Solubilization of phenols in surfactant/polyelectrolyte systems
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Abstract

The properties of the microheterogeneous systems formed by mixtures of cetyltrimethylammonium bromide (CTAB) and an alternating
copolymer of maleic acid and styrene, MAS, and their anionic monoesters, M&8t n = 2, 4, 6, 8, were investigated. The fluorescence
of pyrene was used to sense the polarity of the polymer/CTAB aggregates. Measurements of the ratio 1ll/I in pyrene fluorescence spec-
tra indicate that the polymer/CTAB aggregates are more hydrophobic than normal micelles. A serakkyfsubstituted phenols were
employed to probe the solubilization ability of these aggregates. The distribution cokstaritphenol, p-methylphenol,p-ethylphenol,
and p-propylphenol between water and MABETAB aggregates and the corresponding free energy of transptBrhave been determined
using the pseudo-phase model. The results show that the distribution is mainly determined by the phenol structure, and a linear free energy
relationship has been found betwe@n? and the structure of phenols. On the other hand, an increase in the number of methylene groups in
the side alkyl chain has no effect amu?. The results are discussed and compared with those obtained for ionic micelles.
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1. Introduction To avoid precipitation the last parameter has been adjusted
using mixed micelles of nonionic and ionic surfactants [4].
Interaction between polyelectrolytes and surfactants car- It has been found that complexes formed by dode-
rying opposite charges is a matter of current interest mainly cyltrimethylammonium bromide (DTAB) and anionic he-
because of the fundamental and technological importance ofmiesters of an alternating copolymer of maleic acid and
their mixtures [1-5]. In aqueous solution, surfactant mole- styrene, MASk, with n = 0—12, show synergism in their
cules aggregate to form spherical micelles at a critical mi- interface properties [12,13]. The pseudo-phase separation
celle concentration (cmc) [6]. In the presence of polymer and approach and regular solution approximation have been used
depending on the surfactant concentration, the systems cano determine the interaction paramefgrand the mole frac-
be treated as the binding of surfactant molecules to a poly-tion of DTAB in the adsorbed layer X. The results were
electrolyte skeleton or the interaction of micelles with the discussed in terms of the hydrophobic effect on the distribu-
polymer [4,7,8]. tion of the aggregates between the interface and the bulk of
It is known that the interaction starts as a cooperative as- the solution [12].
sociation of monomer surfactant to the polymer chain[9,10],  Since hydrophobic aggregates are formed at the cac, it is
and it has been found that micelle-like clusters are formed expected that they can solubilizate hydrophobic molecules.
at a surfactant concentration known as the critical aggregatejn the present study, the solubilization of phenols by mixed
concentration (cac) [11]. Often, the cac values are several or-mijcelles formed by the interaction of cetyltrimethylammo-
ders of magnitude lower than the cmc, and further increasepjym bromide, CTAB, with an alternating copolymer of
of surfactant concentration results in formation of insoluble maleic acid and styrene, MAS, and their anionic monoesters,
compounds. Since this interaction is mainly electrostatic its \MAS-, with n = 2, 4, 6, 8, was investigated. Fluorescence
magnitude depends on the ionic strength, the polymer lin- probing has been used to characterize the MASTAB
ear charge density, and the micelle surface charge densitygggregates. The measurements of the solubilization of phe-
nols in aqueous solution of MAB/CTAB were analyzed
~* Corresponding author. using the pseudo-phase model, where the incorporation of
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the aqueous phase and the micellar phase [6,14]. With thiswhereX,; and Xy are the mole fractions of substrate in the
approach the thermodynamical parameters obtained are theanicellar and aqueous phases, respectively. These quantities
partition coefficient and the standard free energy of trans- are related to [] and to [Sy] through the following equa-

fer, Au?. Our results were compared to those obtained with tions:

CTAB micelles in order to assess the solubilization capacity [Sy]
i i Xy=—"-—"-—H—, 4
of these mixed micelles. M =S T IMASA] 4)
: [Sw]
2. E tal Xw=—"""-—. 5
xperimenta Y= Sy1+555 (5)
2.1. Materials Thus, the two equilibrium constants are related by
. . . . 555K
Poly(maleic anhydride-co-styrene) (Aldrich) with aver- Ky = S (6)

age molecular weight equal to 350,000 was used as re- 1+ Ks[Swl
ceived. The sodium salt of this copolymer, MAS, was ob- At low substrate occupation numbefss [Sw] = [Su]1/
tained by first dissolving the copolymer in a bicarbonate [MAS-n] « 1, and Eq. (6) can be approximated by

solution, and then dialyzing and lyophilizing these solutions.

