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Abstract

Thermoassociative graft copolymers, poly(sodium acrylate)-graft-Nelsgpropylacrylamide), PAA-g-PNIPA, were studied in aqueous
solution, with various added co-solutes such as salt, neutral species and anionic surfactant. These additives induced important modifications
in the characteristics of thermothickening phenomenon, which were compared with the solubility behaviour of the PNIPA precursor under
the same conditions. For all the co-solutes used, we evidenced a strong correlation between the cloud point of the PNIPA/water/co-solute
ternary system and the temperature of association of the PAA-g-PNIPA solubilised in the same medium. Fluorescence experiments were
used to clarify the precise mechanism of co-solute effect: “solvent perturbation” or “polymer binding”. Potassium carbonate and glucose
were shown to lower the quality of solvent for the PNIPA side chains so that the thermothickening phenomenon was shifted to lower
temperatures. On the contrary, sodium dodecylsulphate and hexanol interact with PNIPA grafts through the formation of hydrophobic
aggregates© 1999 Elsevier Science Ltd. All rights reserved.

Keywords Poly(N-isopropylacrylamide); Thermothickening; Associative polymers

1. Introduction of the added component, and consequently to distinguish the
simple electrolytes, small neutral molecules and surfactants.
Binary systems characterised by a phase separation upoThis distinction is obviously linked to the kind of interaction
heating are considered to have a lower critical solution that can be established between the added component and
temperature (LCST) [1]. It is well-known that in an aqueous the other two compounds in the mixture (the water and the
medium, a large number of neutral molecules or polymers polymer). Basically, surfactants involve hydrophobic and
exhibit this kind of thermodynamic behaviour [2—4]. sometimes electrostatic effects, while salts develop dipolar
Although the solution is homogeneous at low temperature, interactions and neutral molecules can induce hydrogen
a macroscopic phase separation appears when the temperdonding or hydrophobic effect. A second classification can
ture exceeds a critical value called the cloud point (CP) of be done by separating the co-solutes according to their abil-
the mixture. The LCST can be considered as the lowest CPity to develop interactions either with the solvent (water) or
of the system as it corresponds to the minimum of the phasedirectly with the polymer. In this case, two main effects can
diagram (Fig. 1). Such systems have been studied in detailbe considered: (1) the binding of the co-solute by the poly-
for along time, concerning the phase diagram [4], the influ- mer (this is generally the case with surfactants) or (2) the
ence of the polymer structure on the LCST behaviour [1,5] solvent perturbation by the co-solute (using salts or neutral
and the influence of the added co-solutes on the CP of themolecules) [7]. Finally, a third possibility is to consider the
mixture [6]. Considering the last point related to ternary effect of the added molecule on the CP of the system, and to
systems, a detailed examination is required to separate theseparate the co-solutes that lower the CP from those that
large number of available co-solutes into different groups. A increase it [8,9]. On this basis we can easily separate the
first classification is to consider only the chemical structure surfactants that generally tend to raise the CP [6,10] (but not
always [11]) from the salts which usually lower it (with

R some well-known exceptions such as thiocyanates or
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Fig. 1. Phase diagram of a binary system with a LCST.

