
JOURNAL OF COLLOID AND INTERFACE SCIENCE 194, 356–363 (1997)
ARTICLE NO. CS975114

Interaction between Cetyl Pyridinium Chloride and
Water-Soluble Polymers in Aqueous Solutions

Inmaculada GarcıB a-Mateos, Soraya Pérez, and M. Mercedes Velázquez1
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takes place when the surfactant concentration is higher than a
The interaction between cetyl pyridinium chloride and different- value termed the critical aggregation concentration (CAC).

molecular-weight poly(vinylpyrrolidone) (PVP) and poly(ethyl- Then, there is binding of the surfactant onto the polymer in
ene glycol) (PEG) polymers has been investigated by means of the form of aggregates (1) . Once the polymer is saturated
electrical conductivity and fluorescence probing. No interaction

with the surfactant, the excess of surfactant molecules formsbetween the low-molecular-weight PVP polymers and the surfac-
free micelles and at higher surfactant concentrations poly-tant was detected, whereas a significant interaction was observed
mer-bound aggregates coexist with free micelles.between high-molecular-weight PVP polymers or PEG polymers

In polyelectrolyte oppositely charged surfactant systems,and cetyl pyridinium chloride. The results indicate that polymer–
the interaction clearly results from strong coulombic forces.surfactant aggregates start to form at a surfactant concentration

higher than the critical micelle concentration of micelles without In contrast to nonionic polymer systems, the interaction leads
polymers. In contrast, the degree of ionization and the interface to phase separation. This fact limits the studies to surfactant
polarity decrease as compared with values of micelles without concentrations close to the critical micelle concentration
polymers. The Gibbs free energy associated with the interaction (CMC). The interaction begins at surfactant concentrations
was also calculated. The values show that the addition of polymers below the CMC of the pure surfactant. At high polyelectro-
stabilizes polymer–surfactant aggregates. q 1997 Academic Press lyte concentrations a second, gel-like, liquid phase starts to

Key Words: cetyl pyridinium chloride; poly(vinylpyrrolidone) ;
form and can be separated at surfactant concentrations muchpoly(ethylene glycol) ; pyrene 1-carboxaldehyde; polymer–surfac-
lower than those corresponding to charge neutralization. Thetant interaction; electrical conductivity; fluorescence probing.
phase behavior (10) and surfactant aggregation number (11)
have been obtained for some surfactant–polyelectrolyte sys-
tems.INTRODUCTION

In systems consisting of uncharged polymers and ionic
surfactants the driving forces that lead to complex formationThe interaction between polymers and surfactants in aque-
are still poorly understood. Several interpretations have beenous solution has attracted much interest in recent years due
used to explain the difference between the behavior of cat-to the application of these systems in many industrial prod-
ionic and anionic surfactants (12–14). However, there isucts such as paints, coatings, cosmetic products, and tertiary
not a unified theory to interpret this behavior. To propose aoil recovery (1–4). The most extensively studied systems
general model for polymer–surfactant interaction it is neces-have been those consisting of uncharged polymers and ionic
sary to study the effect of the polymer hydrophobicity orsurfactants or polyelectrolytes and oppositely charged sur-
the head group surfactant charge on the interaction in a greatfactants, respectively. In the first category a strong interac-
variety of systems. In the case of a cationic surfactant thesetion between uncharged polymers such as poly(vinylpyrroli-
studies are limited by its weak interaction with the unchargeddone) (PVP) (5) , poly(vinyl alcohol) (PVA) (6), and
polymers. Therefore, the aim of this work is to study thepoly(ethylene oxide) (PEO) (7) and anionic surfactants like
interaction of the cationic surfactant cetyl pyridinium chlo-sodium dodecyl sulfate has been observed. Conversely, cat-
ride and different-molecular-weight poly(vinylpyrrolidone)ionic surfactants interact only weakly, if at all, with PEO or
and poly(ethylene glycol) polymers. The current study usesPVP (2), while for more hydrophobic polymers such as
conductivity measurements and fluorescence spectroscopypoly(propylene oxide) (5) , poly(vinylmethyl ether) (8) or
to examine the polymer–surfactant interaction. Conductivityhydroxypropyl cellulose (9) , significant interactions were
measurements were performed for the determination of the

detected. In all cases it has been observed that the interaction
CMC and the degree of micelle ionization with and without
polymers. Fluorescence probing measurements were per-

