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Abstract

The interaction between Tween 80 and Pluronic F-127 with carbopol in water was studied as a function of surfactant concen-
tration. 0.25% carbopol microgels dispersions showed a continuous decrease in transmittance, viscosity and conductivity when
surfactant concentration ranged from 0.01-0.02% to 0.50% Tween 80 or from 0.03-0.06% to 0.30% Pluronic F-127. These limit
values can be considered as the critical association concentration and the saturation binding concentration, respectively. In this
concentration range, a strong rise in pH (from 3.18 to 3.50) suggested that surfactant—polymer binding occurred mainly through
a stoichiometric hydrogen-bonding interaction between the oxyethylene and carboxylic groups. In the presence of carbopol,
the concentration of Tween 80 at the air/water interface decreases as the surfactant is adsorbed onto the polymer and drawn
into the bulk solution. In contrast, the interaction with the polymer seems to change the conformation of the expanded chains
of Pluronic F-127, making it easier for more molecules of surfactant to be at the interface and increasing the thickness of the
interfacial surfactant layer. Fluorescence probes indicated that the carbopol network presents a more apolar medium than pure
water, and the differences in the hydrophile—lipophile balance (HLB) of each surfactant were responsible for theljpwer
values obtained with Tween 80/carbopol systems. Microcalorimetry titration data made it possible to conclude that Tween 80/car-
bopol interaction, at 298 K, is an enthalpy-driven process due to stabilization of Tween 80 units inside the polymer network. In
contrast, Pluronic F-127/carbopol association (endothermic process) occurs owing to a gain in entropy when polymer—surfactant
interaction allows the restoration of free water hydrogen-bonding structure, resembling the micellization process.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction the polymer Ritaco et al., 200) or the presence of
additives Tsianou and Alexandridis, 199@nd salts
Polymer—surfactant association is influenced by (Rosen et al., 1998 In general, polymer—surfactant
many factors including their ionic character, the hy- systems show a typical phase diagram with three
drophobicity of the polymer and the non-polar tail regions depending on the relative proportions of the
of the surfactantRosen et al., 1998; Marques et al., components Goldraich et al., 1997; Guerrini et al.,
1999, the structural conformation and flexiblity of 1998. Below the critical aggregation concentration
(cac), no changes are appreciable. Above the cac but
mponding author. Fax:34-981-547148. below critical micellar concentration (CmC), if the
E-mail addressffancon@usc.es (A. Concheiro). polymer concentration is lower than its entanglement
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concentration, the surfactant favors the intrapolymeric polar organic solvents. In aqueous medium, an in-
interactions (each aggregate involves one polymer crease in pH causes repulsion among the carboxylic
molecule), which causes the coiling of the polymer groups and swelling of the microgels to give an ex-
chain and a decrease in viscosigdqddard, 1998 tensive gel-like structure. In non-aqueous media, the
Oppositely, for polymer concentration higher than the presence of a hydroxyl donor can expand the micro-
entanglement concentration, the surfactant can act asgels through the establishment of hydrogen bonds
a binding bridge among different polymer chains (in- with the carboxylic groups[Oittgen et al., 199y
terpolymeric complex), which promotes the appear- The concomitant presence of surfactants in the for-
ance of a three-dimensional network and increases themulations, as solubilizers or stabilizers, and in the
viscosity. Above the saturation level of binding, the physiological medium leads to considerable inter-
surfactant will form micelles that can solubilize hy- est in the study of carbopol-surfactant interactions.
drophobic regions of the polymer and the complexes, The knowledge of these interactions can be useful
decreasing the consistency of the network and the vis- to modulate the rheological pH-dependence of car-
cosity of the systemHansson and Lindman, 1996 bopol microgels and its performance as drug delivery
In addition to viscosity, several other techniques have systems Barreiro-Iglesias et al., 2001; Paulsson and
been used to determine the cac. However, in some Edsman, 2001

cases opposite results were obtainBdr(khira et al., Although a large number of studies have examined
2000. linear poly(acrylic acid) polymers-surfactant systems,

