Colloid Polym Sci 275:648-654 (1997)
C Steinkopff Verlag 1997

ORIGINAL CONTRIBUTION

M.G. Neumann
G.L. de Sena

Received: 28 October 1996
Accepted: 10 January 1997

Prof. M.G. Neumann (BX1)
Instituto de Quimica de Sao Carlos
Universidade de Sdo Paulo

Caixa Postal 780

13560-970 Sao Carlos SP, Brazil

G.L. de Sena

Departamento de Quimica - CCE
Universidade Federal do Espirito Santo
29060-900 Vitoria ES, Brazil

Photophysical characterization

of mixed micelles of n-butanol/SDS
and n-hexanol/SDS. A study

at low alcohol concentrations

Abstract The effect of the addition of
n-butanol (BuOH) and n-hexanol
(HexOH) on the micellization of
sodium dodecylsuifate (SDS) has been
investigated using fluorescence
quenching methods. The binding
constants were calculated using an
expression which relates the total
concentration of alcohols and the
micelle concentration. The values of
K were 4.67 and 17.6 M~ ! for
BuOH/SDS and HexOH/SDS,
similar to values obtained by other
methods. The cmc of SDS decreases
on addition of alcohols and goes
through a minimum for the
BuOH/SDS system. Micellar
aggregation numbers (N) were
determined from linear plots of Ln

(I°/I) against [Quencher] at low
alcohol concentrations. For 15 mM
SDS, in the presence of BuOH the
N values decrease on addition of
alcohol up to 0.2 M. For HexOH,
N can be assumed to be constant up
to 4.8 mM, after which N decreases.
The polarity of the micellar core
containing alcohol was evaluated
from the I,/I; ratio of monomeric
pyrene. The effect of addition of the
alcohol causes a decrease in the 1,/I5,
which corresponds to a decrease in
the polarity of the pyrene
solubilization site.

Key words Mixed micelles —
alcohol/surfactant interactions —
cmc — aggregation numbers

Introduction

In most of their applications, surfactants are used in the
presence of additives in order to improve their properties.
Among the very large number of additives revealed by
a literature survey, alcohols hold a special place, being by
far the most frequently used. This has been especially so in
recent years because alcohols are the most common cosur-
factants which are added to surfactant—oil systems to gen-
erate microemulsions [1]. The oil crisis and the suggested
use of microemulsions in tertiary oil recovery [2] to im-
prove the yield of oil fields has greatly stimulated research
on every possible aspects of the physical-chemistry of
surfactant—alcohol systems: partition of alcohols between

the micellar pseudo-phase and the intermicellar phase,
surface tension of mixed solutions, critical micellization
concentration (cmc), micelle ionization degree, micelle ag-
gregation numbers and micelle dynamics in the presence of
alcohols, etc.

Fluorescence probes are very useful for analysing the
micropolarity and microviscosity of the probe environ-
ment in micelles and for determining micelle aggregation
number [3-7]. In this study, the polarity of the core of the
micelles containing alcohol was evaluated from the ratio
between the intensities of the first and third vibronic peaks
of the emission spectra of monomeric pyrene, I,/I5.

Solubilization of alcohols in surfactant micelles has
been extensively investigated [3—14] and the partition
coefficients of alcohols between the intermicellar phase
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and the micellar pseudophase have been determined by
various methods. Hayase and Hayano [9] determined the
partition coefficients of alcohols using vapour pressure
measurements. Gettins et al. {10] determined the partition
coefficients using solubility measurements. Abuin and
Lissi [11] also determined the partition coefficients using
the fluorescence quenching method. Recently, Eda et al.
[12] determined the solubilization of alcohols in ionic
micelles using piezoelectric gas sensors. All these studies
discussed the partition of hydrocarbon compounds be-
tween the aqueous phase and hydrocarbon surfactant
micelles. It has been reported that the cmc of aqueous
solutions of surfactants containing alcohol decreases with
the addition of alcohols [3,4, 11], as found also in this
study.

