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Rheological and small-angle neutron scattering studies of aqueous solutions
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Tetronic® 908 is a four-branched copolymer comprised of polyethylene dx&®) and polypropylene
oxide (PPO blocks fixed on an aliphatic diamine. In aqueous solution, this polymer has an amphiphilic
character due to the difference in PEO and PPO solubilities with increase in temperature. This system presents
interesting rheological properties depending on the polymer concentration in solution and temperature. At low
temperatures and/or concentrations, the solution behaves as a Newtonian fluid. For a weight pepcentage
comprised between 2% and 22%, the viscosity of the solution goes through a maximum. Small-angle neutron
scattering experiments show that the increase in viscosity is due to progressive aggregation of chains. For
weight percentages higher thagr=22%, the viscosity of the system diverges and the mixture becomes
gel-like. In fact, spectromechanical measurements show that the solution behaves as an entangled polymer with
a high relaxation time in the flow zone. Small-angle neutron scattéBANS) studies of the same solution
reveal the presence of several peaks indicating that the micelles are organized in a cubic structure. We have
developed a model that suitably describes the SANS curves of this system in the region where micelles are
formed. Our model considers that micelles are trilayered spherical entities that coexist with unimers by obeying
an equilibrium reaction. Moreover, it allows the calculation of several parameters such as the volume fraction
of micelles, their size, and composition. The evolution of these parameters with temperature and polymer
concentration is detailed. Comparisons with literature models are presented and discussed. This compilation of
results has permitted the establishment of precise relations between the structure of this polymer in solution
and its rheological properties.
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I. INTRODUCTION Pluronic® (BASF) or Poloxamers®&ICl). Many experimen-
tal techniques have been used such as measurement of sur-
Many reports have been published over the last decade dace tensiorf1-3|, differential scanning calorimetri4—6],
the aqueous solution properties of polyethylene oxRPEEO  light scattering 7—10, viscosimetry{11-13, and ultrasonic
and polypropylene oxidéPPQ block copolymers. The most velocity measurementsl4]. Small angle neutron scattering
commonly studied polymers have the structure of type PEO(SANS) [15—-2(Q and small-angle x-ray scatteri§,10,21—
PPO-PEO. These compounds are nonionic surfactants arB] seem to be the most appropriate techniques for obtaining
have a wide variety of application in fields ranging from precise information on the structure of such solutions and
medicine to petroleum industry. At low temperatures, bothorganized phases. An analysis of the literature data exposes
PEO and PPO blocks are water soluble; however, when thine complex behavior of these systems. This complexity is
temperature is increased, PPO becomes insoluble. This aroften apparent in the contradictory conclusions proposed by
phiphilic character gives rise to a wide range of structuresauthors. In particular, the existence of an enthalpic effect
depending on various parameters such as the length of tteose to the temperature of micellization is not clear. Hvidt
PEO and PPO sequences, temperature, and polymer concaows the occurrence of an endothermic peak in a calorimet-
tration. At low temperatures and concentrations, the copolyric study of a Pluroni¢EQ),g(PO),5(EO),5 [4]. The works of
mer exists in solution as individual molecules, i.e., unimersGlatter et al. on a Pluronic(EO),7(PO)34(EO),7, confirmed
When the temperature is increased, these unimers selfhis result{6]. Wanka, Hoffmann, and Ulbricht also observe
associate to form micelles. If the concentration is highthis phenomenon with Pluronic F120);,dPO)ss(EO)100
enough, a transition is observed to a state of high viscositput attributed it to the dehydration of PO units, whereas the
commonly called “gel” and may be due to the organization order-disorder transition was judged to be atherfiic Cu-
of micelles into pseudocrystalline phagésc, bce, hexago- riously, Lenaert®t al. do not record any thermal particular-
nal, lamellar or rods ity with the same polymel5]. Similar discrepancies are ob-
Most of the literature deals with linear polymers such asserved also when considering the structure of organized
phases. SANS studies performed by Prud’homme, Wu, and
Schneider on Pluronic F127 solutions seem to indicate the
* Author to whom correspondence should be addressed. Email adermation of a simple cubic or bcc netwofR4]. This con-
dress: jean.peyrelasse@univ-pau.fr clusion is in agreement with Mortensen’s wd7] but Wu,
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[EO H PO ] [ ?O H O ] Dynamic stress rheometer. The dynamic rheological prop-
X AN yd y X erties were studied using a rheometric scientific DSR®. This
N-CH;-CH;N apparatus is a stress-controlled rheometer with Couette ge-
[EO H PO ] e \[ PO HEO ] ometry. All experiments were performed within the angular-
x y y x frequency range from I0frads?! to 1Prads® and the

stress was set to work in the linear regi@e., moduli inde-
pendent of stresgs

with PEO: *[CHZ—CHZ—Oj]— and PPO: *[HC—CHZ—0+ .
X ] y 2. Small angle neutron scattering