1 To whom correspondence should be addressed. formed for the determination of CMC values and to obtain
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357CETYL PYRIDINIUM CHLORIDE–POLYMER INTERACTION

information on the polarity of the water–micelle interface.
The fluorescent probe was pyrene 1-carboxaldehyde. This
probe is solubilized at the micellar interface (15) and its
maximum of the emission spectrum is red shifted when the
solvent polarity increases. The shift of this maximum is
linear with the solvent dielectric constant for values between
10 and 80 (16). Thus, from the position of the fluorescence
maximum of the probe solubilized in the micelle, the dielec-
tric constant of the micellar interface can be obtained.

MATERIALS AND METHODS

Materials

N-Cetyl pyridinium chloride (CPy), from Merck, was FIG. 1. Conductivity versus cetyl pyridinium chloride concentration for
solutions without polymers.used without further purification. The surfactant showed no

minimum in the surface tension–concentration plot, con-
firming its purity. The fluorescent probe pyrene 1-carboxal-

the evaporated residue, and the resulting solution was stirreddehyde (PyCHO), from Aldrich, was recrystallized several
until the probe was solubilized. The probe concentrationtimes from ethanol.
was kept at 0.9 mM and was determined by monitoring thePoly(vinylpyrrolidone) fractions PVP K15 (MW Å
absorbance at 370 nm (e Å 2 1 104 dm3 mol01 cm01) .10,000 g/mol) , PVP K25 (MW Å 24,000 g/mol) , PVP K30

The emission spectra were recorded with a Shimadzu RF-(MW Å 40,000 g/mol) , PVP K90 (MW Å 360,000 g/mol) ,
540 spectrofluorometer. The excitation wavelength was 370and poly(ethylene glycol) fractions PEG 20000 (MW Å
nm, and both excitation and emission slits were 5 nm.17,000 g/mol) and PEG 35000 (MW Å 34,000 g/mol) were

used as received from Fluka. The molecular weights were
RESULTS AND DISCUSSIONprovided by the manufacturer. Aqueous polymer solutions

always give a neutral pH.
The solutions were prepared with water obtained after Determination of the Critical Micelle Concentration by

treatment with a Milli-Q system from Millipore. Conductivity Measurements

The study of the interaction between CPy and poly(vinyl-Conductivity Measurements
pyrrolidone) and poly(ethylene glycol) polymers was car-

The correct determination of the CMC requires a large ried out by determining the CMC of micelles in the absence
number of experimental results, so a technique of conducto- and presence of polymers.
metric titration was employed. Each curve has between 40 The CMC of a surfactant in water is determined by the
and 50 conductivity/surfactant concentration values. In mi- appearance of a discontinuity in the variation of some solu-
cellar solutions without polymers the curve contains 120 tion properties as a function of surfactant concentration. In
experimental values. CMC values were taken from the inter- some cases a second breakpoint in the solution property
section of the tangents drawn before and after the breakpoint appears at a surfactant concentration higher than the CMC
in the conductivity-versus-surfactant concentration plot. of aqueous surfactant. The interpretation provided by most

The electrical conductivity was measured using a CDM authors is that this second break corresponds to structural
83 (Radiometer, Copenhagen) conductometer operated at micellar changes, as a sphere-to-rod transition.
586 and 4.69 kHz and an Ingold conductivity cell of 0.974 Recently, a second CMC for CPy (3.4 mM) was reported
{ 0.004 cm01 . The constant cell was calibrated with solu- (18). To confirm this CMC we obtained the electrical con-
tions of KCl of known concentration (17). All measure- ductivity of solutions containing surfactant concentrations
ments were performed at 25.0 { 0.17C. in the range 0.4 to 8 mM. The highest surfactant concentra-

tion is about nine times the CMC of pure surfactant. Figure
Fluorescence Measurements

1 shows these results. In view of these results no second
break appears in this curve. The presence of only one discon-The incorporation of pyrene 1-carboxaldehyde into mi-

celles was carried out as follows: An appropriate volume of tinuity was confirmed by fluorescence probing; results are
discussed in the next section.solution of pyrene 1-carboxaldehyde of known concentration

in methanol was poured into a volumetric flask and the sol- The CMC of CPy pure surfactant was calculated more
accurately by using a range of surfactant concentration ofvent was evaporated by slow passage of N2. The solution of

surfactant and mixtures of polymer–surfactant were added to 0.4 to 1.5 mM. The average CMC value from several deter-
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FIG. 2. Conductivity versus cetyl pyridinium chloride concentration for solutions with different polymers.

minations was 9.1 { 0.1 1004 M. This value agrees with the values obtained from these breakpoints are listed in Table
1. The lowest CMC agrees to that corresponding to aqueousvalue found in the literature (19).