In this paper we present results on the cmc, micelle
aggregation numbers and binding constants of alcohol/
SDS systems at concentrations below those usually
reported in the literature [4—7]. Typical results are
presented supporting the new method employed for the
determination of binding constants.

Experimental details

Sodium dodecylsulfate (SDS, Aldrich), n-butanol (Merck),
n-hexanol (Reagent), and cetylpyridinium chloride (CPC,
Aldrich) were employed as received. Pyrene (Py, Aldrich),
was recrystallized twice from ethanol. Solutions were pre-
pared in Milli-Q purified water.

Fluorescence measurements were carried out with
a CD-900, Edinburgh Instruments Spectrofluorimeter.
The concentration of pyrene was 10™° M and the concen-
tration of the surfactant was kept constant at 15 mM. The
solutions were used 24 h after preparation.

Aggregation numbers of SDS were estimated from the
changes of the fluorescence intensity of pyrene at 373 nm
on addition of CPC (1.0-14.0 x 107° M) according to the
method of Turro [15]. All measurements were carried out
at 25°C.

Results and discussion
Steady-state fluorescence of pyrene

The changes of the I/I; ratio of pyrene on adding »n-
butanol to SDS micelles are shown in Fig. 1, which also
shows these effects in deaereated solutions. The observed
decrease in I,/I5 corresponds to a decrease in the polarity
at the pyrene solubilization sites, because of the expulsion
of water molecules from the micellar core [4, 6]. The
values obtained of the I,/I; ratio in the absence and
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Fig. 1 Dependence of the I,/I; ratio of pyrene in SDS in the pres-
ence of butanol. Aercated (x) and deaereated (O) solutions.
[SDS] = 15mM; [Py] =10"°* M
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Fig. 2 Fluorescence of pyrene in aereated (x) and deaereated (O)
solutions of SDS in the presence of butanol. [SDS] = 15 mM;
[Py]=10"° M

presence of oxygen are practically identical, showing that
the increased local concentration of oxygen solubilized in
the micelles, due to the alcohol incorporation, does not
affect the polarity of the solubilization sites of pyrene.
Figure 2 shows plots of I/I° against [n-butanol] in
aereated and deaereated solutions, where I and I° are the
fluorescence intensities of pyrene in the presence and ab-
sence of n-butanol, respectively, measured at 373 nm. The
results indicate that quenching by oxygen is more efficient
in the presence of alcohol, as expected from the higher
solubility of oxygen when alcohol is added to the micelles.
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These results show that the concentration of oxygen in
micelles can be monitored better by the emission intensity
of the probe than by the I/I; ratio. Abuin and Lissi [8]
developed a method for determining the partition con-
stants of alcohols in micellar solutions using this property
of the system.

Critical micellar concentration

The cmc’s were determined utilizing pyrene as a probe and
the results obtained agree with the literature values [4, 9].
The dependence of the cmc of SDS with the concentrations
of butanol and hexanol is shown in Fig. 3. A logarithmic
representation of cmc/cmc® against the concentration of
added alcohol is used in order to be able to compare the
results for surfactant—alcohol systems over a large range of
cmc values. In this plot cmc® stands for the cmc of the
surfactant in the absence of added alcohol. At low alcohol
concentrations, the cmc decreases linearly with increasing
alcohol concentrations, in agreement with earlier reports
[4, 11]. For the BuOH/SDS system the decrease of the cmc
starts at higher alcohol concentrations and seems to go
through a minimum. It has been assumed that at higher
concentrations the micelles are almost saturated by alco-
hol, and can be considered rather like a cosolvent influenc-
ing the micellization process by modifying the properties
of the water [3]. As alcohol-water mixtures are better
solvents for the surfactants than pure water, the micelles
will start being formed again at higher concentrations. In
this range the system can be considered alternatively as
consisting of droplets of alcohol stabilized by the surfac-
tant (like inverse micelles) [16]. It must be noted that at
high alcohol concentrations the cmc’s are more difficult to
determine by stationary fluorescence methods [3, 7].
Therefore, larger errors may effect the points at the higher
butanol concentrations in Fig. 3.

