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Abstract

The association in dilute aqueous solution of the nonionic surfactant z-octylphenoxy polyoxyethanol (Triton X-100) with hydrophobically
modified copolymers based on an N-isopropylacrylamide (NIPAM) backbone is presented. The NIPAM-based copolymers contain also N,N-
[(dimethylamino)propyl] methacrylamide (MADAP), the content x of MADAP varying from O up to 25 mol%, completely alkylated with
dodecylbromide or octadecylbromide. The highly hydrophobic copolymers are characterised by a compact conformation in aqueous solution,
due to the formation of intrachain hydrophobic aggregates. Association with Triton X-100 leads to the destruction of these intrachain
aggregates and to their replacement by mixed alkyl/surfactant ones, revealed macroscopically by a gradual viscosity increase upon addition
of surfactant. Fluorescence probing studies and dialysis equilibrium experiments confirmed that polymer/surfactant association starts in the

vicinity of the critical micelle concentration (CMC) of Triton X-100. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The hydrophobically modified water-soluble polymers
(HMWSP) are based on a hydrophilic backbone, like poly-
acrylamide [1-5] or poly(sodium acrylate) [6,7], on to
which alkyl chains have been randomly introduced by copo-
lymerisation or grafting methods. The great interest in these
polymers is mainly due to their striking thickening effi-
ciency in aqueous solution, as the alkyl tails form interchain
hydrophobic aggregates above a threshold polymer concen-
tration (C"), leading to the development of a transient
network. Another important property of HMWSP is their
ability to associate with surfactants, as the side alkyl groups
form mixed aggregates with surfactant molecules [8]. Most
studies concern hydrophobically modified poly(sodium
acrylate) [7,9-11] or hydrophobically modified cellulose
derivatives [12—17], and they are focused on the rheology
and phase separation effects upon addition of charged or
nonionic surfactants. Bell-shaped curves are usually
obtained as a function of the surfactant concentration: in
the first stages of association, the addition of surfactant
reinforces the interchain transient network, resulting in a
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pronounced viscosity enhancement. Nevertheless, further
increase of the surfactant concentration favours the forma-
tion of isolated alkyl/surfactant aggregates and viscosity
decreases. Phase separation occurs mainly in mixtures of
HMWSP with oppositely charged surfactants, and it is due
to the decrease of the net charge of the polymer/surfactant
structure formed.

Recently, we reported on the phase behaviour and shear
induced thickening properties of new hydrophobically
modified positively charged polymers based on an N-isopro-
pylacrylamide (NIPAM) backbone [18]. These polymers,
denoted as PNIPAMxCn (Scheme 1), are synthesised by
copolymerisation of NIPAM with an amine-containing
comonomer, the N,N-[(dimethylamino)propyl] methacryla-
mide (MADAP), the molar content x of the latter varying
from O up to 25 mol%. The alkyl groups of length n, such as
dodecyl or octadecyl ones, are introduced by full alkylation
of the MADAP units with the corresponding alkylbromide
in an organic solvent. In aqueous solution, the derivatives
characterised by high x or n adopt very compact conforma-
tions even at very low concentrations, due to intrachain
hydrophobic aggregation. At higher concentrations, inter-
chain aggregates are formed under shear, resulting in a
strong shear induced thickening behaviour.

The association of these polymers with surfactants is
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expected to influence drastically the shear induced thicken-
ing properties of the polymer solutions. A systematic study
of such association in dilute and semidilute solutions is now
under way. Depending on the nature of the surfactant,
several polymer/surfactant interactions, including charge
interactions and association of the surfactant not only with
the pendant alkyl groups but also with the thermosensitive
NIPAM backbone [19,20], are expected to complicate
considerably the association mechanism. The simplest
case to study is the interaction of the PNIPAMxCn deriva-
tives with a nonionic surfactant, where only the association
of the surfactant with the alkyl groups of the hydropho-
bically modified polymer is plausible. -Octylphenoxypoly-
oxyethanol (Triton X-100, denoted as Triton) is chosen,
offering the advantage of the easy determination of its
concentration in dialysis equilibrium studies by exploiting
its absorption spectrum in the 200—300 nm region.