Anionic monoesters, MA%- with n = 2, 4, 6, 8 were pre- Kx =555Ks. (7
pared by hydrolysis of poly(maleic anhydride-co-styrene) The free energy of transfer from water to the pseudo micellar
with n-alkyl alcohols. Thusg indicates the number of car- phase is expressed as

bon atoms in the alkyl side chain. The esterification reactions 0 0

were carried out in tetrahydrofuran solution at°€5in the Apy =py —pmy =—RTInKy. (8)
presence of 4-dimethylaminopyridine as catalyst. Alcohols The gistribution coefficientsKs) were obtained by ultra-
from ethanol to 1-octanol (Aldrich) were used as received. fjitration in an Amicon 202 cell with a PM10 membrane.
A detailed characterization of these copolymers has beenAqueous solutions of phenols (0.1 mM) in the presence of
given elsewhere [15]. Pyrene and CTAB (Aldrich) were used cTag (0.1 mM) and different concentrations of copolymer
as received. Phenol was distilled, Wh|}emet_hylpheno!, (6—10 mM on a monomolar unit basis) were filtered, and the
p-ethylphenol, andp-propylphenol were sublimated prior  5psqmances of the filtrate were measured at 269 nm. The
to .be.used. Al samp!es were prepared with distilled and molar concentration of phenols in the filtrate 35 were
deionized water obtained from an EASYpure RF (Bam- gpined from a calibration curve. With this result and from
stead) deionization system. [Srotall = [Sw] + [Sw], the ratio f = [Sw]/[Sy] was cal-
culated and plotted according to Eq. (2). The equilibrium
constantsKg, were calculated from the initial slope, where
the activity coefficients can be assumed to be unity.

2.2. Measurement of distribution coefficients

In the pseudo-phase model the solubilization process is
represented by the equilibrium

Sw + MAS-n/CTAB < SmaS-1/CTAB)- (1)
For which the equilibrium constaii; is given by

2.3. Fluorescence probing

Pyrene (1 uM) was added to aqueous solutions of mix-
tures of CTAB and MASk at surfactant concentrations well
§= [Sm] f_M 2) above the cac, and the fluorescence spectra of pyrene were
[Sw1IMAS-n] fw recorded. Fluorescence spectra were obtained on a ISS PC1
where [Sy] and [Sy] denote molar concentrations of sub- Photon Counting spectrophotofluorometer. The ratio Ill/I
strate in agueous and in mixed micellar phase, respectively,corresponds to the ratio of intensities of peak thriee=(
[MAS-n] is the concentration of polymer units forming the 384 nm) to peak one\(= 373 nm). This ratio indicates the
mixed micelles, andfy and fy, are the activity coefficient  polarity of the pyrene microenvironment[16,17].
of the substrate in the respective phase. In Eq. (2) it is as-
sumed that all repeat units of the polymer are involved in the
formation of the mixed micelle. In addition, in these exper- 3. Resultsand discussion
iments, the concentration of surfactant is almost two orders
of magnitude lower than the molar concentration of repeat 3.1. MAS#/CTAB aggregates
units. Consequently, the concentration of this pseudo-phase
is taken as the molar concentration of the monomer units,  Addition of CTAB to aqueous solution of MAS-copoly-
[MAS-n]. Alternatively, this equilibrium constant can be de- mers results in the formation of aggregates at a surfactant
fined on a mole fraction basiX x, by concentration lower than the cmc of pure CTAB. The pres-
Xu fu ence of these aggregates was detected using pyrene as a hy-
Kx = Xw fw’ ®3) drophobic fluorescent probe. Measurements of the ratio ll/|
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Fig. 1. Plot of the ratio 11/l of pyrene in aqueous solutions of MAS-1 as a Fig. 2. Plot of f as a function of [MAS-4] expressed on a molar repeat
function of CTAB concentration. unit basis for @) phenol, @) p-methylphenol, &) p-ethylphenol, and