to “raising the CP” and “lowering the CP”. In addition to molecules on the CP of “PNIPA/water” system, it was
these three classifications of co-solutes, many other possi-studied in the case of molecules forming hydrogen bonds
bilities are also possible. with water-like glucose [26] for instance, and also with
Starting from these general considerations about the mixtures of water and an organic solvent of PNIPA (like
effect of co-solutes on the thermodynamic properties of methanol or tetrahydrofurane) [27—30]. Although the effect
aqueous systems having LCST, we can now focus on thecan be complex (as for “water/organic solvent” mixtures), it
“poly(N-isopropylacrylamide)  (PNIPA)/water” binary appears that generally small neutral molecules lead to a
mixture, a well known example. This system exhibits a decrease of the CP.
LCST around 3ZC [4]. Even if only a few salts have been Recently, new thermoassociative graft copolymers were
examined considering their effect on the CP, the available developed in our laboratory on the basis of the LCST phase
data seem to indicate that they follow the classical diagram of the “PNIPA/water” system [31]. Their structure
Hofmeister series [12—14]. This effect is usually explained basically consists of a sodium polyacrylate (PAA) backbone
by mentioning that the presence of salt modifies the quality and PNIPA side chains. In a semi-dilute solution, when the
of the aqueous medium for PNIPA (compared with pure temperature increases above a critical value, the side chains
water). In the case of surfactants, the anionic species andself-aggregate into hydrophobic microdomains that act as
particularly the sodium dodecylsulphate (SDS) are certainly reversible cross-links between macromolecules. Due to this
the most studied. It has been shown that the SDS raises themicroscopic phase separation, a large increase in viscosity
CP very efficiently [10,15-22]. Eliassaf [14] reports that a can be obtained (it can gain several orders of magnitude
dilute solution of PNIPA containing 1% SDS does not show within 10 degrees at rest). The main characteristics of the
any phase separation even upon boiling. The precisethermothickening behaviour were the association tempera-
mechanism has been widely studied for about 15 years. Itture (T,s), the sharpness of the thermothickening process
can be summarised as follows: above a critical aggregationand the magnitude of the thickening (at a given shear
concentration (much lower than the CMC), the SDS rate). An overall description of the thickening mechanism
micelles are formed on PNIPA chains and tend to convert needs to take into account the different components
the neutral polymer into a polyelectrolyte. It is found that involved in the aggregation process, i.e. (1) the core forma-
the hydrophilic/lipophilic balance (HLB) is modified tion (PNIPA), (2) the interfacial properties and (3) the
considerably, and consequently the CP is shifted towardscorona building up with its bridging ability. Nevertheless,
higher temperatures. As for the cationic surfactants, severalfrom our previous results it was clearly shown that the self-
studies which show that the global effect is qualitatively the assembling properties of the graft copolymers, and espe-
same as compared with the anionic ones, but remain quan-ially the triggering temperature are closely related to the
titatively less important are available [23—-25]. Neverthe- thermodynamic properties of the PNIPA grafts. In other
less, this is not a general rule for all surfactant molecules words, this means that the association temperafiyg 6f
and it has been shown that some polymeric neutral surfac-PAA-g-PNIPA copolymers in an aqueous solution can be
tants tend to decrease the CP of PNIPA [11]. With these accurately predicted using the CP of PNIPA precursor under
surfactants, it appears that hydrophobic interactions still the same conditions (concentration, ionic strength).
exist between them and the PNIPA chains, but result in a  Starting from these results, it appears that the thermo-
decrease in the PNIPA hydration without any significant thickening behaviour, and especially thigss could be
hydrophilicity brought about by the neutral polar head controlled by adding co-solutes to the aqueous solutions
group (compared to the ionic head groups). As a result, of PAA-g-PNIPA copolymers. Indeed, we can expect to
the CP is decreased. As for the effect of small neutral observe similar effects between the microphase separation
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Table 1

Structural characteristics of the graft copolymers

Copolymer Length of side chaihs Copolymer composition Maodification extent (%6)
(Wt.%)°

PAA1/PNIPA5-14.5% 46 145 0.3

PAA1/PNIPA10-29% 87 29 0.4

#Number average degree of polymerisation based on the number average molecular mass obtained by size exclusion chromatography.
® Weight percent of PNIPA.
¢ Average number of PNIPA side chains per 100 monomer units of the backbone.

in PNIPA grafted polymers in aqueous solution and macro- the variation of the turbidity with temperature. The aqueous
phase separation of the precursor binary system “PNIPA/ solution (volume=1 ml), initially equilibrated at room
water” [32]. In addition, co-solutes can also influence other temperature in a sample tube equipped with a magnetic
characteristics of the phenomenon as e.g. salts can greathstirrer, was immersed in a thermostated cell with a circulat-
modify the extent of electrostatic repulsions. ing water bath. The heating rate was regulated arouri€0.5
In this paper, we will investigate the role of various co- min and the CP was defined as the temperature at which the
solutes on the rheological properties of PAA-g-PNIPA solution started to turn cloudy. The reproducibility of the
copolymers. The resulting properties will be compared to determination was-0.1°C.
the thermodynamic behaviour of the “PNIPA/water” system  Fluorescence measuremerithfie measurements of fluor-
and the fluorescence technique will be used to specify the escence intensity were performed using a SPF-500C spec-
nature of the interactions which take place between the trofluorometer (AMINCO). The sample temperature of the
various components of the ternary system. cell was regulated owing to a circulating water bath. The
sample cell contained a magnetic stirrer in order to improve
the temperature equilibration. It was stopped during the
measurements. The excitation wavelength was 334 nm.
The bandpass was 5 nm for the excitation and 0.5 nm for
the emission. The aqueous solutions were prepared first and
then, the appropriate amount of a concentrated alcoholic
q Pyrene solution (& 10~* M) was added, using a microsyr-
inge, so as to obtain a pyrene concentrationefi® ' M in
e sample.