The association processes between linear poly(acry-much less attention has been paid to cross-linked
lic acid) polymers and surfactants have been studied networks Cole et al., 1990; Philippova et al., 1996;
by adsorption Kiefer et al., 1993; Shimizu, 1994 Ashbaugh et al., 2000; Hansson et al., 2000; Barreiro-
surface tensionBromberg et al., 2000 fluorescence  Iglesias et al., 2001Simovic et al. (1999andLin and
(Anghel et al., 1994; Oliveira et al., 1996; Schillén Sung (2000)analysed the rheological behaviour of
et al., 2000, dye solubilization Anghel et al., 199% carbopol/Tween 80 and carbopol/Pluronic F-127 dis-
and conductivity Anghel et al., 1994; Anghel et al., persions with high surfactant concentrations. These
1999 methods. When the surfactant is anionic, the studies showed that, although Tween 80 caused al-
interaction is mainly hydrophobic and is favored most no change in the viscosity, Pluronic increased it
when the polymer is not ionized. To maintain the strongly. In a previous papeBérreiro-Iglesias et al.,
electroneutrality conditions, the surfactant is accom- 2002, we observed, using infrared spectroscopy
panied by its counterions, which increase the osmotic and differential scanning calorimetry of films, that
pressure inside the aggregates and cause their swellingcarbopol interaction with these surfactants depends
(Philippova et al., 1998 In the case of a cationic sur- markedly on their weight ratio and that, in fact, hydro-
factant, the association process with poly(acrylic acid) gen bonding formation occurs with both surfactants.
may result in a phase separation when the carboxylic The aim of this work is to obtain a clearer picture of
groups are neutralized by the cationic groups of the the mechanisms of interaction between carbopol and
surfactant Goldraich et al., 1997; Anthony et al., these two surfactants and to characterize the structure
1998. The interaction with a nonionic surfactant is of the complexes formed.
usually weak except for the association of poly(acrylic
acid) with ethoxylated surfactant&righel et al., 1994;

Galatanu et al., 2000; Lin and Sung, 2000; Robb and 2. Experimental
Stevenson, 20Q0In these systems, hydrogen bonding

between the carboxylic groups and the oxygen of the 2.1. Materials
ethyleneoxide chain contributes to the aggregation.

Carbopol microgels, which are constituted by CarbopoP 934NF (62.6% carboxylic groups, mole-
poly(acrylic acid) cross-linked with allylsucrose or cular weight 3x 10° Da) was provided by BFGood-
allylpentaerythritol, have numerous pharmaceutical rich Europe, UK. Polyoxyethylene 20 sorbitan
and cosmetical applications thanks to an important monoleate (Tweéh 80), polyoxyethylene—poly-
thickening ability both in aqueous solutions and in oxypropylene—polyoxyethylene triblock copolymer
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(Pluroni® F-127) were from Sigma. Orange OT (an (Lauda-Konigshofen, Germany) applying the needed
oil soluble dye) and pyrene (Py) were from Aldrich density corrections. The concentration of surfactant
Chemical Co. Ultra-pure water obtained by reverse at the interface I) in the presence and absence of
osmosis (Milli®, Millipore Spain) was used. The polymer was estimated applying the modified Gibbs
other chemicals were of analytical grade. adsorption equatiorRosen, 198p
. , . dy = —RTIdInC Q)
2.2. Preparation of carbopol/surfactant dispersions
in which y is the surface tension (mJ#yof a surfac-
Carbopol/surfactant samples were prepared by tant solution of molar concentratiof, R is the gas
mixing, under stirring, concentrated carbopol and sur- constant (8.31 J/mol K)[ is the absolute temperature,
factant agueous solutions at the appropriate ratio, andand I" is the surface excess of surfactant molecules
dilution with ultrapure water to obtain a constant car- or the concentration of surfactant at the interface
bopol concentration (0.25% (w/w)) and a wide range (mol/1000n?). From the surface excess concentra-
of surfactant concentrations (0.001-2.0% (w/w)). The tion, the area per molecule at the interface, in square
systems were prepared on a surfactant percent basisangstroms, was calculated as follows:
rather than in molarity due to the large differences in 103
molecular weight between Tween 80 (MW 1310) Ay = —
and Pluronic F-127 (MW= 12,600). In the range of NI
Tween 80 concentrations studied, equimolar solutions whereN is the Avogadro’s number.
of Pluronic F-127 would be too viscousvesemeyer
et al., 1993. The samples were left to stand at room 2.7. Conductivity
temperature at least 24 h before measurements. All
subsequent experiments were carried out in triplicate  Conductance measurements were made in a Con-

)

at 298.0K. ductivity Meter model CDM2e (Radiometer Copen-
hagen, Denmark) equipped with a Crison platinum
2.3. pH sensor (Barcelona, Spain).