(V) p-propylphenol.
in an aqueous solution of MAS-1 as a function of CTAB con-
centration are shown in Fig. 1. The ratio 11/l exhibits a sharp from 0.66 to 0.90 in agueous solutions of MAS to MAS-8,
increase with increasing CTAB concentration until it level in the absence of CTAB. Hence, the hydrophobicitiy of the
off at a value ca. 0.76, which indicates the presence of a hy-aggregates formed by CTAB and MASis similar to that
drophobic environment. This kind of behavior has been ex- measured for normal CTAB micelles.
plained in terms of an early micellization process induced by
the polyelectrolyte. At CTAB concentrations below the cac 3.2. Distribution of phenols
the MAS+ chains adopt an extended form due to the elec-
trostatic repulsion between the carboxylate groups presentin  The equilibrium constantsks, were obtained from the
each repeat unit, and the ratio Ill/I reflects a polar environ- initial slope of a plot of f against [MAS#], expressed
ment. The association of opposite charged surfactant mole-on a molar repeat unit basis, according to Eq. (2). Results
cules to the ionic groups decreases the electrostatic repulsiorobtained for phenolp-methylphenol,p-ethylphenol, and
and the polymer chains tends to a more compact form. Dur- p-propylphenol in the presence of MAS-4/CTAB are shown
ing this process, which is a very cooperative process, pyrenein Fig. 2. It can be seen that the magnitude of association
senses a more and more hydrophobic microdomain reachingncreases with increasing number of carbon atoms in the
a maximum when micelles are formed. The hydrophobicity p-alkyl group of phenol.
of these aggregates, as measured by the ratio Ill/l, depends The values ofKs and Kx obtained for phenol and
on the length of the alkyl side chain. Thus, the final value the p-alkyl derivatives in aqueous solutions of all MAS-
of the ratio Ill/l ranges from 0.76 (for MAS/CTAB) to 0.94 CTAB systems are given in Table 1. The data show that the
(for MAS-8/CTAB). It is worth noting that the value of the equilibrium constant increases with increasing size of the
ratio Ill/I is 0.77 in micelles of CTAB [16], and it ranges alkyl group of the phenol and that the valuek§ is almost

Table 1
Distribution constant® g and K x of phenol andp-alkylphenols between the aqueous phase and mixed micelles formed by CTAB and k®lymers

Phenol p-Methylphenol p-Ethylphenol p-Propylphenol
MAS-n Kg Ky Kg Ky Kg Ky Kg Ky
0 19 1055 82 4573 215 11932 499 277678
2 42 2353 68 3774 140 7770 424 23532
4 47 2625 86 4761 227 12582 396 21978
6 45 2520 84 4684 231 12820 467 25919
8 59 3280
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Table 2

Standard free energies of transfsﬂ;;(?, (kImol 1)) of p-alkylphenols
from the aqueous phase to the MABSTAB aggregates (data correspond-
ing to normal micelles have also been included)

Phenol p-Methylphenol p-Ethylphenol p-Propylphenol

MAS  —172 —208 232 _253 e o
MAS-2 —192 —204 222 —24.9 2
MAS-4 —195 —209 233 247 s N
MAS-6 —19.4 ~209 —234 —251 o,
CTAB2 _238 _251 263 —280 . A
sb$  -196 ~209 -226 —238 =
3
a
From Ref. [19]. IL 26
(=] \ 4
=3
<

not affected by changes in the length of the alkyl side chain

of the polymer. These results indicate that the distribution of 28

phenols between the aqueous phase and the MIESAB

micelles is mainly determined by the structure of the hy-

drophobic substrate. A similar result has been found for the 30 — ‘ ‘ ;

transfer of phenols from the aqueous phase to the polymer

micelles formed by the sodium salts of alternating copoly- nc

mers of maleic acid and olefins, RA<; [18]. o Fig. 3. Standard free energies of transfer of phenols from water to poly-
The effect of the substrate structure on the distribution mer and ionic micelles as a function of the number of carbon atoms in

process can be analyzed in terms of the standard free energyhe p-alkyl group of phenols: @) MAS-4/CTAB, (A) PA-18K;, (M) SDS,

of transfer,Au? (given in Table 2). The standard free en- (Y) CTAB.

ergy of transfer of phenols from the aqueous phase to the

micellar phaseAu? = 18, — 19, calculated from Eq. (8),  Table 3

is assumed to be composed of additive contributions from Aromatic and methylene group contributions to the standard free energy of
different groups [6,19] transfer, and ratio 1lI/l in ionic and polymer micelles