The above-mentioned methodology was used to determine surfactant and is associated with the pure micelle aggregation
process. The second CMC (CMCp) appears at higher surfac-CMC values of micellar aggregates containing polymers. To

study the effect of the composition on the surfactant–poly- tant concentration and linearly varies with the polymer con-
tent.mer interactions, the polymer content, given as a weight

percentage of the polymer to water fraction, has been system-
atically modified in the range 0.001–0.10%.

TABLE 1The addition of PVP polymers to CPy aqueous solutions
Critical Micelle Concentration and Degree of Micelle Ionizationinduces different behaviors as a function of the polymer

of Aqueous Cetyl Pyridinium Micelles in the Presence of Differentmolecular weight. When PVP K15 or PVP K25 was added,
Concentrations of PVP K30the trend of variation of the electrical conductivity with the

surfactant concentration is similar to that in the absence CMC 1 104 CMCp 1 103

of polymers; i.e., only a discontinuity in the conductivity/ % PVP K30 (M) (M) a ap

surfactant concentration curves was detected (Fig. 2) . The
0.005 9.13 — 0.56 —CMC remains constant with the polymer concentration at a
0.008 9.12 — 0.51 —value of 9.18 { 0.06 1004 M. This value agrees with the
0.01 9.07 — 0.53 —

CMC of the pure surfactant; thus, it can be concluded that 0.015 9.06 — 0.50 —
there is no interaction between these polymers and cetyl 0.02 8.69 1.15 0.65 0.48

0.03 9.00 1.28 0.54 0.42pyridinium chloride. This fact is also observed when low
0.402 9.10 1.34 0.55 0.44concentrations of PVP K30 (õ0.02%) are added to surfac-
0.05 9.07 1.49 0.56 0.42tant solutions. At higher PVP K30 concentrations, two
0.06 9.26 1.61 0.56 0.44

breaks in the conductivity curves appear (Fig. 2) . The CMC
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TABLE 2 TABLE 4
Critical Micelle Concentration and Degree of Micelle Ionization Critical Micelle Concentration and Degree of Micelle Ionization

of Aqueous Cetyl Pyridinium Micelles in the Presence of Differentof Aqueous Cetyl Pyridinium Micelles in the Presence of Different
Concentrations of PVP K90 and the Standard Gibbs Energy Asso- PEG 35000 Concentrations and the Standard Gibbs Energy Asso-

ciated with the Polymer–Surfactant Interactionaciated with the Polymer–Surfactant Interactiona

CMC 1 104 CMCp 1 103 DG 0
t % PEG CMC 1 104 CMCp 1 103 DG 0

t

35000 (M) (M) a ap (kJ mol01)% PVP K90 (M) (M) a ap (kJ mol01)

0.001 9.05 1.30 0.54 0.44 00.35 0.01 9.14 1.26 0.58 0.44 01.16
0.02 8.99 1.26 0.58 0.45 01.000.002 9.15 1.30 0.54 0.44 00.35

0.005 9.16 1.35 0.54 0.43 00.28 0.03 8.93 1.27 0.61 0.48 01.00
0.04 8.88 1.27 0.59 0.44 01.240.01 9.21 1.34 0.53 0.43 00.25

0.03 9.04 1.28 0.55 0.45 00.41 0.05 8.95 1.26 0.60 0.44 01.45
0.06 8.94 1.26 0.59 0.44 01.320.05 9.20 1.30 0.55 0.45 00.35

0.07 9.17 1.35 0.53 0.43 00.34 0.07 8.94 1.22 0.62 0.45 01.48
0.08 9.25 1.24 0.62 0.48 01.26

a The standard Gibbs energy is calculated according to Eq. [1].