The emission spectra of pyrene in the range of surfac-
tant concentrations around the cmc in the presence of
alcohol, where the probe begins to change its environment,
are shown in Fig. 4. An increasing amount of excimer
emission can be observed up to a maximum, which is
coincident with the change of the probe environment, as
evidenced by the change in the I/I5 ratio (Figs. 5 and 6).
These results indicate that prior to the formation of
micelles, the probe will migrate from the bulk of the
solution to a more hydrophobic environment formed by
the aggregation of surfactant molecules, which did not
reach, at this stage, a micellar structure. As the concentra-
tion of these pre-micelles will be initially low, more than
one probe molecule may be present in each aggregate,
giving rise to excimer emission. The addition of larger
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Fig. 3 Dependence of the cmc of SDS with alcohol concentration at
25°C. (O) HexOH and (B) BuOH
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Fig. 4 Emission spectra of pyrene at various concentrations of SDS
in the presence of HexOH 3.9 mM

amounts of surfactant will increase the concentration of
the pre-aggregates and their aggregation number, up to
the formation of real micelles, allowing the probe molecu-
les to be redistributed, to one or less molecules per micelle.
The presence of alcohol molecules in the pre-aggregates or
the micelles, does not alter this picture. Furthermore, it
proves that the alcohol molecules will be already present
in the pre-aggregates, as the final I,/I; corresponds to that
of the mixed micelle. Previous studies with surfactants in
the presence of polyelectrolytes show a similar behaviour
due to the presence of premicellar aggregates [17].
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Fig. 5 Dependence of the I,/I; and Ig/Iy ratios of pyrene with SDS
concentration in the presence of HexOH 3.9 mM
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Fig. 6 Dependence of the I,/I5 and Ig/Iy ratios of pyrene with SDS
concentration in the presence of BuOH 44 mM

Aggregation micellar number

The method of Turro and Yekta [15] was used to deter-
mine the aggregation number of the micelles. Plots of
Ln(I°/I) against [CPC] were linear at low alcohol concen-
trations. Throughout all the quenching experiments the
I,/15 ratio remained constant, showing that the presence
of quencher in the micelle does not affect the solubilization
site of the pyrene. The average aggregation number N of
the surfactant was determined using [3-7]

N =(C - ecmc)/M, (1)

[BUOH]
2 mM

87 mM

218 mM
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Fig. 7 Fluorescence quenching of pyrene by CPC in micelles of

SDS at several BuOH concentrations. [SDS] = 15mM;
[Py] =10"°*M
[HexOH]
water 4 5o mm
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Fig. 8 Fluorescence quenching of pyrene by CPC in micelles of
SDS at several HexOH concentrations. [SDS] = 15mM;
[Py]=10"°M

where C is the total concentration of surfactant, M is the
micelle concentration and cmc is the critical micellar con-
centration.

Figures 7 and 8 show representative plots for the
quenching of the pyrene fluorescence in SDS micelles by
CPC in the presence of n-butanol and n-hexanol, respec-
tively. The aggregation numbers for the surfactants (N) in
the micelles were calculated using Eq. (1), and are shown in
Tables 1 and 2 as a function of the alcohol concentrations.
These values are similar, but slightly lower, than those
determined by Nome et al. [4] with 0.05 M SDS at 25°C.
According to Almgren and Swarup [7], the aggregation
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Table 1 Parameters for the
BuOH/SDS system.