C
* SANS experiments were performed at the Laboratoire
FIG. 1. Chemical structure of Tetronic 908. Léon Brillouin, CE de SaclayFrance on the PAXY spec-
trometer. A wavelength of 8 Awith a resolution of 10%
Liu, and Chu[22] suggest, for the same polymer, that thewas selected, and an effective distance between the sample
structure is fcc type. Alternatively, Kingt al. point out a  and the detector was 3.1 m. This allowed for a momentum
transition from spherical to cylindrical micell¢42]. transfer range of 0.06—0.9 nrh Quartz cells were used with
The BASF company has also commercialized a four-2-mm or 1-mm path lengths. Data correction allowed for
branched copolymer named Tetronic, comprised of PEO angample transmission and detector efficiency. The efficiency
PPO blocks fixed on an aliphatic diamine. These types off the detector was taken into account withQHscattering.
surfactants have been poorly studied until now. Our workAbsolute intensities were obtained by reference to the attenu-
aims to correlate viscosimetric and rheological results withated direct beam, and the scattering of pure solvent was sub-
structural information derived from small-angle neutron scatiracted. Finally, intensities were corrected for a small solute
tering experiments. In particular, our study deals with theincoherent contribution. The scattering patterns of our
transition zone above the critical micellization temperaturesamples were all isotropic and the one-dimensional data sets
(CMT) where equilibrium between unimers and micelleswere generated by circular integration of the corresponding
should exist. Indeed, if many authors have determined th&vo-dimensional patterns.
temperature domain associated with unimets micelles
transitions, the equilibrium state has never been fully char- 3. Static light scattering

acterized6,8,25-21 Static light diffusion experiments were performed on a
SEM 633 apparatus. The light source used was a vertically

Il. EXPERIMENTAL SECTION polarized He-Ne las€632.8 nm. The polymer solution was
prepared using fresh thrice-distilled water. All measurements
A. Samples were made at a fixed directio®0°) on a wide range of

Tetronic from BASF is composed of polyoxyethylene temperatures from 15°C to 80 °C.
(PEO and polyoxypropylenéPPQ blocks with an aliphatic

diamine. In this paper, we have studied the properties of IIl. RESULTS AND DISCUSSION
T908 (M,,=25000g mol?l) for which the number of EO
and PO units per branch are, respectively; 114 andy A. Rheological studies

=21 (Fig. 1). This polymer was used without further purifi-
cation. Aqueous solutions were prepared at low temperatures
under stirring, using twice-distilled water for all rheological  Viscosimetric studies of aqueous solutions of T908 show
experiments and deuterated wateyCDfor small-angle neu- that the general behavior of the system was strongly depen-
tron scattering studies. For this study, the weight percentagéent on the weight-percentage valge of polymer in solu-

p of polymer is comprised between 1%w/w) and 50% tion. Forp ranging between 10% and 22%, the viscosijty

1. Viscosimetry

(w/w) and the temperature range from 5°C to 80 °C. of the solution first decreased as temperature increased as
observed for classical liquids. Then, it passed through a
B. Experimental methods maximum(Fig. 2). At higher temperatures, the usual behav-

ior prevailed and the viscosity decreased again. Figure 3
shows the variations of Ing) according to the reciprocal of
Capillary rheometer: Viscosimetric measurements werabsolute temperature fgg=20%. In the low-temperature
performed using Ubbelohde capillary tubes: the measurerange, up to the temperatufe the plot is linear, the solution
ment of flow time between two reference marks made it posbehaved as a classical liquid.
sible to determine the kinematic viscosity of solutions. In For p=5%, the kinematic-viscosity curve presented only
order to calculate the dynamig and reducedy, viscosities  a single inflection point. Plotting, however, the variations in
of solutions, we have measured their densitysing an au- reduced viscosity, , with temperature, there is a noticeable
tomatic densimeter ANTON PAAR DMA 45®. It can be maximum in the same thermal regidRig. 4). For weight
noted that knowledge of density also permits the determinapercentages lower thgn=2%, no anomalies were detected.
tion of the concentration of polymer in solutiofC in For p higher than 22%, we did not observe any maxima
gecm ). on the viscosity curves. But, above a well-defined tempera-