Here, the study of the PNIPAMxCn/Triton association
in dilute aqueous solution is presented. Viscometry,
static fluorescence probing and dialysis equilibrium experi-
ments are employed, in order to clarify the basic
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Fig. 1. The variation of the specific viscosity of PNIPAMSCn/Triton mixtures with the surfactant concentration. The polymer concentration is
2.5x 107} gem ™. (O) PNIPAMS; (®) PNIPAM5C12; () PNIPAM5C18. T = 25°C.
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Fig. 2. The variation of the specific viscosity of PNIPAMxC12/Triton mixtures with the surfactant concentration at 25°C. The polymer concentration is
2.5%107° gem ™. (O) PNIPAMS; (@) PNIPAM5C12; (<) PNIPAM10C12; ((J) PNIPAM25; (M) PNIPAM25C12.

characteristics of the association mechanism. This compre-
hension will be an indispensable guide for the investigation
of the PNIPAMxCn/Triton mixtures in more concentrated
solutions.

2. Experimental
2.1. Materials

Triton X-100 is a product of Aldrich and it was used with
no further purification.

Details on the synthesis and characterisation of the
PNIPAMxCn samples are given elsewhere [21]. The
mean-weight molar mass of the polymers is estimated to
be 1-1.5% 10°.

2.2. Methods

Viscometry measurements were carried out with an auto-
mated viscosity measuring system AVS 300 (Schott-
Gerite), equipped with a micro-Ostwald type viscometer.
Temperature was controlled at 25 = 0.02°C.

Steady state fluorescence spectra were recorded on a
Perkin Elmer LS50B luminescence spectrometer. Pyrene

(py) was used as a fluorescence probe at a concentration
6x 10 " mol 17", The excitation wavelength was 334 nm
and the intensities at 373 and 384 nm were used to calculate
the first to the third peak intensity ratio (;:13).

For the dialysis equilibrium experiments, S ml of the
polymer solution were put in a semipermeable dialysis
bag (Sigma, cut-off: 12,000 Da). The dialysis bag was
then dipped in a sealed tube containing 20 ml of Triton
solution of the desired concentration and the system was
left to equilibrate under gentle stirring. The Triton concen-
tration in the outer solution was determined from its absorp-
tion at 223 or 275 nm, depending on its concentration. A
UV-visible spectrophotometer U 2001 (Hitachi) was used
for this purpose.

2.3. Sample preparation

First, concentrated polymer and Triton stock solutions
were prepared. Polymer/surfactant solutions were prepared
by mixing the appropriate volumes of the stock solutions
and diluting with water to obtain the desired concentration.
Mixtures were let under gentle stirring for 24 h before
performing the measurements. Water used for the prepara-
tion of the various solutions was purified with a Seralpur
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Fig. 3. The variation of the ratio /;:I; of PNIPAMxCI12/Triton mixtures with the surfactant concentration at 25°C. The polymer concentration is
5% 107° gcm . (O) no polymer; (@) PNIPAM5C12; (¢) PNIPAM10C12; (l) PNIPAM25C12.

water purification apparatus, combining inverse 0smosis
membrane and ion exchange resins.

3. Results and discussion
3.1. Viscosity

The specific viscosity 7, of mixtures of Triton with the
NIPAM-based derivatives containing 5 mol% alkyl groups,
PNIPAMS5Cn is plotted in Fig. 1 against the Triton concen-
tration. The polymer concentration is 2.5 X 10~ g cm > and
the temperature is 25°C. To compare, we have also plotted
the corresponding behaviour of the NIPAM-MADAP
precursor, denoted as PNIPAMS, containing 5 mol%
MADAP units neutralised with HCI. As expected, in the
absence of surfactant, increasing the alkyl length n of the
copolymer leads to a gradual decrease of its specific vis-
cosity, revealing that the copolymer chain adopts more and
more compact conformations as the alkyl groups become
longer. Addition of Triton to the PNIPAMS solution leads
only to a smooth decrease of the specific viscosity of the
mixture. This behaviour has been observed with the