In the presence of different PVP K90 concentrations, the All these conclusions are also supported by the fact that
conductivity curves can be represented by three linear rela- slopes before (Ç90), and after (Ç50) the first breakpoint
tions, and two breakpoints were also detected. The CMC are equal to those in the absence of polymers, indicating
values deduced from these plots are listed in Table 2. Here, that this point is associated with the aggregation of free
the lower CMC is also ascribed to the pure micelle associa- micelles. The third slope (Ç38) is lower than the other ones
tion and the second cmc, CMCp, does not depend on the and can be associated with the polymer–surfactant aggre-
polymer concentration. gates.

All these facts may indicate that the interaction between
cetyl pyridinium chloride and PVP polymers depends on the
polymer hydrophobicity; i.e., only high-molecular-weight
PVP polymers such as PVP K30 and PVP K90, interact with
the surfactant.

In the presence of PEG polymers, the conductivity curves
present two CMC values corresponding to different micellar
aggregation processes (Fig. 2) . Tables 3 and 4 show these
data for PEG 20000 and PEG 35000, respectively. The first
break corresponds to a CMC close to that of the pure surfac-
tant, so that was associated with the formation of pure mi-
celle. The second CMC was associated with polymer–sur-
factant aggregates and remains unchanged with increase in
PEG concentration.

TABLE 3
Critical Micelle Concentrations and Degree of Micelle Ioniza-

tion of Aqueous Cetyl Pyridinium Micelles in the Presence of Dif-
ferent PEG 20000 Concentrations and the Standard Gibbs Energy
Associated with the Polymer–Surfactant Interactiona

% PEG CMC 1 104 CMCp 1 103 DG 0
t

20000 (M) (M) a ap (kJ mol01)

0.02 9.09 1.32 0.57 0.44 00.81
0.03 9.09 1.27 0.61 0.46 01.31
0.045 9.05 1.32 0.57 0.43 00.98
0.066 9.04 1.31 0.57 0.43 01.00
0.085 8.99 1.30 0.55 0.43 00.70
0.10 9.04 1.35 0.55 0.43 00.83 FIG. 3. Fluorescence spectra of pyrene 1-carboxaldehyde solubilized

in micelles of cetyl pyridinium chloride and 0.03% PVP K90: — , 2.26
mM Cpy; – – , 1.06 mM CPy; -r, 0.79 mM CPy.a The standard Gibbs energy is calculated according to Eq. [1].
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FIG. 4. Variation of lmax for pyrene 1-carboxaldehyde with cetyl pyridinium chloride concentration.

It is important to consider that all slopes are practically hydrophobic environment. When a particular surfactant con-
centration is reached, lM remains constant. The CMC corre-unaffected by both polymer size and polymer concentration.
sponds to the inflection point of this curve and was calculated

Determination of the Critical Micelle Concentration by from the minimum of its first derivative. From this methodol-
Fluorescence Probing ogy we have obtained for the CMC of pure surfactant the

value of 8.8 1 1004 M, in excellent agreement with thatFluorescence probing has been used to determine the
found by conductivity measurements. It is interesting to noteCMC of micelles in the absence and presence of polymers
that from fluorescence measurements no second breakpointand was also used to estimate the interface polarity of micel-
was detected. This is consistent with conductivity resultslar aggregates. The fluorescent probe was pyrene 1-carboxal-
obtained in this work.dehyde, PyCHO.

It is also possible to obtain the lM of pyrene 1-carboxalde-The fluorescence of this probe strongly depends on solvent
hyde in the micelle and from the linear relation between lMpolarity; i.e., the fluorescence maximum shows a red shift
and the solvent dielectric constant to estimate the polaritywith increased solvent polarity which is linear with the sol-
of the micellar interface. In the absence of polymers wevent dielectric constant (16). In addition, NMR studies have
found that the dielectric constant of the water–micelle inter-shown that this compound is solubilized at the micellar inter-
face was 35.3 { 0.5, in agreement with values found byface (15); as a consequence, the fluorescence of the probe
other authors for cationic micelles (20, 21).in micelles provides a direct measure of the polarity of the