The pH measurements were made with a pHmeter 2.8. Dye solubilization
Crison, model GLP22 (Barcelona, Spain), equipped

with a viscous sensor (Ag/AgCl) no. 52-21. An excess of Orange OT was added to a solution
of surfactant with or without polymer. The system
2.4. Cloudiness was mixed with a magnetic stirrer and stored at

298.0K for 72 h. The non-solubilized dye was sepa-
The cloudiness of dispersions was determined by rated off by centrifugation, and the absorbance of the
measuring trasmittance at 800 nm (Shimadzu UV-240, supernatant was determined spectrophotometrically
Japan) against a blank of carbopol dispersion without at 495 nm (Shimadzu UV-240, Japan) against a blank
surfactant. of carbopol dispersion without surfactant, to subtract
the small solubilizing effect due to carbopol itself.
2.5. Viscosity
2.9. Steady-state fluorescence measurements
Determinations of specific viscosity of carbopol-
surfactant dispersions were carried out in a Cannon- Pyrene (Py) emission spectra & 350-450 nm)

Fenske capillary viscometer. were recorded in a Perkin-Elmer LS50B fluorescence
spectrophotometer (Buckinghamshire, UK), with the
2.6. Surface tension excitation wavelength set to 336 nm and slits set to

5 and 2.5 for excitation and emission, respectively.
Surface tension measurements were made by thePyrene (Py) was used as a probe at®id, concen-
platinum ring method using a Lauda Tensiometer TD1 tration low enough to prevent excimer formation in
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water. The samples were prepared by addition of Py The enthalpy of carbopol dilution (final concentration
solution to polymer/surfactant or surfactant only dis- was 3% lower) was negligible. The final concentra-
persions, and stored at 298.0K for 48 h. The ratio of tion of Pluronic F-127 in the dewar was well below
the intensity at the firstl( at 373nm) and the third that required for micellar formation at the temperature
(I at 384 m) vibronic peaks was used as an index of the experiment. Therefore, no interference due to
of the local hydrophobicity of the polymer/surfactant phase transition should be expected in the estimation

aggregates@liveira et al., 1995 of the enthalpy Ifwin et al., 1993. From the integral
heats of the reaction at different times (at least 10
2.10. Titration microcalorimetry points were used)AHagg and the apparent binding

equilibrium constant Kagg were estimated, using

Calorimetric experiments were performed in du- FS101 software, by iterative convergence applying
plicate using a Tronac-450 isoperibol microcalorime- the least squares techniquBafough et al., 19794
ter and Tronac FS101 calorimetry software (Tronac USINg Kagg the Gibbs energy changea Gagg) per
Inc., Orem, Utah). In each experiment, a 47.5ml mole surfactant adsorbed was estimated.
carbopol solution with a concentration of 0.25%
(w/w) was placed in a dewar reaction vessel, and
a relatively concentrated surfactant solution (15%)
was loaded into a 2ml calibrated buret. The entire
assembly was then immersed into a constant tem- 3- Resultsand discussion
perature water bath (298.0K). After thermal equi-
libration, the surfactant solution was delivered at 3-1. Cloudiness and viscosity
a constant rate of 0.3332ml/min into the reaction ] ) ]
vessel, in which a stirrer mixed the two solutons  During sample preparation, an important change
rapidly. The rise or decrease in the temperature of in the aspect and consistency of the systems depend-
the system was monitored using a thermistor, and ing on the amount of surfactant added was observed.
later reproduced using a heating coil in the reaction Fig- 1 shows that for both nonionic surfactants a
vessel. The apparent enthalpy was calculated from Strong decrease in transmittance and viscosity occurs
the applied current and voltage and the heating time. 8S the surfactant proportion in the sample increases.
Calibration of the system was assured by titration Around 0.2% surfactant, macroscopic aggregates
of tris(hydroxymethyl)aminomethane with HCI. As Were shown in the 0.25% carbopol dispersion and
a blank, a diluted HCI aqueous solution of the same viscosity could not be measured. A further increase
pH as carbopol solution (pH 3) was used instead in surfactant did not modify thg transmittanc_e buF
of carbopol dispersion. To obtain the heat associ- the aggregates were not perceptible, and the viscosity
ated to carbopol ionization, the carbopol dispersion could be measured again. Carbopol/Tween 80 sys-
was titrated with ammonium acetate (0.046M) to tems had a minimum in viscosity for 0.6% Tween 80,
produce the same increase in pH as the addition of while carbopol/Pluronic F-127 showed the minimum
the surfactant solutions. The integral binding heat at 0.3% surfactant. The decrease in viscosity may be
for the polymer/surfactant aggregatiofagg pro- attributed to mFraponmerlc interactions fa_vored by
cess was estimated by subtracting from the measuredSurfactant binding, which cause a shrinking of the
heat produced by addition of surfactant to the car- Polymer microgelsKig. 2). Changes in the intrinsic
bopol dispersion @), the heat effects due to the viscosity of carbopol |n_the absence and presence
dilution/demicellization of the surfactant in the HCI ~©Of Tween 80 and Pluronic F-127 were reported pre-
aqueous solution used as a blar@g) and due to viously Barreiro-lglesias et al., 2001At acid pH,

the change in the ionization degree of carbopol car- ¢arbopol intrinsic ViSCOSitY was .56 + 0.75dl/g.