0 o o Micelle —Apd, (kI morY)  —Apl (kImol)  Ratio I
Apy = Appr+nclpe, (9  masacTas 104 18 109
whereAud, Qenote§ the contribution of the parent aromatic 2?’:0\1; o ggzja igz ég;b
group,ApLOC is the incremental free energy per methylene gps 1942 15 0.88°
group, andi¢ is the number of these groups attached to the 3 From Ref. [19].
parent group. In Fig. 3 the values afu? obtained for the b From Ref. [17].

transfer from water to MAS-4/CTAB aggregates are plotted

against the number of carbon atoms in fralkylphenol. — teyms of penetration of water molecules into the aggregate,
For comparison, the results reported for transfer to spd|um which reduces the micelle hydrophobicity. However, a com-
dodecylsulfate (SDS) [19], CTAB [19], and PA'%BK‘"" parison of the ratio Ill/l values obtained in these systems
celles [18] have been included. The values/ofi, and (see Table 3) reveals that the hydrophobicity of the aggre-
Aug obtained from the intercepts and slopes of these plots, gates formed by MAS-4/CTAB and PA-18Ks higher than
respectively, are given in Table 3. The data show that the jn jonic micelles. Thus, the low values afi2. found for the
contribution from the aromatic group is greater in CTAB polymeric systems has been attributed to a configurational
and PA-18k than in MAS-4/CTAB and SDS. The enhanced  reorganization of the polymer chains required to accommo-
solubilization of the benzene group of phenols in CTAB date the alkyl chain of the phenols.

compared to that in SDS has been attributed to a specific in-

teraction between the head groups of CTAB and the aromatic

ring [19]. This effect is lost in the MASH/CTAB aggregates 4. Conclusions

due to the electrostatic interaction between CTAB and the

polymer chain. Consequently, the valuezts»tcgr obtained The interaction between CTAB and the oppositely
in MAS-4/CTAB is almost the same than that found in SDS charged copolymers MAB-generates aggregates where hy-
micelles. drophobic molecules can be dissolved. The distribution con-

On the other hand, the incremental free energy of transfer stants of phenols between aqueous phase and the MAS-
per methylene group is slightly higherin MAS-4/CTAB than CTAB aggregates and the corresponding standard free
in the other micelles, but still lower than that determined for energies of transfer were determined using the pseudo-
transfer to heptane [6] (3.27 kJmd). The low values of phase model. The distribution constants are not affected by
Aug, measured in ionic micelles, have been explained in changesin the length of the side alkyl chain, and they depend
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exclusively on the substrate structure. The effect of the phe-
nol structure on the free energy of transfer has been analyzed
in terms of two contributions: the free energy due to the aro-
matic moiety and the incremental free energy per methylene

group. The value oﬁugr in MAS-n/CTAB was found to

abhan (Eds.), Interactions of Surfactants with Polymers and Proteins,
CRC Press, Boca Raton, FL, 1993, p. 203.

[2] E.D. Goddard, Colloids Surf. 19 (1986) 255.

[3] E.D. Goddard, Colloids Surf. 19 (1986) 301.

[4] Y.J. Li, J.L. Xia, P.L. Dubin, Macromolecules 27 (1994) 7049.

[5] O. Anthony, R. Zana, Langmuir 12 (1996) 3590.

be lower than that in CTAB and equal to that measured in [6] C. Tanford, The Hydrophobic Effect, Wiley, New York, 1988.
SDS. This result has been explained as a consequence ofl7] M. Mizusaki, Y. Morishima, P.L. Dubin, J. Phys. Chem. B 102 (1998)

the interaction of the head groups of CTAB with MAS-
chains, preventing any specific interaction of CTAB mole-

1908.
[8] K. Yoshida, P.L. Dubin, Colloids Surf. A Physicochem. Eng. Asp. 147
(1999) 161.

cules with the benzene group of phenols. On the other hand, (9] k. Hayakawa, J.C.T. Kwak, J. Phys. Chem. 86 (1982) 3866.

the value ofAug was found to be slightly higher in MAS/

CTAB aggregates than in normal micelles, but lower than the

[10] K. Hayakawa, J.C.T. Kwak, in: D.N. Rubingh, P.M. Holland (Eds.),
Cationic Surfactants, Dekker, New York, 1991, p. 189.

transfer tar-heptane. This behavior is ascribed to the higher [111 D-Y. Chu, J.K. Thomas, J. Am. Chem. Soc. 108 (1986) 6270.

hydrophobicity of the MAS#/CTAB aggregates and a con-
figurational reorganization of the polymer chains.
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