To confirm conductivity results the CMCs of micellesmicelle–water interface.
with different polymer concentrations were determined byThe CMC of micelles can be also determined from emis-
fluorescence probing. The CMC is calculated from the mini-sion spectra of PyCHO solubilized in micellar solutions of
mum of the first derivative of lM-versus-surfactant concen-variable surfactant concentrations with and without poly-
tration curves.mers. For orientation purposes some of these spectra are

All the results are consistent with those from conductivity.represented in Fig. 3.
In Table 5 are the CMC values determined by fluorescenceFigure 4 presents the plot of the position corresponding to
measurements, and Fig. 5 shows some of these results. Tablethe maximum of the PyCHO emission spectrum, lM, against
5 also presents the interface dielectric constant of aggregatessurfactant concentration in the absence of polymers. As can
containing polymers, and for comparative purposes the valuebe seen in this figure, at surfactant concentrations lower
of the pure micelle is also shown. As can be seen onlythan the CMC, the maximum position is around 469 nm,
one discontinuity was detected in curves corresponding tocorresponding to PyCHO aqueous solutions, whereas above
micellar solutions with PVP K15, PVP K25, or low concen-the CMC, the fluorescence maximum is blue shifted. This

indicates that the fluorescent probe is displaced to a more trations of PVP K30, whereas two breakpoints were ob-
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TABLE 5 mers or between high-molecular-weight PVP (§40,000 g/
Critical Micelle Concentration and Micelle Interface Dielectric mol) polymers and CPy surfactant. The interaction appears

Constant of Aqueous Cetyl Pyridinium Chloride Micelles with and at a surfactant concentration higher than the CMC of the
without Polymers Determined by Fluorescence Measurements micelle without polymers. The polarity of the micelle inter-

face decreases with the addition of polymers. This might
CMC 1 104 CMCp 1 103

indicate that the addition of these polymers increases the% Polymer (M) (M) e
size of micelles. This assumption is based on results from

0 8.8 — 35.3 { 0.5 other authors who have observed that the increase in micelle
PVP K15 size induces a decrease in the area per head group (22) with

0.02 9.1 — 35.3 { 0.8 a simultaneous decrease in the interface polarity (20).
0.05 9.1 — 35.4 { 0.1

PVP K25 Determination of the Degree of Micelle Ionization and the
0.02 9.2 — 35.2 { 0.2 Standard Gibbs Energy Associated with the Interaction
0.06 9.4 — 34.8 { 0.6

PVP K30 To obtain more information about the interaction between
0.01 9.2 — 35.6 { 0.5 these polymers and cetyl pyridinium chloride, the degree of
0.03 9.3 1.2 32.9 { 0.3

micelle ionization and the standard Gibbs energy associated0.05 9.8 1.6 32.6 { 0.5
with the interaction were calculated.0.06 8.8 1.8 33.0 { 0.7

In pure micelles the ionization degree, a, was deter-PVP K90
0.03 9.0 1.4 33.6 { 0.4 mined from the ratio of the slopes of the conductivity-
0.05 9.4 1.2 34.5 { 1.5 versus-surfactant concentration plots above and below the
0.07 8.9 1.4 33.6 { 0.5

CMC (7, 23) . However, in some polymer–surfactant so-PEG 20000
lutions conductivity curves can be represented by three0.04 8.5 1.3 31.2 { 0.2
linear relations, and as a consequence, two ionization de-0.06 9.4 1.3 32.2 { 0.8

0.10 9.1 1.3 32.1 { 0.7 grees were calculated. If S1 , S2 , and S3 are the conductivity
PEG 35000 slopes respectively before the CMC, between the CMC

0.03 9.2 1.6 33.5 { 0.3
and CMCp , and above CMCp , the first ionization degree,0.04 9.2 1.2 33.5 { 0.5
a, is calculated from the ratio S2 /S1 , and the second ion-0.06 9.7 1.5 33.5 { 0.2
ization degree, ap , from the ratio S3 /S1 . The calculated a
values are listed in Tables 1–4.