and Melchior, 1990; Irwin et al., 1993 medium at a concentration below cmc, intrinsic vis-
cosity was reduced to.98+ 0.01 or Q75+ 0.15dl/g,
Qagg= Op — Qd — Qion 3) respectively. Changes in intrinsic viscosity are directly
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Fig. 1. Effect of Tween 80 (A) and Pluronic F-127 (B) concen-
tration on viscosity and cloudiness of 0.25% carbopol solutions.

related to the variation in the hydrodynamic volume
of the polymerFig. 2is an attempt to explain graph-
ically the decrease in viscosityrig. 1) caused by
surfactant absorption. The scheme is also consistent
with the data obtained using the techniques described
below. Above saturation, surfactant aggregates may
involve several carbopol microgels and free micelles
appear, which may be responsible for the increase
in viscosity. Previous studies performed on linear
poly(acrylic acid) and hexaethylene glycol monodo-
decyl ether or octaethylene glycol monododecyl ether
showed a similar patterrAqighel et al., 1994 The
surfactant concentration at which the viscosity begins
to diminish is related to the cac, while the viscosity
minimum may correspond to the saturation binding.
Considering the number of ethyleneoxide groups
per molecule of each surfactarRdrter, 1994; Alex-
andridis et al., 1994.0.5% Tween 80 gives 0.0763 mol
ethyleneoxide per liter while 0.3% Pluronic F-127
provides 0.0476 mol ethyleneoxide per liter. These

169

Carbopol microgel

Surfactant

Surfactant

Surfactant

Fig. 2. Schematic representation of the changes in carbopol micro-
gels volume caused by association process of a nonionic surfac-
tant. Carbopol microgels size ranged from 800 to 12000 B (
Goodrich, 199% while nonionic surfactant micelles ranged from

2 to 8nm Wanka et al., 1994

values are close to the 0.0348 mol carboxylic groups
contained in 11 of 0.25% carbopol solution. This
observation suggests an almost stoichiometric hy-
droxyl/carboxyl binding in the saturation region.
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Fig. 4. Conductivity of agueous solutions of Tween 80 (A) and
Fig. 3. Surface tension of aqueous solutions of Tween 80 (A) and Pluronic F-127 (B) in the absence and presence of 0.25% carbopol.
Pluronic F-127 (B) in the absence and presence of 0.25% carbopol.

this region corresponds to 0.001-0.01% surfactant
3.2. Surface tension, conductivity, and pH (Fig. 3A). However, for Pluronic F-127 only solu-

tions two points of inflection were observed, at 0.02

Both surfactant and carbopol/surfactant dispersions and 0.50% Fig. 3B). These two breaks in the curves