1. Rheology
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FIG. 4. Evolution of kinemati¢®) and reduced viscositigg\)

FIG. 2. Evolution of kinematic viscosity of a 20% solution with of a 5% solution with temperature.

temperature.

ture labeledr,, depending on concentration, the viscosity of ~Determination of critical temperaturds andT, allows a

the solution increased abruptly. An example is shown in Figphase diagram to be drawn that according to the hypothesis

5 for p=30%. AboveT,, the mixture is unable to flow and, noted above, can be divided into three zoffég. 6). In the

at first sight, it becomes gel-like. first one, the solution contains only unimers; in the second,
Taking into account the published literature for similar there is coexistence of unimers and micelles; and the third is

polymeric solutions[17], initial explanations can be pro- representative of a gel-like system.

posed to understand the results of the viscosimetric charac- To assess these results, light-scattering experiments for

terization. We can assume that, at low temperatures, th&vo solutions(5% and 10% were performed. Figure 7 pre-

sample is a solution of unimers. At temperatures higher thagents the variations in the scattered intensities with tempera-

the critical valueT,, the hydrophobicity of PPO is sufficient ture for a 10% solution. It can be noted that at low tempera-

such that micelles form. The increase of the volume fractiorfures, the intensity remained quasiconstantT At30 °C, the

of micelles subsequently induces a rise in viscogity p  intensity strongly increased. This phenomenon was due to

>2%). T, can be considered as the CMT for a given con-micellization. The value of the CMT measured by this

centration of polymer in solution. method is in good agreement with the one determined by the
The interpretation of the viscosity maximum is more dif- viscosimetric study as shown in Fig. 6.
ficult. Two hypotheses are suggested. We also performed calorimetric analysis on T908 aqueous

_ _ _ solutions to explore possible enthalpic phenomena associated
(i) The volume fraction of micelles does not change andyith the transition at the CMT or &, . Our experiments did

the viscosity decreases with increasing temperature as oot show any processes even for concentrated solutions.
served for most liquids.

(if) The volume fraction of micelles goes through a maxi- 2. Rheology
mum- Spectromechanical analyses of a 30% solution of Tetronic
SANS studies of the solutions should provide detailed in-908 permitted a study of the evolution of the rheological
formation allowing us to determine which hypothesis is cor-properties of the system with temperature. Below 35 °C, the
rect. viscosity of the solution was very low and outside of the
When p>22%, the volume fraction of the micelles was range of sensitivity of the apparatus. However, between

great enough to produce a gel or an organized phase.
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FIG. 3. Variations of log of kinematic viscosity of a 20% solu- FIG. 5. Temperature dependence of reduced viscosity of a 30%
tion as a function of the reciprocal of absolute temperature. solution.
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zone of the polymeric solution is describe® was propor- 10 100 102 100 10° 100 10°
tional to w? andG” to w over a wide frequency domain. For o (rad s™)

temperatures above 41 °C, the solution behaved as an en-
tangled polymer. This was indicated by the presence of a FIG. 8. Spectromechanical analysis of a 30% solution: the effect
crossover on the rheological curvésg. 8). As the tempera-  Of temperature.

ture increased, the crossover was shifted to lower frequenc-rease occuUrs arourEL=41°C, but beyondG. is practi-
cies. It is important to note that the flow zone is always u unt, = , but bey e IS practi

detected. So, the structure of the solution in zone 3 of th ally constant. The inFersection of the wo linear parts of
phase diagram is not that of a gel, and this is contrary t(fhe curveGe_=f(T) deflnes_ a temperature that_ corresponds
assessments of various authf8s7,11,24. o that obtained for the_(_:ilvergence of V|sc05|ty._ It should
Between 35°C and 40°C, the analysis of the here depe noted that the_ trar)smo_n was extremely rapid. For ex-
scribed experiments leads to the determination of viscosit mple, .the relaxation time in the terminal zone, taken equal
no=lim, .oG"/w. The values of viscosity have been cor- 0 the inverse of the angular frequerjcy at the crossover
rected with the variations in density of the solution with 'S CIOS? 01satT=41.2"C whereas it exceeds 600 s at
temperature. Then, they have been compared to those deté—r-: 42°C(Fig. 8.
mined by the capillary method. The agreement between the
results from the two techniques is very good and assesses
that in this thermal range, the solutions behaved as Newton- 1. Experimental results
ian liquids (Fig. 9).
Plotted also on Fig. 9, fof >41°C are the variations of
rubbery plateau valugS,, (arbitrarily defined as the value of
G’ at 100 rads') according to temperature. A strong in-

