy with the liquid—vapor transition and
the phase separation of a binary fluid mixture. In contrast with the
hypothesis of critical-point universality [2], their work suggested a non-
universal dependence of the critical exponents on the system studied [37.
Theoretical attempts have been made for understanding this possible non-
universal behavior of micellar systems [4].

Recently, Dietler and Cannell [5] reexamined the exponent y for the
osmotic susceptibility and the exponent v for the long-range correlation
length for the system octaethylene glycol mono r-dodecylether (C,Eg)
with water and heavy water from the light-scattering measurement.
Including multiple-scattering corrections to the light-scattering data [6],
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they found Ising-like universal values for y and v for this system, indepen-
dent of whether water or heavy water was the solvent. Their result is in
contrast with that of Corti and Degiorgio [7]. In this work we report
extensive measurements by focusing on the decay rate of fluctuations,
including the coexistence curve, the viscosity, and the static and the
dynamical light scattering, in nonionic micellar solutions of triethylene
glycol mono n-hexylether (C¢E;) in water close to its critical mixing point.

The theory of dynamic critical phenomena [8] has suggested that the
decay rate of the concentration fluctuations is related to the viscosity of a
fluid mixture, which displays a weak enhancement very close to the critical
mixing point. The asymptotic equation for the viscosity can be represented
by

n(T)=n(Qo) " =n(Qo&o) (1)

where #® is the background viscosity, Q, a system-dependent wave
number, &=¢&;¢7" the correlation length, ¢ the reduced temperature dif-
ference (T —T,)/T., and ¢ = x,v the critical viscosity exponent. The values
reported for x, cover a range from 0.05 to 0.065, in reasonable agreement
with the theoretical estimations [9].

On the other hand, it is customary to separate the diffusion coefficient
D into a nonsingular background contribution D® and an additional con-
tribution D° due to the critical fluctuations as D = D¢+ DB, The asymptotic
diffusion coefficient can be represented by

. RkgT
6mn(T)¢

where R is a universal amplitude ratio associated with the dynamic scaling
relation, which has a value slightly larger than unity [10].

(2)

2. EXPERIMENTAL

Triethylene glycol mono n-hexylether synthesized and purified by
Nikko Chemical Co. Ltd. and water were used in this work. The
coexistence curve was determined by a specially designed differential refrac-
tometer. The critical mixing point has been estimated to be 7.=3174 K
and ¢,=0.146, in the weight fraction of C4E; in water.

The static and dynamic light-scattering measurements were performed
for the critical mixture by the use of a cell with an optical path length of
0.096 +0.002 cm in order to reduce multiple-scattering effects [11]. The
measurements were carried out at a scattering angle of 90°, which
corresponds to a transfer wave number of k= 1.89,x 10° cm ~ . The static
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light-scattering measurements were obtained in the temperature range
254x107°<e<473x1073, and the dynamic light-scattering measure-
ments in the temperature range 6.30 x 10 ¢ < &< 4.73 x 10>, The turbidity
measurement was also carried out by the use of a 1.0-cm quartz cell in the
range 3.15x107°<e<520x 103, The differential refractometer, the
light-scattering photometer, the viscometer, sample preparations, and
experimental details have been described fully elsewhere [12].

3. RESULTS

The coexistence curve was examined for the concentration difference of
¢” — ¢ as a function of ¢, where ¢’ and ¢” refer to the dilute and the concen-
trated phases in terms of the weight fraction. The results gave the simple
power law of ¢’ — ¢’ = Be”, with B=1.56+0.06 and B = 0.327 + 0.004 in the
range of 1.32x107#*<e< 151 x 10~ % In the data analysis no systematic
deviations from the simple power law were found over the entire tem-
perature range. The quoted error represents the standard deviation. The
deviation from the rectlinear diameter was also examined for the relation
(¢’ +¢")2—c.= Ae”, where the exponent u is related to the specific heat
exponent « by p=1-0o We have estimated u=0.89,40.044, ie., a=
0.114+0.04, and 4=23.1+1.3. The estimated exponent values concerned
with the coexistence curve are in good agreement with the theoretical value
for three dimensional Ising-like systems [13].

The scattered light intensities are shown as a function of ¢ in Fig. 1.
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Fig. 1. The scattered light intensity as a function of &.
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The measured scattered light intensity including corrections for turbidity
and double-scattering may be represented by [14]

Imzlo[eql“"'R(l‘e_rL)] Ayt gké)+ Iy (3)

where yr=1I,¢ " is the osmotic susceptibility, 4 a nearly temperature-
independent constant, L the light-path length, Iy the background
scattering, R the double-scattering correction parameter, and g(y) the
correlation scaling function. Using the Ornstein—Zernike correlation
function, the turbidity can be represented by

202+ 2 1 2(1
LT ( +°‘)]+ra @)

rmzAnxT[ In(1 + 2a) — "

where a=2(k,¢)* with the wave number k, of the incident light. We
analyzed our intensity data using the Ornstein—Zernike correlation func-
tion, in conjunction with the turbidity data in the range of 1.93x107' <
k& < 3.68. In this range the double-scattering corrections were estimated to
be within 1% and we obtained, by setting R=0 in Eq. (3),

y=1.24,+0.010, y = 0.627 4 0.006
Eo=1(3.564+0.012)x 10 % cm, IoATy=15,+0.10
Iy=(1.4,4025)x 102