mixtures of Triton with the other two precursors (see also
Fig. 2) and indicates that the polymer/surfactant interactions
are not important in these cases. On the contrary, for the
mixtures of Triton with PNIPAMSCI12 and mainly with
PNIPAMSCI1S, the specific viscosity of the mixtures
increases considerably upon addition of surfactant. When
the viscosity of the mixture reaches that of the precursor
PNIPAMS under the same conditions, the viscosity
enhancement stops and, for further surfactant addition,
seems to follow the corresponding PNIPAMS5/Triton curve.

The influence of the alkyl content x on the viscosity of the
mixtures of Triton with the copolymers PNIPAMxCn is
presented in Fig. 2. These results concern the dodecyl
derivatives at a constant polymer concentration of
25%x10 gem ™ at 25°C. The PNIPAM25 curve is
displaced to higher values than the PNIPAMS curve, due
not only to the slightly higher molar mass of PNIPAM?25 but
mainly to the much higher charge density of PNIPAM25,
that provokes a considerable expansion of the polymer
chain. The curve for PNIPAM10 (not shown here) is placed
within these two curves. Contrary to the precursors, the
viscosity of the dodecyl modified samples decreases
remarkably with increasing x, in the absence of surfactant.
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Fig. 4. Kinetics of the dialysis equilibrium experiments for the PNIPAM25C12/Triton system at 25°C. The polymer concentration is 1 X 107> g cm . The
concentration noted next to each curve is the initial Triton concentration in the outer solution.

Obviously, the attractive hydrophobic interactions between
the pendent dodecyl groups prevail against the repulsive
Coulomb interactions within each chain, so that the modi-
fied derivatives become more and more compact with
increasing x. This is in agreement with the phase behaviour
of these samples observed in more concentrated solutions
[18]. Furthermore, upon addition of Triton, the specific vis-
cosity of the mixtures increases considerably for all the
dodecyl modified samples. This viscosity enhancement is
more pronounced for the PNIPAM25C12/Triton mixtures,
where the viscosity gain is about one order of magnitude.
Nevertheless, contrary to the PNIPAMSC12/Triton system,
the plateau viscosity of the PNIPAM25C12/Triton systems
is substantially lower than the viscosity of the corresponding
mixtures of Triton with the precursor PNIPAM?25.

It should be noted that the specific viscosity of pure Triton
solutions in the surfactant concentration range presented in
Figs. 1 and 2 is very low (less than 0.2 when the Triton
concentration is 50 mM), compared with the viscosity
enhancement observed for the PNIPAMxCn/Triton
mixtures. Therefore, the observed viscosity changes should
be attributed to the interaction of Triton with the pendent
alkyl groups of the hydrophobically modified derivatives
and the consequent formation of mixed alkyl/surfactant

aggregates. Although not negligible, the possibility of
these mixed aggregates to cross-link several polymer chains
is low, as the polymer solutions are rather dilute. Thus, the
viscosity enhancement reflects mainly the unfolding of
the polymer chains upon addition of Triton. In the
absence of surfactant, the chain conformation of hydro-
phobically modified samples (mainly PNIPAMSC18 and
PNIPAM25C12) is compact due to the formation of intra-
chain hydrophobic aggregates. This is reflected to the low
specific viscosities of these samples and also to the quite low
I,:15 in much more dilute solutions, as it will be discussed in
the following section. Upon addition of surfactant, the intra-
chain hydrophobic aggregates are disrupted and replaced by
mixed dodecyl/surfactant aggregates, containing a lower
number of dodecyl groups per aggregate compared to the
initial intrachain aggregates. This number decreases
gradually as the Triton concentration increases and the poly-
mer chain tends to the conformation of the unmodified
analogue.