were analyzed simultaneously in order to discriminate have been attributed to changes in the size and shape
the effects of carbopol/surfactant interaction. The cmc of Pluronic aggregates>(asad et al., 197%r to the
for Tween 80 and Pluronic F-127 in pure water can be inherent broad molecular distribution of the copoly-
established by surface tension and conductivity to be mers {Vanka et al., 1994 The last inflexion point is
around 0.02 and 0.50%, respectiveligs. 3 and % coincident with the value identified, in this paper, as
In general, when the surface tension of a surfactant cmc using other techniques, and with the values pre-
solution is plotted against the logarithm of the sur- viously reported by different authordAlexandridis
factant concentration, the plot shows an initial curved et al., 1994. According to Bahadur and Pandya
segment, for very low surfactant concentrations, fol- (1992) for this surfactant the Gibbs adsorption equa-
lowed by a linear segment, along which there is a tion was applied to the surface tension values obtained
sharp decrease in surface tension up to the cmc ofat concentrations below the first inflection point.
the surfactant is reached. In this region the surface The surface tension plots of 0.25% carbopol/Tween
excess is constant as the bulk concentration increasesg80 systems showed several regions. Below the cac,
and the surface area occupied per surfactant moleculesurface tension was higher than for the surfactant
may be calculated using Gibbs equati&uy¢. (1) and alone. The cac (0.01%) can be identified by the be-
(2)) (Rosen, 198p In the case of Tween 80 systems, ginning of an almost flat region, which corresponds
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to the situation when the surfactant added is bound to were similar in the absence of carbopol but the effect
the polymer. After this region, the excess of surfac- of the presence of the polymer was opposite.
tant remains free, which decreases surface tension. In In the presence of carbopol, the concentration of
the case of Pluronic F-127, surface tension values in Tween 80 at the air/water interface decreases as the
the presence of 0.25% carbopol remained above thesurfactant is adsorbed onto the polymer and drawn
values obtained for the surfactant alone. An increase into the bulk solution. This explains the high surface
in surface tension values of the final region was also tension during the plateau region. In contrast, the
found by Maloney and Huber (1994h solutions of interaction with the polymer seems to make it easier
polyethyleneglycol nonionic surfactants in the pres- for more Pluronic F-127 molecules to be at the inter-
ence of linear poly(acrylic acid)s, and was attributed face. It has been reported that the large area values
to a disturbance of the interfacial surfactant layer of Pluronic surfactants are due to the hydrated coiled
by coadsorption of the polymer. Compared to linear chains of poly(ethylene oxideP(asad et al., 1979;
poly(acrylic acid), the surface activity of carbopol was Wanka et al., 1994 In the case of Pluronic F-127,
greater and caused a stronger modification in the sur-the molecular area showed Table 1was similar to
face tension of surfactant solutions. Surface tension the value found byBahadur and Pandya (1998)r
measurements of several poly(acrylic acid) solutions Pluronic P-94 (128A interface area/molecule), in
in a similar range of concentrations resulted in values spite of having a different number of poly(ethylene
of 67-68 mN/m aloney and Huber, 1994 while oxide) units at each side; 24 in the case of Pluronic
0.25% carbopol solution presented 60 mN/m. Addi- P-94 versus 100 in Pluronic F-12°Aléxandridis
tionally, in the presence of linear poly(acrylic acid), et al., 1994. When the long hydrated poly(ethylene
the surface tension of nonionic surfactant solutions oxide) chains interact with the carbopol microgels, the
and their concentration dependence remain essen-surfactant may change its conformation to surround
tially unaffected Anghel et al., 1994; Maloney and the polymer. This folding would be responsible for a
Huber, 1994; Anghel et al., 1999The cross-linked  reduction in the area occupied per molecule and for
network of carbopol microgels may provide a more an increase in the thickness of the interfacial surfac-
hydrophobic microenvironment, promoting nonionic tant layer, which justifies the higher surface tension
surfactant—polymer interactions. values compared to those of the surfactant alone in
In the case of Tween 80F{g. 3A), the concentra-  solution Maloney and Huber, 1994
tion dependence of the surface tension in the presence The conductivity plots Kigs. 4A and B showed
of 0.25% carbopol presented an initially lower slope that surfactant micelles have greater mobility than the
than for the surfactant alone. In contrast, in the case corresponding surfactant monomers and that the high
of Pluronic F-127, the decrease in surface tension was conductivity of carbopol decreases strongly as the
greater. From these slopes and applyitmy (1) the surfactant is added to the medium. The minimum in
surface excess of surfactant molecules or the concen-conductivity was reached when using 0.6% Tween 80
tration of surfactant at the interfac&’ and the area  or 0.4% Pluronic F-127. Above these concentrations,
per molecule at the interface were calculated. As can free surfactant micelles could be formed and conduc-
be seen imable 1 molecular areas of both surfactants tivity increased again. The lower conductivity of the

Table 1
Surface excess and area per molecule of Tween 80 and Pluronic F-127 aqueous dispersions in the presence and absence of 0.25% carbopo
mean value (standard deviation)

System Surface excess (mofm Area per molecule (A)
Tween 80 1.43x 10°° (0.07 x 10°5) 116 (6)

Tween 80+ carbopol 0.71x 107° (0.09 x 1079) 233 (32)

Pluronic F-127 1.29« 1076 (0.06 x 10°%) 128 (6)

Pluronic F-127+ carbopol 2.34x 1076 (0.18 x 10°9) 71 (5)

Gibbs equationEq. (1), correlation coefficientsr{ > 0.99.
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3.60 Table 2

3.55 Critical association concentration (cac), critical micellar concen-
pH 3.50 m F-127 - i'l _--i tration (cmc) and free energy of interaction per mole of surfactant

245 1] O Tween80 LRl ;i (AG)) in 0.25% carbopol solution

3.40 [ Surfactant cac (mM) cmc (mM)  AG; (kJ/mol)

3351 ) Tween 80 0.076 0.153 —-1.716

3.30 b= Pluronic F-127 0.048 0.397 —5.250

3.251 g . A:

3.20 o o -

3154 of e Table 2illustrates the greater strength of the interac-

3.104 . . . tion between carbopol and Pluronic F-127.