B. SANS studies

In order to detail more precisely the solutions structures,
small-angle neutron scattering measurements at different
temperatures and concentrations were performed in all parts
of the phase diagram.
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FIG. 7. Intensity of light scatteringh) and evolution of aggre- FIG. 9. Evolutions of the viscosity and equilibrium modulus of
gation numbefO) of a 10% solution with temperature. a 30% solution.
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FIG. 10. Variations in scattered intensity of different solutions:
A, p=1; ® p=20%; 1, p=30%.

For dilute solutions p=1%) and in zone 1 of the phase
diagram of Fig. 6, the curve of scattered intensity)
seemed to vary as a Debye function. However, the concen-
tration was still too high to allow the calculation of the radius . . . .
of gyration and molar weight of unimers. In the same zone of 0 002 004 006 008 0.1
the phase diagram, but for concentrated solutions, it was no- a7
ticeable that the scattered intensity remains weak but above
all, was independent of. This result was very important FIG. 12. Effect of temperature on scattered intensity of a 30%
because it proved that concentrated solutions of unmicellizegblution (the curves have been arbitrarily shifted along yrexis).
polymer behave as homogenous mixtures. Figure 10 allowed
a comparison between concentrated solutions 20%, p 12 that show the variations in the scattered intensity accord-
=30%) with a dilute system §=1%). ing to the amplitudey of the scattering vector, for two solu-

For systems in zone 2 or 3 of the phase diagram, the curvgons (p=20% andp=230%, respectivelyand at different
I(q) presented a maximum whose intensity grew with tem-temperatures. Similarly, Fig. 13 represents the variations of

perature. It is worth considering this in light of Figs. 11 and
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FIG. 13. Evolution of scattered intensity with concentration of
FIG. 11. Effect of temperature on scattered intensity of a 20%T908 in solution atT=35°C (the curves have been arbitrarily
solution (the curves have been arbitrarily shifted along yhexis). shifted along they axis).
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the scattered intensity for different percentages of polymer at The form factor depends on the model selected to de-
a constant temperatuk85 °C). In zone 3 of the phase dia- scribe the micelles. Fundamental discrepancies are found be-
gram, some small peaks of higher order appeared on thsveen different authors. The simplest model is that of
curve of scattered intensity. This phenomenon clearly apMortensen and co-workers who assume a monodisperse sus-
peared forp=30% at T=42.6°C (Fig. 12 and for p pension of dense spheres with a sharp interfec®16.
=40% at 35°C(Fig. 13 and follows the transition to an Mortensen and co-workers have postulated that the core of
organized phase. The organization of the micelles induced ediusR; holds the totality of PPO units and a small percent-

high viscosity system. age of PEO, which is not possible to detect since the scatter-
ing length density of EO and PO are close. The major part of
2. Literature models PEO forms a hydrated corona, but the authors neglected its

A great deal of work has been devoted to the interpretaPreSence in their calculations. Then, the form fafq) is
tion of results from neutron scattering experiments with lin-that of a hard sphere and is given by the equation
ear PEO-PPO-PEO systems. When concentration of polymer . 2
in solution is low, the scattered intensity is mainly governed P(q) = 3] 1(26&)} .
q

by the form factorP(q). When concentration increases, in-
disperse system of particldgq) can be written as the prod- Ji is the first order spherical Bessel function defined by

4

3 Re

termicellar correlations become significant and for a mono-

uct of the particle form factor and the structure facgfg)  J1(X) = (Sinx—xcosx)x’.
In their model, the various adjustable parameters are the
I(a)=NAp*P(q)S(q), equivalent hard sphere radil,, the volume fraction of

. ] ) hard spherep,s, and the core radiuR.. The analysis pre-
where N is the number density of scatterers at@” the  gsents the advantage of not requiring knowledge of the num-
contrast factor. ber of unimers in micelles. But, it does not allow calculations