2. Experimental
2.1. Materials

N-isopropylacrylamide (NIPA) and acrylic acid (AA)
were purchased from Aldrich and Fluka, respectively, an
were used as-received. Potassium carbonate and hexandﬂ
(from Prolabo), D+ glucose (from Sigma) and SDS (from t
Fluka) were all of analytical grade.

The absolute molecular weights of the poly(acrylic acid)
used here, denoted as PAA1, were determined by size3_ Results and discussion
exclusion chromatography:M,=37 000 g/mol and

My, =136 000 g/mol. 3.1. Structure of the copolymers studied

2.2. Analytical methods The thermoassociative copolymers used in this paper are

4 NMR. *H NMR characterisation of the graft copoly- graft copplymers which compine a polye!ectroytg backbone
mers was performed in © using a BRUKER WP250 (PAA) with the thermosensitive PNIPA side chains that are

spectrometer (250 MHz) randomly distributed:
Rheological measurement¥he viscosity analyses of
aqueous solutions with temperature were carried out on -(CH,-CH); x-(CH,-CH),-
a CARRI-MED controlled stress rheometer (RHEO) using | |
a cone-plate geometry. The temperature was adjusted by a
high power Peltier system which provide a fast and precise
control of the temperature during heating and cooling
stages. The measuring unit was also equipped with a solvent The details of the synthesis of these copolymers are given
trap in order to prevent water evaporation during the scan-in a previous paper [31], their main characteristics are
ning experiments performed until rather high temperatures summarised in Table 1. The two copolymers have the
(up to 70C). same backbone (denoted by PAA1, as in the first article
Cloud point measurementShe determination of the CP  [31], Section 2) and approximately the same modification
of PNIPA aqueous solutions was done visually by following extent but differ in the length of the side chains.

COONa CONH-PNIPA
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Fig. 2. Viscosity of a 3% solution of PAA1/PNIPA10-29% as a function of temperature at different concentratiof@®®f Keating rate= 2°C/min; shear
rate= 100 s %,

3.2. Effect of additives on the rheological behaviour the gradual introduction of this salt in the aqueous solution
of copolymer does not change the overall behaviour for

In this part, all the rheological curves (viscosity modest salt concentrations significantly. More precisely, a

versus temperature) were obtained at a fixed shear ratenermothickening effect is still observed up to about 0.5 M
of 100 s, with a heating rate of €/min. The concentra-  of K,CO, and can be described using the same characteris-
tions of co-solutes are expressed in molality (mol/kg, tics as pure water. On the contrary, for much higher concen-

symbol M), i.e. in mole per unit mass of solvent. As for trations (1 M for instance), a thermothickening behaviour is
the polymer concentrations, they are expressed in weightyg |onger obtained and replaced by a permanent associative

percent. character with a nearly constant viscosity over the whole
temperature range.
3.2.1. Effect of potassium carbonate, GO, If we focus on the KCO; concentrations lower than

The viscosity—temperature curve for an aqueous solution 0.5 M, we can distinguish several effects that seem to
of PAA1/PNIPA10-29% at 3% concentration, with different have various origins. First, for temperatures lower than
concentrations of BCO;, is given in Fig. 2. It appears that  T,ss the viscosity decreases largely whepCiO; is added,

; : , ,
|
=
F .l.....--. 1
.... 1M
| | gD
| u O
( I.- ao”
0.1 - i 527708 M -
[ ] o~ ]
L -I DD
o I - o0 ]
Viscosity | - = |
(Pa.s) I a oo i
n =
b o” .
" g b e®®
Cmo ‘ o o’
I- -OOOOO =l ... 05M
| DDBGUOOOOO ....
0.01 BooooOC OOOOQG‘B. -
LTS 0 00®® “C00000000000000
[ ®000c0000000° HO |
L 2
l P S ST ST SR SR NN ST S S S S S S SR R S S S
10 20 30 40 50 60
T(C)