It is worthy to note that for all systems the viscosity
increase starts at Triton concentrations much higher than
~0.2-0.3 mM, the critical micelle concentration (CMC)
of this surfactant [22-24]. To determine precisely the
onset of the PNIPAMxCn/Triton association, static
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Fig. 5. The free (not bound) Triton concentration as a function of the total Triton concentration at equilibrium for the systems: (O) PNIPAMS/Triton;
(®) PNIPAM5C12/Triton; and (M) PNIPAM25C12/Triton at 25°C. The polymer concentration is 1 X 10~ g cm . The diagonal dotted line corresponds to

the case of no polymer/surfactant association.

fluorescence probing studies and dialysis equilibrium
experiments were carried out.

3.2. Fluorescence probing study

For the fluorescence probing studies the ratio /;:; of the
py emission spectrum was used as it is sensitive to the
polarity of the microenvironment that py experiences [25].
Fig. 3 presents the variation of the ratio /,:/; with the Triton
concentration for pure surfactant solutions and for the
mixtures of Triton with the dodecyl NIPAM-based deriva-
tives. The polymer concentration for these experiments is
set at 5X 1077 gecm ™. The curve obtained for the pure
Triton solution follows the typical pattern for surfactant
solutions: at low Triton concentrations, the ratio [;:/3 is
constant at a value of around 1.7, indicating an aqueous
polar microenvironment, and decreases sharply within a
narrow surfactant concentration region to much lower
values of about 1.3, indicating that now py experiences
the lower polarity microenvironment of Triton micelles.
The inflection point of the curve, used for the determination
of the CMC of the surfactant, is at a Triton concentration of

0.27 mM, within the values reported in the literature
[22-24].

When the mixtures contain the hydrophobically modi-
fied derivatives the behaviour is not as simple. With the
exception of PNIPAMSC12, the ratio /,:/; for the other two
polymers is substantially lower than 1.7, even in the
absence of surfactant. In fact, I;:/; is around 1.6 for
PNIPAM10C12 and only 1.45 for PNIPAM25C12. These
values indicate that the polymers exhibit a hydrophobic
behaviour (moderately or substantially hydrophobic,
respectively) in the absence of surfactant, even at this
very low polymer concentration used. Upon addition
of surfactant, the ratio I;:/3 decreases more gradually
than in the pure Triton solutions, after the initial
plateau. This behaviour is clearly evidenced for
the PNIPAMS5C12/Triton mixtures. On the contrary,
for the PNIPAMI10C12/Triton and especially for the
PNIPAM25C12/Triton mixtures, the onset of the I;:5
decrease is not as well defined, probably due to complica-
tions arising from the low I;:1; values exhibited by these two
polymers. The inflection point of the curves, however, is
placed at a Triton concentration of 0.1-0.2 mM, i.e. not
far from the CMC of the pure Triton solution. This
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Fig. 6. Binding isotherms of Triton to: (O) PNIPAMS; (@) PNIPAMS5C12; and (l) PNIPAM25C12. The polymer concentration is 1 X 1073 g em 3. T=25°C.

behaviour is indicative of a polymer—surfactant interaction
starting close or just before the CMC region.

3.3. Dialysis equilibrium study

Fig. 4 presents the change with time of the concentration
of Triton in the outer solution, for several initial surfactant
concentrations ([Triton]y), varying from 0.125 up to 5 mM.
The inner solution contains PNIPAM25C12 at a concentra-
tion of 1 X 10~} g cm ~*. Dialysis kinetics is observed to be
slow: for [Triton]y=0.125 mM two days are needed to
reach equilibrium, while about 35 days are needed when
[Triton]o =5 mM. This slow rate is probably due to the
fact that in most cases the Triton concentration is much
higher than the CMC of this surfactant. Indeed, a similar
observation is reported for dialysis equilibrium studies [26]
of the PNIPAM/sodium dodecyl sulphate (SDS) system, i.e.
kinetics is very slow when the surfactant concentration is
higher than the CMC of SDS, while it is much faster for
lower surfactant concentrations.