[SDS] = 15 mM

Table 2 Parameters for the
HexOH/SDS system.
[SDS] = 15 mM

[BuOH], [mol/L] 0 0022 0044 0076 0087 0.109 0218
[M] [10~* mol/L] 1.18 1.62 1.70 1.77 2.08 2.52 291
cme [10™2 mol/L] 7.8 7.0 6.7 6.3 54 39 34
N 61 49 49 49 46 44 40
a — 115 219 364 355 367 635
[HexOH], 0 1.6 24 39 48 5.6 79
[10™ 3 mol/L]

[M] [10~* mol/L] 1.18 1.25 1.32 1.39 1.44 1.68 2.00
cme [10™2 mol/L] 7.8 7.0 6.4 58 53 5.1 4.6
N 61 64 65 66 67 59 52

a — 12 17 26 32 32 37

numbers determined in this way will have errors of about
10%.

In previous investigations [4,7] it was found the
N values decrease with increasing alcohol concentration.
During these works the concentration of alcohol did not
go as low as in the research presented here. At the lowest
concentrations of alcohol (up to ~80 mM for BUOH/SDS
and up to ~5mM for HexOH/SDS), the aggregation
numbers remain constant. At higher concentrations N be-
gins to decrease as described previously. In both systems
the micelle concentrations increase progressively with the
addition of alcohol.

The aggregates of the BuOH/SDS system consist of
a smaller number of surfactant molecules over the whole
range of concentrations. This decrease is due to the expul-
sion of water molecules, which results in surfactant
molecules leaving the aggregate because of electrostatic
repulsion between the head groups [3-5,15]. For the
HexOH/SDS system the aggregation number can be as-
sumed to remain constant up to 5mM/L. In this case,
the amount of alcohol solubilized in the micelle is quite
smaller and is not sufficient to affect significantly the
penetration of water in the micelle.

Micellar incorporation of alcohols

The partition constants and aggregation numbers of alco-
hols and surfactants in micelles can be calculated by flu-
orescence quenching methods. The method developed in
this study uses an expression which relates the total con-
centration of alcohols and the micelle concentration. For
this, a simultaneous partition of surfactants and alcohol
molecules between the mixed micelles and the intermicel-
lar aqueous phase is assumed. After its addition, the alco-

hol associates with the surfactants to form the mixed
micelles. The process can be represented qualitatively by

Ay +S, =M, (2

where A,, and S,, signify alcohol and surfactant in water,
respectively. After the association (in the equilibrium), the
concentration of free alcohol will be (4, — A,,), where A,
and A,, are the total and micellized alcohol concentra-
tions, respectively. The relationship between A,, and the
concentration of mixed micelles is

An=axM, )

where a is the average aggregation number of alcohol in
the mixed micelles. On the other hand, after the associ-
ation of alcohol, the concentration of free surfactant
changes by (N,M, — NM), where N, M, and NM are
the micellized surfactant concentrations before and after
alcohol addition.

The partition constant or solubilization constant for
this system can be represented by

K=M/(A0_Am)(NoMo_NM) ’ (4)

where M, and M are the micelle concentrations, and N,
and N are the aggregation numbers of surfactant in the
absence and presence of alcohol, respectively. This con-
stant is related to the distribution of alcohol and surfactant
molecules between the intermicellar phase an the micellar
pseudophase, i.e., with the process of formation of mixed
micelles.
Substituting Eq. (3) in Eq. (4)

Ayx(NM, — NM)/M =K~ * + ax(NM, — NM), (5

A plot of A, x(N.M, — NM)/M against (NM, —
NM) should yield a straight line, where the inclination is
the average number of alcohol molecules per micelle in the
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Fig. 9 Determination of the binding constant for the BuOH/SDS
system
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Fig. 10 Determination of the binding constant for the HexOH/SDS
system

[SDS]/mM A,/[Surf] Methods

BuOH/SDS systems K/M™!
This work 47
Ref. 5 1.8
Ref. 4 1.0
Ref. 7 54
Ref. 10 1.0
Ref. 14 39
Ref. 7 34

15 1.4-14 Fluorescence quenching
— — Calculated

50 1.1-20 Solubility

40 — Vapor pressure

10-100 33-100 Solubility®

90 0.4 Ultrafiltration®

30 3.2-28 Fluorescence quenching®

2 CTAB micelles; ¥ CTAB + NaBr. 0.16 M.
9 The concentration of free additives was calculated from Stilbs P (1982) J Colloid Interface Sci

87:385.

range of used concentrations and the extrapolation to zero
is the reciprocal of the partition constant.