Fig. 3. Viscosity of a 3% solution of PAA1/PNIPA5-14.5% as a function of temperature at different concentratiof®®f Keating rate= 2°C/min; shear
rate= 100 s,
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Fig. 4. Viscosity of a 3% solution of PAAL/PNIPA10-29% as a function of temperature at different concentrations of glucose; heati@gQamén; shear
rate=100s .

which is the classical behaviour of polyelectrolytes. It is thatthe sharpness of the thermothickening process is greater
well known that an increase in the ionic strength tends to in the presence of salt than in pure water. This is again a
lower the viscosity of charged polymers due to the screening consequence of the screening of the electrostatic repulsions
of the electrostatic repulsions. Consequently, in the range by the increase of the ionic strength. Indeed, the association
T < Tass the copolymer behaves like a typical polyelectro- of the PNIPA side chains is weakened by the electrostatic
lyte and the effect of KCOs is directly linked with the ionic repulsions between the polyelectrolyte backbones so that
strength. It is also evident that the association temperaturethe thermoassociation is a rather progressive phenomenon
tends to decrease when increasing amounts AfQX are as evidenced by the rheological measurements. When salt is
added. This effect is a direct consequence of the salting-outadded, the magnitude of the electrostatic contribution is
tendency of KCO; on the PNIPA side chains. This was greatly reduced and the association takes place more easily
reported for other polymers with LCST behaviour and can in a shorter range of temperature.

be quantitatively compared, in the case of PNIPA, to the For higher concentrations of KO,, the thermothicken-
salting-out effect of sodium sulphate[12]. The introduction ing phenomenon is no longer detected in the explored
of K,CO;sin the solution decreases the quality of the solvent temperature range as the associations start at a temperature
for PNIPA side chains and favours their aggregation at a much lower than 1. It is worth mentioning that in these
lower temperature compared to pure water. It also appearsconditions, the viscosity of the solution has an extremely
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Fig. 5. Viscosity of a 3% solution of PAA1/PNIPA10-29% as a function of temperature at different concentrations of hexanol; heati2CAaten; shear
rate=100s .
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low sensitivity to the temperature, compared with the clas- resulting complex is in this case less soluble than the indi-
sical associative thickeners [33]. vidual partners. The effects of various primary alcohols on
If we now consider the same experiments with the PAA1l/ the CP of ethyl(hydroxyethyl) cellulose (EHEC) were
PNIPA5-14.5% (Fig. 3), similar remarks apply. The thermo- shown to be largely dependent on the length of the alkyl
thickening phenomenon, which is almost undetectable in chain, and hexanol appeared to be very efficient in the same
pure water, is progressively shifted to lower temperatures range of concentrations. Hence, this is another indication of
and becomes more efficient on the whole range of salinity possible specific interactions taking place in the mixture.

explored. The influence on the association temperature is the only
aspect that we can compare between the salt and the neutral

3.2.2. Effect of small neutral molecules: glucose and molecules. As with the neutral molecules, no other effect

hexanol can be observed either on the sharpness of the thermothick-

The effects of glucose and that of a primary alcohol, ening process or on the viscosity for< T, This is not
hexanol, on the viscosity—temperature curve of a 3% surprising as these two effects were attributed to the varia-
aqueous solution of PAA1/PNIPA10-29% are shown in tion of ionic strength triggered out by the salt.