1E-3 0.01 0.1 1

% surfactant
3.3. Dye solubilization and fluorescence probe
Fig. 5. pH changes observed in 0.25% carbopol solutions after measurements
addition of different amounts of nonionic surfactant.

) One of the most important properties of surfac-
polymer—surfactant aggregates may be partially re- yants that is directly related to micelle formation

lated to the blndlng mechanism. If hydrogen-bonding is solubilization of hydrophObiC SubStanCEBOéen,
interaction occurs, the degree of dissociation of the 1989. The hydrophobicity inside surfactant—polymer
carbqpol carboxylic groups decreases and fewgr ions aggregates is usually measured by the changes in
remain free in the mediumApghel et al., 1994 This  {he emission spectra of pyrene in agueous solution
hypothesis was clearly confirmed by the changes in (gjieira et al., 1995 Solubilization of pyrene into a

pH observed in the sampleBig. 5. , hydrophobic environment is detected by the decrease
To corroborate tha}t the increase in pH is due t.o.the in 1)/l ratio. The changes i/l as a function
polymer—surfactant interaction and not to the mixing ¢ \,rfactant concentratiorFig. 6 showed that car-

of solutions of different pHs (surfactant solutions 5 brovides a more hydrophobic environment than
have a pH close to neutrality), a control experiment pure water. Upon addition of increasing amounts

consisting of adding each pure surfactant directly 10 ot g rfactant, there was an initial flat region until a
the carbopol solution was carried out, and the same gpar, ta) of thel, /Iy ratio occurred and then it re-
change in pH was observed. In both cases, pH ralsedmained constant again. The decreasé iy began

from 3.18 to 3.50 when the concentration of any o4 g0029% Tween 80 or 0.10% Pluronic F-127, while

of both surfactants increased from 0.01 to 0.30%, he final plateau was obtained with 0.02% Tween 80
although the pattern depended on the surfactant show-,. 4 5094 Pluronic F-127. These values again demon-

ing the above commented differences in the cac and gyrate the different cac and binding saturation con-
saturation concentration. The final pIat_eaL_J region, centration of both surfactants. The finially; value
reached at 0.3% surfactant, may also indicate that,,q qiso different, showing that the polarity sensed
above this surfactant concentration, further binding by pyrene differs significantly whether it is solubi-
is driven mostly by hydrophobic interactions of the |i;eq"in Tween 80/carbopol aggregates or Pluronic
surfactant chainsAnghel et al., 1999 F-127/carbopol aggregates. This effect is probably
The strength of the interaction with carbopol canbe - ,seq by the higher hydrophile—lipophile balance
estimated as the free energy per mole surfactant for the 5¢ b ronic E-127 (HLB= 22) compared to Tween
reaction: free micelle~ poly_mer-bound_ micelle, as g (HLB = 15) (Porter, 199% In consequence, their
follows (Wang et al., 1997; Singh and Nilsson, 1999 46ty to solubilize hydrophobic substances may be
AG; = RTIn(cagcmo (5) different. o .
Orange OT solubilization could not be put into
where cac is the critical aggregation concentration practice in the case of Pluronic F-127 since the re-
and cmc the critical micellar concentration of the sur- sulting system was too cloudy to measure Orange OT
factant estimated by the techniques described above.absorbance. In the case of Tween 80, as was expected,
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150 . B FA9r+0.25% C Fig. 7. Orange OT absorbance recorded in Tween 80 solution

alone or containing 0.25% carbopol.
1.45

1.40 (c) Binding between surfactant and polymer, which
may be accompanied by changes in solvation,
conformation, and ionization degree of both com-
ponents;