The interparticle interferenc(q) may be calculated by of the aggregation number. The main defect was the omis-
assuming an interaction potential. For the hard sphere modedjon of the corona whose contrast can hardly be considered
the structure factor is well known equal to that of water, even when the latter contains the

1 majority of PEO units.
- Goldminstet al. used a two-shell model where the micelle
1+24¢pG (X, ppg/X’ was assimilated to a core of radii surrounded by a co-

. . . . rona of radiusR,, [19,20. The authors set different hypoth-
wherex=2qRys, Rps is the hard sphere interaction radius, eses:(i) the radiusR,, of the micelle was assumed identical
¢ns is the hard sphere volume fraction, ar@(x,¢ny to the radius of the hard spheRg,=Ry; (ii) the scattering

S(q)

=AM FB)+C(x), where length densitiegSLDs) of PO and EO are equal; andi)
@ water is present both in the core and the corona of the mi-
A(X)= F[Sinx—xcosx], celle.

Liu et al. used also a two-shell model in which the core of
the micelle was made of PO units under close-packing con-
ditions and the corona was considered of an homogenous
mixture of PEO and water. They assume that the entire poly-
mer was micellized.

B(x)= é[ZX sinx+ (2—x?)cosx—2],

Y . ’ The previous models present some problems. The models
C(x) = ;5[ =" cosx+4(3x"—6)cosx of Goldminstet al. and Liu’s require the knowledge of the
aggregation number, which can only be determined if we
+4(x3—6x)sinx+24], know the equilibrium of unimers and micelles at each tem-
_ perature and concentration. Goldminst supposes that at a
with fixed temperature, the fraction of unimers is independent of
the initial concentration of the solution and is equal to CMC.
e (1+2¢h9° _ —6nd 1+ Ppd2)? If this hypothesis may be correct for poorly concentrated
(1= ¢po* (1= nd* ' solutions, we will see later that it may not be relevant to the
polymer that we have studied.
s (1+2¢p9° We have tried to fit the neutron scattering curves with the
T2 (1— ppd* - different models previously outlined. Figure 14 shows that

the models of Mortensen and co-workers and Goldminst
Liu, Chem, and Huang used a more complex model okt al. models correctly describe the position and the ampli-
adhesive hard spheres that took into account the possibtede of the peak. As these parameters are governed by the
attractive interactions occurring between micelles. Thisstructure factor, we can assume that these models give good
model required the introduction of two additional param-estimates of the volume fraction and radius of the micelles.
eters, the surface adhesion potential and the fractional suBoth models considerably deviate, however, from experi-
face layer thicknesgl8]. mental data at low and high values@fThis shows that the
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whereM,, is the molar weight of the polymer and, the
Avogadro number(ii) the radius of the cor&;,

— 3Naggvppo 1
R= "2 )

whereV,, is the volume of PO in a Tetronic molecule; and

i (iii ) the external radiuR, of the dense layer of PEO,
0 002 0.04 006 0.08 0.1

.1

1A 3>XNagVpeo 5|
FIG. 14. Comparison of different literature models: application Ry= T+ Ry
to a 20% solution aT =83°C. @, experimental points;A-, Liu’s
model;— — —, model of Goldminset al,; -X- model of Mortensen

t al whereVq, is the volume of EO in a Tetronic molecule.
et al.

In the corona, the volume fractiof,, of PEO is defined

b
micellar structure is not well described. As regards Liu’'s Y
model, the peak is overestimated, which is probably due to

not taking into account the important fraction of unmicel- _ 3NaggVped 1= x)
lized polymer. eo 477(Rﬁ1— Rg)
3. Our model The various SLDs can easily be calculatedor the core,

In order to explain better our experimental results, here?po="Ppo/Upo, Whereby, is the scattering length of PO and
we propose a quite different model. It is based on three-shellpo its molecular volume(ii) for the dense layer of PEO,

model with four adjustable parameters. For this multilayerPeo=Peo/Ueo, Wherebg, is the scattering length of EO and
model we can writd 28] Veo its molecular volume; andiii) for the corona,p,

= dePeot (1= ded pw Where p,, is the scattering length
3j,(qR)\2 density of DO. _ _
SEC Y , We have previously showed that a concentrated solution
aR of unimers behaves as a homogeneous medium and that the
scattered intensity remains weak and can be neglected. How-
wherej, is the first order spherical Bessel function previ- €ver, all unimers are not in micelles. So, it is necessary to
ously definedR,; is the radius of théth layer andp; its SLD.  take into account their concentration in the continuous phase