Figs. 4 and 5, respectively. The two neutral co-solutes

have similar effects as they both lead to a lowering Qf 3.2.3. Effect of an anionic surfactant (SDS)

Within the concentration range of the experiment, itisfound  The variation of viscosity with temperature, for an
that the displacement of the thermoassociative phenomenoragueous solution of PAAL/PNIPA10-29% at 3% concentra-
reaches around 10 at higher concentration. For glucose, tion, is shown in Fig. 6 for different concentrations of SDS
the concentrations are qualitatively compared to those of ranging from 0 to 35 mM. The main result is that the ther-
K,CO; in Fig. 2, but the resulting effect is clearly less mothickening phenomenon is greatly altered by the
pronounced. As for hexanol, the concentrations used arepresence of SDS when the concentration of surfactant
approximately 20 times lower than that required with exceeds 3 mM and is finally completely suppressed at
glucose to obtain the same effect dgs (50 MM against 35 mM. Moreover, a more accurate examination of the
1 M, respectively). This fact indicates that the mechanism curves reveal that the interactions between the SDS and
involved is not the same. More precisely, if we refer to the the PNIPA side chains give rise to opposite effects on
criteria proposed by Molyneux [7], for glucose, where the viscosity whether the temperature is below or above the
concentrations are around 1M, we are in the “solvent association temperature.

perturbation” case. Further, it was shown that the addition  Firstly, if we consider the part whefie<< T,ss the PNIPA

of saccharides into an aqueous solution of PNIPA decreasedyrafts of the copolymer, which are under good solvent
the CP. conditions, can interact with the SDS above a critical asso-

On the contrary, in the case of hexanol, for which the ciation concentration (CAC). As a result when the amount
concentrations are less than 100 mM, we should be in theof SDS increases, more surfactant molecules bind to the
“polymer binding” case [7], where the effect is due to speci- PNIPA grafts and convert them into charged chains. In
fic interactions between the polymer and the co-solute. The this way the binding of SDS at low temperature increases
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Fig. 7. Viscosity of a solution of PAAL/PNIPA10-29% as a function of temperature at various copolymer concentration® @,5% ] Hll, 9% < #), in
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the electrostatic repulsions inside and between the polymerreturn to the initial slope, which is also very close to the one
chains. The consequence of this additional electrostatic obtained with pure water.
effect is to increase the viscosity and to change its In the temperature range whefe> T, that is to say
dependence on temperature. It is worth mentioning that when the copolymers tend to associate, the SDS-bound
the hydrophobicity of the PNIPA side chains is known to micelles on the PNIPA side chains hinder the formation of
increase with temperature, and this favours an increasemicrodomains in the same way as they tend to raise the CP
of the binding of SDS upon heating (decrease of the of PNIPA in water (in this case, bound micelles prevent the
CAC). macroscopic precipitation of the polymer). If we use the
In the temperature range preceding the demixing of results published recently by Lee et al. [35], concerning
PNIPA, the resulting increase of electrostatic repulsions the effect of SDS on the demixing of PNIPA upon heating,
upon heating tends to lower the slope of theT curves we take the surfactant to polymer ratio (S/P) as a key para-
originally attributed to the Arrhenius-type behaviour [34] meter. According to the results obtained from small angle
(n=ae”™. As expected, this peculiar behaviour is neutron scattering, two coexisting states can be defined: one
cancelled as soon as the PNIPA chains are fully saturatedis constituted by colloidal particles corresponding to the
with SDS (see Fig. 6, with SDS 35 mM). In this case, we  precipitated polymer stabilised by SDS molecules, and the
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Fig. 8. Viscosity of a 9% solution of PAAL/PNIPA5-14.5% as a function of temperature in pure v@gtand in SDS 7 mM®); heating rate= 2°C/min; shear
rate=100s .
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other is formed by isolated PNIPA chains saturated by SDS. Finally, we can examine the influence of the length of the
These two states are in equilibrium above the CP of PNIPA side chains. In Fig. 8 the viscosity—temperature curve for a
in water and the introduction of more surfactant tends to 9% solution of PAAL1/PNIPA5-14.5% is shown in pure
shift the equilibrium towards the isolated necklaces at a water and with 7 mM of SDS. As can be seen, the effect
given temperature. They only report resultsTat 40°C, is qualitatively the same as for the PAAL/PNIPA10-29%,
but we may infer that when the temperature is raised, the which contains longer PNIPA side chains.
equilibrium is displaced toward the formation of colloidal
particles at a given level of surfactant/polymer ratio (S/P). 3 3 Comparison betweengand the cloud point of PNIPA
With our graft macromolecules, when the SDS is progres-
sively added to the associated chains a part of PNIPA side In a previous article [31], we have shown that the asso-
chains start forming microdomains as described before, ciation temperature is closely related to the CP of PNIPA
while an increasing part of the PNIPA side chains remain side chains. It appeared that, in pure water, for the longer
isolated with bound micelles. On heating the solution, the side chaind,c= CP, whereas for the shorter one, the asso-
equilibrium is shifted towards the formation of microdo- ciation temperature could be higher than the CP by six
mains but the process is much slower than in the case ofdegrees due to the hydrophilicity of the backbone (penalty
pure water (compare the curve in pure water and that atof the polyelectrolyte corona formation) which delays the
5 mM). Finally, for sufficiently high SDS concentrations, association.
all the side chains are decorated by the SDS micelles and Starting from these results we can check in the same way
the thermoassociation is no longer possible (see the curveif the dependence ol with added co-solutes can be
obtained with 35 mM of SDS). related to the thermodynamic properties of the ternary
Following this interpretation it seems that the important system “PNIPA/water/co-solute”. In Fig. 9, we report the
parameter is the S/P ratio, with considering the PNIPA  influence of various co-solutes on the CP of PNIPA10 at 1%
sides chains of the copolymer. The same parameter wasconcentration. The three additives tend to decrease the CP
used in a recent article about EHEC/SDS mixtures [36]. of the solution with an increasing efficiency in the order:
Consequently, if we keep the concentration of surfactant a glucose< K,CO; < hexanol. In the case of glucose and
constant and decrease the concentration of the copolymer inkK ,CO; the CP decreases linearly with the co-solute concen-
the solution, the thermothickening phenomenon should be tration.
progressively reduced and finally completely cancelled out More precisely, the results obtained with glucose agree
for low polymer concentrations or high S/P ratios. These with that previously reported by Kim et al. [26] who used
experiments are presented in Fig. 7 for PAAL/PNIPA10- the polymers with approximately the same molecular
29% and each curve is compared to that obtained for pureweights. It was found that §CO; decreased the CP of
water. We can see that for a given SDS concentration of PNIPAL10 solution more efficiently, and its effect can be
7mM and at a polymer concentration of 9%, the thermo- compared to another divalent salt like sodium sulphate
thickening effect is only slightly reduced compared with [12]: for K,CO; the slope is around-52°C/M and for
pure water whereas at 1.5% concentration, no effect canNa,SQ, it is close to —43°C/M. The effect of hexanol is
be observed. much stronger, compared to glucose an€&s. Karlstram
Hence, when polymer conc./wt.83%, more than et al. observed a similar effect of hexanol on the CP of
10 mM of SDS are required to suppress the thermoassocia-EHEC aqueous solutions [37]. Quantitatively the decrease
tion whereas for polymer conc./wt.%1.5% only 7 mM was more important but it is difficult to make such compar-
are enough. ison as the two copolymers have very different structures.
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Table 2
Comparison betwee,gsand the CP of PNIPA precursor as a function of the concentration of adge@:K