At equilibrium conditions the concentration of not bound
(free) Triton equals the surfactant concentration in the outer
solution, while the concentration of Triton bound to

polymer can be calculated from Eq. (1):
[Triton]bound = (Vout[Triton]O - Vtot[Triton]free)/Vtot’ (1)

where V, is the volume of the outer solution and V,, the
sum of the volumes of the outer and inner solutions.
Thus, the total Triton concentration in the inner solution
([Triton],) is given by

[Triton]tot = [Triton]free + [Triton]bound‘ (2)

The free Triton concentration [Triton]g.. is plotted in
Fig. 5 against the total Triton concentration [Triton],, for
dialysis equilibrium experiments with the non-modified
copolymer PNIPAMS and the dodecyl-modified derivatives
PNIPAMSC12 and PNIPAM25C12, at a polymer concen-
tration of 1X10°gem ™. The diagonal dotted line
represents the absence of any association between the
surfactant and the polymer. In fact, this is the case for the
solutions of PNIPAMS, confirming the viscometric and
fluorescence  probing results. On the contrary,
PNIPAMSC12 and PNIPAM25C12 form mixed aggregates
with Triton, and the corresponding experimental curves in
Fig. 5 deviate from the diagonal. The deviation starts at a
concentration [Triton], of about 0.2 mM for PNIPAMS5C12
and at about 0.1 mM for PNIPAM25C12. These values,
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taken as the critical aggregation concentrations (CAC) for
the formation of mixed alkyl/surfactant aggregates, confirm
that polymer/surfactant association occurs in the vicinity of
the CMC of pure Triton solutions. Such a behaviour seems
to be a more general trend for the interactions of HMWSP
with nonionic surfactants, as it has also been observed in
other similar systems [11,17].

The corresponding binding isotherms of Triton are
presented in Fig. 6. At CAC, Triton starts to bind to
PNIPAMSC12 and PNIPAM25C12. The quantity of surfac-
tant bound to the polymers increases rather sharply with
[Triton]se., and finally a plateau seems to be reached at
high surfactant concentration. In this region, about 1.8 or
4 mmol of Triton are found to be bound to 1g of
PNIPAMSCI12 or PNIPAM25C12, respectively. From
these values, we can find that one dodecyl group of
PNIPAMS5C12 or PNIPAM25CI12 corresponds to four or
two molecules of bound surfactant, respectively. We have
no direct evidence whether all the alkyl groups of the copo-
lymers are involved in mixed surfactant aggregates or not.
Therefore, we have to assume that either these aggregates
contain much more dodecyl groups in the case of
PNIPAM25C12, or a large quantity of dodecyl groups still
form intrachain aggregates (as in the absence of surfactant)
and do not participate in mixed alkyl/surfactant aggregates.
The low I;:I5 ratio observed in Fig. 3 for PNIPAM25C]12 at
very low surfactant concentration (or in the absence of
surfactant) seems to support the latter assumption. More-
over, the remaining intrachain hydrophobic aggregates
could explain why the expansion of PNIPAM25C12 chain
is not complete with addition of Triton, contrary to the
PNIPAMSC12 chain, as revealed by the viscometry results
in Fig. 2.

4. Conclusions

The static fluorescence probing studies and, especially,
the dialysis equilibrium experiments demonstrated that the
nonionic surfactant Triton X-100 can form mixed hydropho-
bic aggregates with the alkyl groups of hydrophobically
modified NIPAM-based polymers when the surfactant
concentration is in the vicinity of or higher from the CMC
of the pure Triton solution. The formation of mixed alkyl/
surfactant aggregates and the consequent disruption of the
initial intrachain hydrophobic aggregates upon addition of
surfactant leads to the gradual unfolding of the initially
contracted polymer chains. This is revealed by an important
increase of the specific viscosity of the PNIPAMxCn/Triton
mixtures, that tends towards the specific viscosity of the
Triton mixtures with the corresponding unmodified analo-
gue. This is clearly achieved only for the PNIPAMS5C12/

Triton system whereas, for the copolymers characterised by
higher x, the unfolding of the polymer chains is incomplete,
even at high surfactant concentration.
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