The partition constants, K, were determined graphi-
cally from the plots according to Eq. (5) (Figs. 9 and 10).
The results obtained together with the data reported in the
literature are shown in Tables 3 and 4 for BuOH/SDS and
HexOH/SDS, respectively. There is a good coincidence of
the data reported here with that obtained using other
methodologies, giving support to the method. The present
way to perform these calculations uses quantities that are
easily measured and a simple equilibrium model, yielding
reasonable values for K in the range of concentration
where a linear relationship is observed for Turro’s method.
As seen from the tables, some of the reported partition
coefficients K differ by a factor of about 5 depending on
the method employed [10]. These differences can be as-
cribed to the dependence of K with the composition of the
system [3-5, 11].

The inclination of the straight line Figs. 9 and 10 yields
the average number of alcohol molecules per micelle a, in

the range of concentration used. An approximation was
made to estimate the number of alcohol molecules per
micelle for each composition of system. The distribution of
alcohol molecules between the bulk of the solution and the
micelle may be represented by

K, = An/A. . (6)

The subscripts m and w denote micellar and aqueous
pseudophases, respectively. An expression for a is obtained
substituting Eq. (6) into Eq. (3), and rearranging terms

a = (A,/M)x [Ky/(1 + K)] . (7

Equation (7) shows the dependence of a with the 4,/M
ratio and permits the calculation of the micellar aggrega-
tion number of alcohol molecules per micelle for each
composition of system. The values of a, assuming
K, =55.5x K [13], are shown in Tables 1 and 2 for the
systems studied. These figures are slightly higher than
those reported by Almgren and Swarup [7]. In the range
of concentrations studied they indicate a large growth of
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Table 4 Values of K for

HexOH/SDS systems K/M™!

This work 17.6
Ref. 5 13.6
Ref. 8 14.3
Ref. 11 22.6
Ref. 9 40.4
Ref. 10 10.2
Ref. 7 50

Ref. 14 17.8

[SDS]/mM A4,/[Surf] Methods

15 0.1-0.5 Fluorescence quenching
— — Calculated

— — Solubility

50 0.2-12 Fluorescence quenching
40 — Vapor pressure

10-100 4-12 Solubility?

30 0.5-2.3 Fluorescence quenching
90 Dialysis equilibrium®

#and * Same meaning as in Table 3.

the micelle size for the BuOH/SDS system (Table 1), which
agrees with the observation by Gamboa et al. [14] using
viscosity measurements. This behaviour shows that rather
than having a mixed micelle of surfactant and alcohol, the
system behaves more like an inverse micelle of butanol,
stabilized by the surfactant.

Conclusions

The results obtained in this study show that the incorpora-
tion of alcohols to micelles promotes the aggregation of
surfactant molecules at low concentrations. This is at-
tributed to the co-micellization of alcohol with the surfac-
tant forming mixed micelles. On the other hand, the

formation of the smaller aggregates at pre-micelle concen-
trations, which are evidenced by the formation of pyrene
excimers, show that hidrophobic interactions are effective
below the cmc.

The method employed in the present work is able to
provide partition constants between water and micelles of
surfactant over a range of alcohols concentrations where
a linear relationship is observed for Turro’s method. This
method, although based on fluorescence measurements
can be used to determine the partition of additives that
form mixed micelles with surfactant.
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