K,CO; added (M) Tass0f @ 3% solution CP of PNIPA10 {C) TassOf @ 3% solution CP of PNIPA5 {C)
of PAA1/PNIPA10- of PAA1/PNIPA5-
29% (C) 14.5% (C)

0 32 31 =44 36

0.1 29 27 40 31

0.2 ~25 215

0.3 20 16 30 20

0.5 =10 6 19 10

0.8 =10 -5

1.0 <10 -20 <10 -15

Using these results we can calculate the CP of PNIPA10 PNIPA10 is decreased. Above 2% there is no noticeable
and PNIPAS, as previously described, taking into account increase of the CP due to the addition of SDS, while
the presence of the polyelectrolyte backbone and thebelow 0.1% no CP can be detected up to°@QAll these
concentration of PNIPA. The values obtained are comparedresults can be explained on the basis of the S/P ratio which
to the association temperature determined from the rheolo-can be tuned, playing either with the concentration of SDS
gical measurements in Tables 2 and 3. It can be deduced thabr the PNIPA, keeping the other a constant.
for the longer side chains the association temperature is As a matter of fact, we noted that, at a constant copolymer
always very close to the CP of the PNIPA precursor under concentration of 3% (Fig. 6), the thermothickening effect is
the same conditions (concentration, ionic strength, etc.). greatly reduced when the SDS concentration reaches 5 mM.
However, for the shorter side chains, the CP is significantly Inthe same concentration range, the CP of PNIPA10 precur-
lower than the association temperature as it was alreadysors start to increase rapidly with the SDS concentration. In
observed for the experiments carried out in pure water. the same way, at a constant SDS concentration of 7 mM, we
The same explanation holds as in pure water: the hydrophi-observed that the thermothickening effect of a 9% PAA1/
licity of the PAA backbone is particularly important for PNIPA10-29% solution was only slower than in pure water.
short side chains and tends to delay the association to higheln this case, the corresponding concentration of PNIPA10
temperatures. precursor is around 2.5% which is too high for the 7 mM of