From micelle ionization degrees we conclude the follow-served in solutions with PVP K90, PEG 20000, PEG 35000,
ing: ( i) The degree of ionization of micelles without poly-and high concentrations of PVP K30. Examination of the
mers, a, is 0.53 { 0.05. This value agrees with values ob-results in Table 5 shows the following: ( i) The addition of
tained for cationic micelles with the same counterion, Cl0 ,PVP K15, PVP K25, and low concentrations of PVP K30
by other authors (24). ( ii ) In systems containing PVP K15,does not modify the CMC of aggregates as compared with
PVP K25, or low concentrations of PVP K30, the degree ofthe pure micelle. The dielectric constant of the micellar inter-
ionization remains constant around 0.51 { 0.02. This valueface is practically unaffected by the addition of polymers.
is the same as that of pure micelles. This is an additionalThese facts show no interactions between these polymers
argument to confirm no interactions between these polymersand CPy, in agreement with data from conductivity. ( ii )
and CPy. ( iii ) When PVP K90, PEG 20000, PEG 35000,When high PVP K30 concentrations and PVP K90 were
or high PVP K30 concentrations were added to surfactantadded to CPy solutions, two CMC values were determined.
solutions, the first ionization degree was the same as theOn the other hand, the addition of these polymers decreases
value for micelles without polymers. The second ionizationthe interface polarity of polymer–surfactant aggregates with
degree, ap , decreased with respect to that corresponding torespect to the pure micelle. ( iii ) In the presence of PEG
pure micelles. This value is not affected by either polymerpolymers, plots of lM versus surfactant concentration also
size or polymer concentration. The decrease in ap may indi-present two breakpoints corresponding to the aggregation
cate an increase in the micelle size induced by polymers.processes of free and polymer–surfactant micelles, respec-
This is consistent with the decrease in interface polaritytively. The CMC values agree with those obtained from
detected by fluorescence probing.conductivity curves. The interface polarity, given as the di-

We have also calculated the standard free energy associ-electric constant of the micellar interface, weakly decreases
ated with the interaction between surfactant and polymers,with respect to that corresponding to micelles without poly-

mers. DG 0
t , given by the difference in the Gibbs free energy of

transfer of the surfactant monomer from aqueous solutionThe information obtained from the fluorescence spectra
of PyCHO solubilized in micelles with and without polymers to the micelle in the presence and in the absence of polymers;

that for monovalent counterions is (25, 26)revealed that the interaction takes place between PEG poly-
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FIG. 5. Variation of lmax for pyrene 1-carboxaldehyde with cetyl pyridinium chloride concentration for micellar solutions with polymers.

tween these surfactants and PEO (26) are 02.7 and 01.2DG 0
t Å RT[(2 0 ap) ln CMCp 0 (2 0 a) ln CMC], [1]

kJ/mol for SDS and Cu(SD)2, respectively. These values
are smaller than those corresponding to the interaction with

where the subscript p refers to polymer–surfactant aggre-
CPy, except in the case of PEG 35000. This indicates thatgates. The standard Gibbs energy calculated by Eq. [1] and
these anionic surfactants generally interact more stronglythe CMCs and ionization degrees obtained in this work are
with polymers than CPy.summarized in Tables 2–4.

In all cases the free energy for transfer of the surfactantThe results show that DG 0
t remains constant with polymer

monomer toward the polymer–surfactant micelle is smallerconcentration. The average values were 00.33 { 0.05,
than the value corresponding to pure micelles, indicating00.90 { 0.19, and 01.24 { 0.16 kJ/mol, for micellar solu-
that the addition of these polymers stabilizes the micelle.tions containing PVP K90, PEG 20000, and PEG 35000,
The stabilization can be due to the decrease in the degreerespectively. The standard Gibbs energy of micelles con-
of ionization induced by polymer addition. The micelle stabi-taining PVP K30 was not calculated because there is evi-
lization is more pronounced in PEG solutions. This can bedence of several processes besides micellar aggregation, as
explained if it is considered that PEG polymers are morecan be deduced from the linear dependence between CMCp

hydrophilic than PVP polymers. Thus, the attraction betweenand polymer concentration. Thus, CMCp values do not corre-
the surfactant head group and polymer segments becomesspond to a true critical micelle aggregation and, as a conse-
important, giving a favorable contribution to the free energyquence, cannot be used in Eq. [1] .
of polymer–surfactant micelles formation (27). In contrast,DG 0

t values for the interaction of PVP K90 with SDS and
a weak interaction between hydrophobic PVP polymers,Cu(SD)2 are 04.6 and 02.7 kJ/mol (26), respectively. On

the other hand, values corresponding to the interaction be- PVP K30 and PVP K90, and CPy was observed. In these
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