3
4
P@Ap?=2 | 5 R(pi=pira)

Fori=3, p, is the SLD of the solvent: in order to calculate the scattering length density of the sol-
The hypotheses of our model are as follgiyall micelles ~ vent. _

are identicalfii) the core of radiuk; contains the totality of The number of molecules of polymeéunimers N, and

micellized PPO in close-packing conditiongi) the first the volume of waterV,, in the continuous phase ame,

layer of thicknessR,— R, is constituted by a fractioy of ~ =(C—Cp)Na/M,, and V,,=1-C/d,—Vey, respectively,

PEO units in the micelles; angv) the corona of external With d,, the density of pure polyme¥/n, the total volume of
radiusR,,= Rys is an homogenous mixture of water and re-Water contained in micelles. It is possible to determine the

sidual PEO units. volume fractionsf ,,, fe,, andf,, of PPO, PEO, and fD,
To calculate the structure fact®&(q), we have used the respectively, in the continuous phase. Then, the scattering
equations previously described. length density of the solvent can be calculated @s
The four parameters are the volume fractiprthe radius = fpoPpo™ fedPeot fwpw With fpot+feotfy,=1. It should be
R, of micelles, the fractiory of PEO in the dense layer, and noted thatf,, andf., are not independent.
the concentratiorC,, of micellized polymer(gcm 3). C is We have used the same values of scattering length densi-
the total concentration of polymer in the solutimem ). ties of EO, PO, and D as Liu(Table ).
In a unit volume of sample, the number of micelles is By numerical fitting, we have determined the best values
of the four parameters for all studied solutions. It is worth
3¢ noting that for all concentrations and at each temperature, the
Npy="—"—"27. agreement between the model and the experimental data is
4mRy, very good. Two examples are proposed in Fig. 15. The con-

vergence in the iteration process is very fast even if the ini-
Then, it is possible to determin@ the aggregation num- tial values of the adjustable parameters are far from the final
ber, result.
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TABLE I. Molecular volumes and scattering lengths of EO, PO, 90 T <
and solvent. X
X a
N !
Molecular weight Molecular volume Q | E E "Dll'k rem”
Unit (gmolY) (A3) SLD (10 54) S s ﬁe" ¢ system
=3 i "
EO 44 724 4.14 T a0 mimers + fcelles . o
PO 58 95.4 3.31 £ 30 A .
Solvent 20 30.3 19.15 S 20 ~4 AN
10 unimers " A a \
. . 0 1 1 L} IN\.
In zone 3 of the phase diagram, peaks of higher order
; ; 0 100 20 30 40 50
appear, which are induced by the occurrence of local orga- p (Wiw %)

nization. However, the intensity of these peaks remains very
low. So, it can be reasonably thought that the height of the FIG. 16. Examples of curveBl,=Cie plotted on the phase
main peak is weakly influenced by this phenomenon. Therediagram. <, Nagg=6; O, Nagg=10; #, Nagg=13; [, Nagg=15; X,
fore, we have also analyzed the results of zone 3 of the phad¥ess= 18-
diagram by cutting the experimental curves after the first
peak. Our model satisfactorily describes the position and amNags= Cyc is parallel to the limit between the “unimers” and
plitude of the first peak and well fits the experimental values‘unimers+micelles” zones, which corresponds k= 1.
at low . Then, the formation of micelles withl,4<15 eases as the
In addition to the internal structure of the micelles, ourconcentration increases. This result is in agreement with
model gives fundamental information such as the aggregazhou and Chu’s work25]. The reverse phenomenon is ob-
tion number, the concentration of micellized polymer, andserved wherN,q4is at a high valuefor instanceN 4= 18).
the volume fraction of micelles as a function of temperatureThis could be due to the high viscosity of the medium, as the
and initial polymer concentration: migration of unimers to the micelles would require more
(a) Aggregation number. In Fig. 7 the variations Nfy,  thermal energy. An intermediate situation was detected for
with temperature for a 10% solution are plotted. A strongN,qq=15. The double dependence of tNgy, according to
increase from 1 to about 6 for a temperature close to 30 °@emperature and total concentration of polymer in solution
can be noted, after which its value rises linearly with tem-has been described by several authors with Pluronic systems
perature. The value of CMT determined here is in good7,8,10,29.
agreement with the result obtained by light-scattering experi- (b) Unimers-micelles equilibrium. Our model also allows
ment and this result shows that micellization is a slow andhe characterization of unimers-micelles equilibrium. We
continuous process. This could explain why no enthalpidave represented on Fig. 17 the evolution of the concentra-
phenomenon was detected by calorimetry. tion of micellized polymelC,, with temperature for different
Representative curved, = C are reported on the phase concentrations of T908. The fraction of micellized polymer
diagram of the systenfFig. 16). It is important to observe quickly increases above the CMT and goes to a limiting
that the aggregation number is a complex function of temvalueC,,, at high temperature€ ., is equal to about 60%
perature and initial concentration of polymer. For low valuesof C whatever the weight percentageof polymer in solu-
of the aggregation numbefor instanceN,q,=6), the curve  tion.
For each concentration and temperature, we have previ-
25 1 ously assumed in our model that all micelles are identical
A20°C