The CP of PNIPA10 was also measured as a function of SDS added to have any noticeable influence (Fig. 11). From
the concentration of SDS added at a constant concentratiorthese experiments, it is clear that the same interactions take
of PNIPA10 of 0.9% (Fig. 10). It should be noted that in a place between PNIPA10 and SDS, either the PNIPA chains
solution of PAA1/PNIPA10-29% at 3% concentration, the are alone in solution or grafted onto the polyacrylic back-
effective concentration of PNIPA10 side chains is approxi- bone. An important increase of the CP corresponds to a
mately 0.9%. We can see that the CP is practically constantlowering of the thermothickening effect.
up to 5 mM (the variation does not exceed€2an magni- Considering the association temperature, we suggest that
tude), where it starts to increase faster and finally becomesthe effect of co-solutes can be readily predicted, at least
higher than 10%C when the concentration is around 20 mM. qualitatively, by the thermodynamic data related to the
In a second set of experiments, we determined the CP of PNIPA precursor. Quantitative predictions are possible,
PNIPAL0 solutions at various polymer concentrations with especially when modifying the quality of the solvent for
a constant SDS concentration of 7 mM (Fig. 11). In the the PNIPA chains, playing with “salting-out” phenomenon
same figure, we have also reported the values of the CP infor instance.
pure water. It appears that the increase of the CP due to the

presence of SDS becomes higher when the concentration o 4. study of microscopic interactions by fluorescence

During the preceding experiments we tried to correlate

Table 3 L . . .
Comparison betweeil,ss and the CP of PNIPAL0 as a function of the the association behaviour to the ther,mOdYnamIC, prOpe_rtleS
concentration of various co-solutes of the LCST grafts from a macroscopic point of view using
rheological and phase separation analyses. Nevertheless,
Added co-solute Tass0f @ 3% solution P of PNIPA10{C) two co-solutes can produce similar macroscopic effects

f PAAL/PNIPAL0- . . ; .
° / 0 involving different molecular mechanisms. In our case, we

29% (C) . o :

would like to distinguish the effects of the two kinds of co-
Glucose 0.5 M 28 28 solutes: solvent perturbation and specific binding to macro-
Hexanol 0.02 M 28 29 P ;
Hexanol 6.05 M o n As far as hydrophobic interactions are concerned, a good

way to do this is to use a fluorescent probe like pyrene. If the
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Fig. 10. Cloud point of a 0.9% solution of PNIPA10 as a function of SDS concentration.

co-solute introduced into the polymer solution binds speci- repulsions that are important at the low concentration used
fically to the polymer by a hydrophobic effect, the well- (0.1%).
known intensity ratio 11/13 of the two vibronic bands of We first consider the variation of 11/13 with temperature
the emission spectrum of pyrene located at 372.5 andfor a 0.1% solution of PAA1/PNIPA10-29% with NaCl
383 nm, respectively, which is near 2 in pure water, 0.1 M as the solvent (Fig. 12). For comparison, we plot
would drop to values well below 1.8 (e.g. 1.2 for SDS the same experiments for PAA1l at 0.07% concentration
micelles). As the thermoassociative behaviour is based onand PNIPA10 at 0.03% concentration. As can be seen, for
the thermal enhancement of a hydrophobic effect, pyrenethe copolymer solution, a clear transition is observed from
fluorescence seems to be a good way of studying theca 1.85-1.60 when the temperature increases from 20 to
phenomenon. 50°C. The transition temperature is approximately’G4
We start with fluorescence experiments concerning the We must emphasise that the copolymer solution remains
copolymer alone with only limited amounts of added clear over the entire temperature range. It is interesting to
sodium chloride in order to check how the thermoassocia- note that nearly the same transition is observed with the
tive phenomenon is sensed by the pyrene probe. The sodiunsolution of PNIPA10 and at the same temperature.
chloride was added so as to screen the electrostaticObviously, the latter is due to the phase separation which
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Fig. 11. Cloud point of a solution of PNIPA10 in SDS 7 mM (filled symbols) and pure water (open symbols) as a function of polymer concentration.
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Fig. 12. Fluorescence intensity ratio 11/13 as a function of temperature for various solutions in NaCl 0.1 M: 0.1% PAA1/PNIPA®)Z007 06 PAAL ©)
and 0.03% PNIPA10G); [Pyrene]=6x 107" M.