(d) Interactions between aggregates through adjacent

1.20 . . surfactant or polymer molecules.
(B) 0.01 0.1 1 poly

% Surfactant Fig. 8 shows the calorimetric titration profiles for
Fig. 6. Ratio of the first to third vibronic peaks of pyrene as a CarbOp-d SOIUtIOnS with Tween- 80Fig. 8A) and
function of Tween 80 (A) and Pluronic F-127 (B) concentration Elurolmc. F-127 Kig. 8B) along with the ,CorreSpond_
in the absence and presence of 0.25% carbopol. ing dilution curves of each surfactant in an aqueous
solution of the same pH as carbopol dispersion (HCI
ag, pH 3). Both surfactants are in micellar form in the
15% (w/w) solution placed in the buret. After injection
into the HCI aqueous solution, the micelles break up
and the monomers separate. In both cases the demi-
cellization process was exothermic (enthalpy change
negative), especially for Pluronic F-127, and the demi-
cellization enthalpy decreased as the concentration in
the dewar approached the cmc. Differently from most
ionic surfactants, the micellization of polyoxyalky-
lene surfactants at room temperature is strongly en-
dothermic Kevelam et al., 1996 The micellization

1.354

1.304

1.254

the presence of carbopol improved strongly the solu-
bilizing properties of the systenfrig. 7).

3.4. Microcalorimetric titration

The thermodynamics of the interaction between the
nonionic surfactants and carbopol was investigated
using isoperibol titration microcalorimetry at 298.0 K.
Recent studies have shown that calorimetry may pro-
vide detailed information about polymer—surfactant

interactions Kevelam et al., 1996; Wang et al., 1997; ;
Singh and Nilsson, 1999The changes in temperature process, although enthalpically unfavorable, occurs
! spontaneously due to entropy-driven hydrophobic

measured after addition of a concentrated surfactant. " i ) hich I I hell
solution to a polymer solution can be regarded as interactions, in which core (polyoxypropylene)-she

the sum of the following contributionsS{ngh and (polyoxyethylene) structures are formeédéxandridis
Nilsson, 199%: et al., 1994. In the case of Pluronic surfactants, the

exothermic dilution process is attributed to the result
(a) Dilution of surfactant and demicellization process; of hydrogen-bonding formation between the triblock
(b) Dilution of polymer; copolymer and water after breakage of water—water



174 R. Barreiro-lglesias et al./International Journal of Pharmaceutics 258 (2003) 165-177

Tween 80 in the dewar (%) the dilution of the surfactant. In contrast, in the case

om0 0P oFf ob P 0% P . of Pluronic F-127 the heat evolved in the dewar con-

taining carbopol was lower than the values obtained

2 1 F-0.2

o 7 prE— | in pure water, suggesting that the binding process is

L 04 endothermic. The heat changes observed during the
calorimetric titration include all the processes that
occur during the addition of surfactant solution to
08 O carbopol solution; i.e. dilution of surfactant and car-
- bopol solutions, change in the ionization degree of
| carbopol, binding, changes in conformation of both
L12 polymer and surfactant molecules, . All those pro-
. . o g .. s cesses, except the dilution effe'ct. (negligiple in the
(A) Tween 80 added (mmol) case of carbopol), are characteristic of the interaction
process under given conditions and should be taken
F-127 in the dewar (%) into account. The addition of the surfactant solution
00 of 02 03 or 05 95 causes a small increase in pHid. 5. The heat as-
L6 sociated to the ionization process was estimated by
I titration with ammonium acetate. The enthalpy of
af® carbopol ionization was small—0.770 kJ/mol acid
. 4 groups) and close to the values reported for different
30 carboxylic weak acidsHatough et al., 19%4 The
o integral heat of reactiorQagg Was estimated as the
F2 difference between the heat evolved in the presence
of carbopol and the sum of the heats associated to
the dilution/demicellization of the surfactant and the
10 ionization process of carbopol carboxylic groups.
0.025 0.030 L . . .
The initial flat region inQagg (Fig. 8) corresponds
to a surfactant concentration below the cac. Once
Fig. 8. Calorimetric titration curves observed during addition of cac is reached (0.01% Tween 80 and 0.06% Pluronic
small volumes of 15% Tween 80 (A) or Pluronic F-127 (B) into  F-127), an almost constant decrease (exothermic)
a dewar containing 0.25% carbopol solution. The correspondin ; in) i
dilution plqts of ea?:h st_Jrfactant irrlJto diluted HCI solution (F:)H 3) ’ '(I)'\r/v:anecr:eggeafqe dndlé)ltjr:’?):lq]clcl):-?sgg \:Ieasspg(t?t?veerl\fdAft?;ve
are also given. Open circles represent the difference between the . o T
heat evolved in the presence and absence of carbQag, certain surfactant concentration, the binding reaches
the saturation and no changesQggg were observed.
The data were reproducible and variation lower than