20 SEZAS Nagdd = 1M

whereU stands for unimers anill for a micelle containing
Nagg Unimers.
We can define the equilibrium constafg by

15 1

I(cm™)

_ [Mleq
5 € [U]gggg'
0 : . . . - where[M ] and[U].q are the molarities at equilibrium ex-
0 002 004 006 008 0.1 pressed in mole per liter,
q (A"
FIG. 15. Scattering function of a 30% solution. The solid lines [M]eq: 1000Nm - 100,

represent a fit with our model, the symbols are experimental points. Na MwNagg'
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FIG. 17. Evolution of concentratio€,, of micellized polymer
with temperature for different initial concentrations:, 5%; X,

10%; W, 20%; A, 30%; @, 40%.

C-Cp
[Uleq= 100(( - )

In the previous formulaC andC,, are expressed in g cm.
We have determined the valueskof at each temperature
and each concentration. If we plot the variations oKi(
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FIG. 19. Variations in activation enerdy, according to initial
polymer concentration in solution.

micellization whose value is in good agreement with the re-
sults of viscosimetric characterization. It is worth noting that
for p<22%, ¢ goes through a maximum value. This result
is important because it explains the existence of maximum
viscosity for these solutions. F=30% and at the transi-
tion temperaturel,, a discontinuity in the increase of the
volume fraction occurs. The values ¢fat the beginning and
end of the discontinuity are respectively equal to 0.41 and
0.49. These values can be compared to those available from
theoretical data in the literature. Hoover and Ree have estab-

according to the reverse of the absolute temperature for bshed, using computer simulations, that a hard-sphere fluid
given concentration, we notice thit, obeys an Arrhenius With a volume fraction¢ higher than 0.49 undergoes a
law. An example is drawn on Fig. 18 for a 10% solution. Wetransition to a crystalline phade@0]. For ¢ between 0.49

have calculated the activation enelifgy of the process from
the slope of the linear fit. In Fig. 19, the valuef seems to
diverge in the vicinity ofp=2% (i.e., impossible to form

and 0.54, the medium, is a two-phase systémd-crysta).
For ¢ higher than 0.54, the solution consists of a crystalline
phase only. In other words, when a hard-sphere system

micelles and quickly decreases when the concentration ofs gradually compressed, it transforms into a state of

polymer in solution is increasedformation of micelles

eases

long-range order, long before close packing. So, the discon-
tinuity observed could be interpreted as being due to the

(c) Volume fraction of micelles. In Fig. 20, the different Progressive crystallization of our system even if the experi-
volume fractions of micelleg) according to temperature for mental values of the limits of transitioi®.41 and 0.4Pare
all solutions studied are plotted. The volume fraction initially lower than the theoretical valué8.49 and 0.5% Our results

abruptly increases with temperature following a linear law.of the micellar volume fractions are in good agreement with
The extrapolation aty=0 gives the critical temperature of those of Mortensen and Pederson for Pluronic P85 solutions
16

140 -
120 -
100 -
o 80
14
= 60 -

40

20 4

0 L] L} L] L) ¥
2.8 2.9 3 3.1 32 33

10°/T (K"

FIG. 18. Arrhenius dependence of equilibrium const&nt

Representative example of a 10% solution.

0.6 -

0.5 1

0.4 1

©0.3 1

0.2 1

0.1 1

0.0

Temperature (°C)

FIG. 20. Evolution of volume fraction of micelles versus tem-
perature for different solutionst, 5%; O, 10%; 4, 20%; 1, 30%;
A, 40%.

031505-9



CHRISTELLE PERREURet al.