ATy = (5.185+0.004) x 10~ cm !, 15 =(1.6,+052)x10~¢cm

We repeated our data analysis with the approximate correlation function of
1/g(y)=1+Z%,y?>— X, y* in the range of 1.93 x 107! < k¢ <6.02 in Eq. (3)
[157]. In this analysis the parameters of y, v, &, Iy, ATy, and Iy were fixed.
The turbidity data were fitted to the equation Int=Y?_,4a; (In¢)’ and
used for the turbidity correction. The double-scattering correction was
calculated using the asymptotic function 1— R=C(y,)/In(k,¢) with
C(yo) = 1 for yo=2r/h~9.6, for example, 6% at k{=6.02 and 1.3% at
k& =4.18. We fitted our data to Eq. (3) with the parameters 2, and T as
free parameters, which yielded X, =(2.37 £0.08) x 10~*. The critical tem-
perature deduced from this fit was the same as that determined experimen-
tally within 0.5 mK. We estimated the value of the exponent n to be
n=0.016 +0.005. The intensity data for k£>6.02 were discarded in the
present analysis because of large corrections for turbidity and also for mul-
tiple scattering. Our values of the exponents y, v, and # are in excellent
agreement with the theoretical ones for the universality class of a fluid, in
agreement with the result for C4E; + water of Corti and co-workers [1].
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The experimental viscosity data were examined as a function of the
velocity gradient S by #(S) oc S™“ at cach temperature in the entire range
142x107'<S5<1.19s7'. A noticeable small dependence with w ;=
0.020 + 0.005 was observed at ¢<1.54 x 103, but in the remaining range
no dependence was detected within experimental error. The value of w =
limg _, o w4~ 0.02 is close to the theoretical prediction made by Onuki [8].
The viscosity extrapolated to .§=0 with a linear function of S is shown in
Fig. 2. The background viscosity evaluated in the range 4.60 x 10 > <e<
1.88 x 10~ 2 was represented by #® = U exp(V/T) Pa-s with U=2.6, +0.05
and V= —(2.3,4024)x10°. The critical viscosity was represented by
n(T)y/n® = (0.795 + 0.010) ¢4 with ¢ =0.040+0.003 in the range
315x10°<e<3.05x 107> This result yields x,=0.064+0.005. The
values of ¢ and x, are in good agreement with the theoretical predictions
and the experimental results of Bergetal. [167.

The diffusion coefficient D(k)=I'(k)/k* at k=189,x10°cm ™' was
deduced from the experimental autocorrelation data by fitting to an
exponential decay law. The diffusion data were corrected for double-
scattering effect [12, 17], which were less than 5% over the entire tem-
perature range, and examined in terms of the dynamic scaling function. The
diffusion coefficient D may be given by [9]

kyT

D=—"—0Q(ké)+ D® 5
6mI(T)E )
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Fig. 2. The viscosity at the velocity gradient S=0 as a function of tem-
perature.
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with the recently proposed dynamic scaling function Q(y), which is given
by

Q(y)=Qx(y) S(y)™

with the correction S(y)=ay(1 +b%y*)¥% Here Qy(y) is the original
Kawasaki function. The coefficient a, is related to the universal amplitude
ratio R by R=ay. The background diffusion coefficient D® can be
evaluated from the expression

oo kel (1 +k2£2>
16n®e\  q.¢

(6)

where ¢, is a system-dependent wave number. The data were fitted to
Eq. (5) using a,, b, and ¢, as adjustable parameters. We obtained the
values of 4;=555+6.0, ie, R=129+4+0.03, »=0.264+0.07, and ¢_. =
(9240.7)x108%cm . In Fig.3 we show the difference between the
experimental diffusion coefficient D and the calculated one with the values
estimated for the parameters a,, b, and ¢.. The estimated value for the
amplitude R is fairly larger than the values from 1.01 to 1.06 reported for
a binary fluid mixture [18]. In this analysis the background contribution
estimated from Eq. (6) with ¢, seems to be too small in comparison with

10.

" e}
2 - o]
o o OOO o o o0 ©
2 o
8% o Q)Oﬁco &
?Oo o o0© o S

o o
a - o5 o
o
- o
o o
- o o
-10. | L1 11 8i1l | L1 b1t | L1 1Ll
107" 109 10! 102

k3

Fig. 3. Comparison between the experimental diffusion coefficient D and the
calculated one by Eq. (5) with ay=55.5, 5=0.26, and g.=9.2x 108 cm ~! as a function
of k¢&.
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other systems of a fluid. In order to confirm this we have tried to analyze
our data using two parameters, a, and b, by setting D® =0 in Eq. (5). This
procedure yields a,=48.,4+4.0, ie, R=128+003 and 5=0.29 +0.06.
Both analyses are compatible with each other within estimated errors. It is
noted that our value for R may include the background contributions.

4. CONCLUSIONS

In this work we have examined the critical behavior in nonionic
micellar solutions of C4E; in water close to the critical point of mixing. The
values obtained for the critical exponents are in excellent agreement with
those predicted for the three dimensional Ising-like model. The dynamical
amplitude R estimated from the present analysis is about 25 % larger than
the expected universal value.
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