F-06 2

agg

AH (J/mmol)

-50 4

AH (J/mmol)

AH F-127 + HCI

h T T T T T T
0.000 0.005 0.010 0.015 0.020
(B) F-127 added (mmol)

and surfactant—surfactant hydrogen-bontsvif et 2% were observed. The analysis of the slope using it-
al., 1993. The apparent enthalpy change observed erative software made it possible to obtain the binding
for demicellization of Pluronic F-127 AHy = constant and the thermodynamic parameters summa-

—410kJ/mol) is in agreement with previously re- rized in Table 3 The surfactant—polymer interaction
ported micellization enthalpies obtained using differ-

ential scanning calorimetryChu and Zhou, 1996

No data were found for Tween 80. Although the ﬁbleg’ . -

. B . ermodynamic parameters for nonionic surfactant—carbopol ag-
structure of Tween 80 is Clearly different, its lower gregation, expressed per mole of surfactant and mole of polymer
demicellization enthalpy may be attributed to the lack
of segments as hydrophobic as polyoxypropylene.

In the presence of carbopol, exothermic peaks Tween 80 33.11 -8.643 —243256
were also observed. The apparent enthalpy for Tween Pluronic F-127 17.38  —7.051 +505267
80/carbopol interaction was more exothermic than Standard deviations were in all cases lower than 2%.

Surfactant Kagg AGggg (kJ/mol)  AHagg (kd/mol)
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process is in general a cooperative binding process inresults also suggest that Tween 80 is drawn into the
which the binding constanKggg may change as the  bulk solution by the carbopol microgels, while in the

surfactant is adsorbedspddard, 1998 Although in

the analysis of heats of reaction, Tronac FS-101 soft-

ware assumed a constant valueggg, it was proved
previously Eatough et al., 197%4that this process

case of Pluronic F-127 coadsorption into the inter-
facial layer is also possible. The higher molecular
weight and core-shell conformation of Pluronic F-127
compared to Tween 80 is also responsible for the dif-

is accurate and that the value obtained is a reliable ferent enthalpy—entropy compensation behavior of the

best apparenagq The different order of magnitude
of AGgagg and AHggg impeded a precise estimation
of ASyyq Nevertheless, the results showedFig. 8

and Table 3 suggest that Tween 80/carbopol inter-

aggregation process. Enthalpically driven complex-
ation, such as in the case of the small Tween 80, is
characteristic of a tight host—guest inclusion through
nonpolar interactions, which results in a strong en-

action is an enthalpy-driven process, while Pluronic tropy loss WWang et al., 199 The complex formed

F-127/carbopol association (endothermic) should oc- in the case of carbopol—Pluronic F-127 resembles the
cur thanks to the gain in entropy. The aggregation micellization process of this surfactant and may not
process to some extent resembles the micellization be so tight, resulting in favorable entropy. There is
process, especially for Pluronic F-127. In the case of an enthalpic cost to introduce the nonpolar regions
Tween 80, the exothermic surfactant—polymer inter- of polymer in surfactant clusters and there may be a
action may be attributed to an increase in stability of small entropic cost due to the localization of the chains
Tween 80 monomers when they adsorb onto carbopol in the micelle. However, this is compensated by the

(Kevelam et al., 1996

The values obtained fakGaggwere higher than for
AG;j, and both were in the same order of magnitude
as those obtained for nonionic polymers interacting
with nonionic or ionic surfactants through hydrogen-
bonding, van der Waals or London-dispersion forces
(Wang et al., 1997; Singh and Nilsson, 1999

4. Conclusions

Complex formation between Tween 80 or Pluronic
F-127 with carbopol occurs mainly through hydrogen-
bond interactions and is accompanied by important
changes in the conformation of both components.
The cross-linked network of carbopol seems to cre-
ate a more favorable microenvironment than linear
poly(acrylic acids) for interacting with nonionic sur-
factants. The initial adsorption of surfactant onto
carbopol microgels favors polymeric interactions.
Those interactions, in detriment of polymer—water and
surfactant—water interactions, collapse the polymer
network when an almost stoichiometric relationship
between the carbopol carboxylic groups and the sur-

factant ethyleneoxide groups is reached. An excess

of surfactant contributes to partially solubilize those

aggregates. These observations explain the previous

reported changes in viscous and elastic moduli of
these systemsBg@rreiro-Iglesias et al., 2001 The

entropy gain from a decrease in the degree of struc-
turing of the water molecules around the hydrophobic
segments, which restore the water hydrogen-bonding
structure, increasing the water entropy.
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