PHYSICAL REVIEW E 63 031505

100 1 0.95 1 r 25
XX XX
90 X o0 oX
o ° K
< o . A 20
307 o0 et ® 0.90 - R
o PN YA . LN - 15
E 70 .’0&. eeecoe z Z
hd N &
60 A“' 10
A 0.85 A o
50 4 L 5
a
40 T T T T )
0 20 40 60 80 100 0.80 T T T T T 0
o 30 40 50 60 70 80 90
Temperature (*C) Temperature (°C)

FIG. 21. Temperature effects on the radius of micelles for dif-
ferent solution concentration¥, 5%; O, 10%; ¢, 20%; A, 30%;
@, 40%.

FIG. 22. Evolution of the degree of hydratigh, andN,q, ver-
sus temperature for a 10% solutid®, ¢,,; A, Nygg.

For p=30% orp=40% and aff>T. (i.e., in zone 3 of The model proposed here shows that micelles can be con-
the phase diagramthe micelles are pocssibl3'/ organized in a sidered as spherical units with three shells. The central core
regular geometric lattice. If we nam®,, q,, and gs the contains all PPO chains under close-packing conditions,
respective values df at the successive maxima of intensity, Which is surrounded by a dense layer constituted of a frac-
the ratiosq,/q, and qs/q, are equal tov2 and v3. This tion y of PEO chains. The external corona is composed of

assesses the organization in the medium and would indicate8°" ©F less hydrated PEO units. These micelles soak in a
local cubic structurgFigs. 12 and 18 However, it is rel- homogenous mixture of unimers and water. This model pre-

evant to note that the 2D scattering pattern is isotropic. Thi§ents_several advantages. First, it sati.sfactolrily.describes the
means that if the micelles organize themselves locally, ther§*Perimental curves of the scattered intensity in SANS ex-
is no order at longer distances. In other words, the cubi@€riments with a limited number of parameters: the volume
structures can be oriented in space with any direction.  [raction¢ of micelles, their radiu®y,, the volume fractiory
(d) Size of micelles. The size of the micelles dependeoOf PEO in the dense layer, and the effective concentration

strongly on the initial concentration of polymer in solution. Cm Of micellized polymer. Second, much structural informa-
This is shown clearly in Fig. 21 where the evolution of radii 0N can be easily derived and plotted according to tempera-
R,, of the micelles according to temperature and concentralUré Or concentration of the polymer. Third, precise correla-
tion is presented. After a rapid increase above CMT, the siztions between the structure of the material and its rheological
of the micelles tended to a limiting value at a high temperaProperties are possible. For example, at low concentration,
ture, which increased when the weight percentageas de- the evolution of the volume fraction of micelles explains the
creased. This last result is interesting because it shows th¥{SCOSIty variations of the solution according to temperature.
the size of the micelles not only depends Nig,. The de- Comparlsqns between results from the different experi-
gree of hydrationp,, of the corona can be deduced from the mental techmque; employed here were uged to unders'tand
fraction y of PEO in the dense layer. In Fig. 22, variations in PEUer the properties of Tetronic 908. For instance, at high
Naqq@nd ¢, with temperature for a 10% solution are plotted_temperature ano_l h'gh concentration, se_zcondary peaks from
Nagg increrzlvsed linearly whilep,, decreased. These opposite SANS characterizations indicate that micelles are organized

agg w . . ; ; e )
evolutions could explain the relative constancy of the radiu?nd this explains why the solution became gel-like. Spectro

of micellesR,, observed at high temperatures whatever thgnech_anlcal r_neasu.rements.complemented. this analysis by
concentration. showing that in reality the mixture behaves like an entangled

polymer at these concentrations or temperatures.
Our model can be easily applied to other EO-PO copoly-
IV. CONCLUSION mers such as Pluronic or Tetronic systems. Moreover, with

Tetronic 908 in aqueous solutions presented rheologicdfW modifications, its methodology may be extended to dif-
properties, which were strongly dependent on temperaturf?re”t materials that form similar micellar structures.
and polymer concentration. This phenomenon is interpreted
as a consequence of the amphiphilic character of the poly-
mer. Above critical conditions of temperature or concentra-
tion, polymer chaingunimers aggregated and formed mi- We are grateful to BASF society for providing T908 sur-
cellar structures as classically observed with other PEO-PP@ctant. We also thank R. C. Hiorns for his help in the prepa-
copolymers such as Pluronic. ration of this manuscript.
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