takes place upon heating as has been shown already byexamine the effects of added co-solutes on the thermoasso-
Schild [38]. For the solution of PAAL, no transition is ciative behaviour.
observed and 11/13 is always above 1.8. We now consider the variation of 11/13 for a 0.1% solu-
These results show clearly that the graft copolymer tion of PAAL/PNIPA10 29% with KCO; 0.1 M as the
undergoes a transition, which implies the formation of solvent (Fig. 13). The same transition, as with NaCl, is
hydrophobic microdomains in the solution. Moreover, this observed but the transition temperature is clearly lower.
transition is entirely due to the PNIPA side chains and is Hence, KCO;induces the formation of hydrophobic micro-
absolutely similar to the CP phenomenon from the fluores- domains in the solution at lower temperature compared to
cent viewpoint. Obviously, at a macroscopic scale, the two NaCl solution at the same concentration.
phenomena are clearly distinct. On the one hand the poly- The same experiments were carried-out with hexanol
mer phase separates and the solution becomes turbid. WhilgFig. 14). In this case, we note that no transition is detected.
on the other hand the segregation is limited to a microscopic The intensity ratio is close to 1.20 over the whole tempera-
scale and the solution remains clear. ture range (from 20 to 4E). If this experiment is repro-
It is clear that the thermoassociation can be readily duced underthe same conditions but without introducing the
detected by a fluorescent probe. We used this technique tocopolymer (Fig. 14, open circles), the intensity ratio is much
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Fig. 13. Fluorescence intensity ratio 11/13 as a function of temperature for a 0.1% solution of PAA1/PNIPA10-2920y0K1 M; [Pyrenel= 6 X 107" M.
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Fig. 14. Fluorescence intensity ratio 11/13 as a function of temperature for hexanol 5@n&hd for a 0.1% solution of PAA1/PNIPA10-29% in hexanol
50 mM (@); [Pyrene]=6x 107" M.

higher and close to 1.80. These results demonstrate thathains. This is also coherent with the lower concentrations
hexanol forms hydrophobic aggregates in the presence ofused with hexanol compared to those required with glucose
PNIPA side chains. If the hexanol is alone in water, at to observe a significant shift of the association temperature.
concentrations=0.05 M no hydrophobic aggregates can Finally, we can also use fluorescence to study the inter-
be detected. When the PNIPA side chains are covered byactions between the graft copolymers and SDS. In the case
hexanol aggregates, they become more hydrophobic and theof this surfactant, the rheological results indicate that direct
association temperature is lowered. The same phenomenorinteractions take place between SDS molecules and the
is likely to be responsible for the lowering of the CP of PNIPA side chains as the thickening properties are drama-
PNIPAZL10 precursor. We can conclude that although hexanoltically altered upon adding SDS. We also mention that the
and glucose have qualitatively the same effect on the assoimportant parameter was the stoichiometric ratio of surfac-
ciation temperature, the mechanism involved is very differ- tant to NIPA units. It was shown by fluorescence experi-
ent. For glucose we can say that it is mainly the quality of ments [10] that the SDS forms hydrophobic aggregates with
the aqueous solvent which is depressed, while with hexanol PNIPA at concentrations much lower than its CMC and we
the hydrophobic interactions take place with the PNIPA have reproduced the same experiments with our graft
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Fig. 15. Fluorescence intensity ratio 11/I3 as a function of SDS concentration for a 0.1% solution of PAAL/PNIPA1@Ra¥Ud (in pure water®);
[Pyrenel=6x 107" M.
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