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Dynamic and static properties of the concentrated micellar solution and gel phase
of a triblock copolymer in water
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The dynamic and static behavior of the p@thylene oxidgpoly(propylene oxidgpoly(ethylene oxidg
triblock copolymer “P94” is studied in aqueous solution. This polymer forms transparent micellar phase
structures through the whole phase diagram. The characteristics of these structures can be tuned by variation of
temperature and concentration. The transparent gel at high concentrations and at ambient temperatures is the
main interest in this study. The transition from the ergodic solution to this nonergodic gel or glass state can be
reached in two ways: at constant temperature with an increase of concentration or at constant concentration
with increasing temperature. We characterize the system in both ways with dynamic and static light scattering
and with small-angle x-ray scattering experiments. At 40 °C, no concentration dependent change in the micel-
lar structure of the system can be detected from the small-angle x-ray scattering results. Even in the gel we find
globular particles. This is important for the evaluation and interpretation of the dynamic light scattering
measurements. In the ergodic phase region at constant temperature, we find that a ratio of 2.17 gives a perfect
fit to the experimental data when we allow the effective volume fraction to be proportional to the mass fraction.
In the gel region we find two diffusional decays in the intensity correlation functions and an arrested part. The
diffusion coefficients from the faster decay stay constant inside the gel and the nonergodicity parameter
increases linearly with concentration. Both, the fast and slow diffusional modes show no angular dependence
of their scattering intensities, indicating their origin from small objects, while the arrested mode comes, as
expected, from structures larger than the resolution of the experiments.
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[. INTRODUCTION effective concentration of micelles at fixed total concentra-
tion of polymer, as more and more unimers self-assemble
Triblock copolymers of type polyethylene oxidPEQ-  into micelles with increasing temperature. Each of the two

polypropylene oxide-polyethylene oxide are nonionic surfacf0ssible transitions has been investigated.
tants and are of great interest for many applications and as a
model system for basic research. The behavior of agueous
solutions of this type of molecules is well known due to the

large number of publications concerning the aggregation, ge- A. Dynamic light scattering in ergodic media

lation and micellizatiori1—4], the phase behavi¢s—7], and From the time-dependent ensemble averaged intensity
the influence of the relative block siZ8,9]. The substance fiyctuations, measured at a fixed angle, the ensemble aver-
number of 21 ethylene oxide units in the outer blocks and @alculated. In the case of an ideal homodyne experiment
mean number of 47 propylene oxide units in the inner block(Gaussian beamthis (ICF)z corresponds to the ensemble

resulting in a molecular weight of 4700 g/mol and a weightayeraged field correlation functigifCP g, g&(q,t) with
fraction of about 40% for the two ethylene oxide chains. This

polymer forms globular micelles at low concentrations and a g(EZ)(q,t) =A[1+B2(g(E1)2(q,t))]
stiff and transparent gel at high concentrations at ambient
temperatures. The main interest in this study is the transition =A
from the fluid, ergodic into the arrested nonergodic state and
concerns the dynamic and static properties in the stiff gel

region. We characterize this system with dynamic and statigyhereq is the scattering vector argiis its magnitudeN; is
light scattering(SLS) and with small-angle x-ray scattering. the number concentration of thigh component and, a;,
First we give a short review of the dynamic and staticp;, D; are time, polarizability, form factor, and the diffusion
behavior in the ergodic phase region. The main part of thigoefficient, respectivelA is the mean squared intensity and
contribution describes the nonergodic gel region, which carg? is the coherence factor. For diluted solutions, the diffu-

be reached in two ways: at constant temperature with agjon coefficientD can be related to the hydrodynamic radius
increase of concentration or at constant concentration witlR,, by the Stokes-Einstein equation

increasing temperature. In this second scan we increase the

Il. THEORETICAL BACKGROUND
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wherek, T, and » are the Boltzmann constant, the absolute A
temperature, and the viscosity, respectively. =g/ = ~-sinz, €
For polydisperse systems it is convenient to define a con-
tinuous size distribution function IDF. Lét(R)dR be the  whereX is the wavelength. The measured intensity is given
fraction of particles with radiufR betweenR and R+dR. by
P;, D;, and «; are also functions oR. For a continuous

distribution of particles, the sum in E¢l) can be replaced . * sin(qr)
by an integral I(q)=4m . p(r) ar dr, (6)

g€(q.t) 1 ,82( fw 2(RIE(RIP(R)e PORIGR 2 wherep(r) is the pair distance distribution function of the
e 4o o

A 0 ' particles. For the determination of the size and shape of a
(3) particle, it is easier to interpret thg(r) function in real
space compared to th€q) in reciprocal space. The total
The IDF’s, calculated by inverse Laplace transformationscattering intensity can be expressed in the following factor-
show the weights of all classes of particles that contribute tozation:
the intensity signal10].
I(a)=nP(q)S(q), )

wheren is the particle density. This factorization is strictly
In nonergodic media the diffusional motion of the par- valid only for monodisperse spherical symmetric interacting
ticles is hindered. The duration of standard dynamic lightparticles and for noninteracting asymmetric objects. A simi-
scattering(DLS) measurement, with data acquisition timeslar description is possible for polydisperse systems, where
from minutes to several hours, is not long enough that théhe scattering curve can be related to the product of the form

particles can take all possible configurations one to eackyctor of partideg?ave(q) times the effective or “measured”
other (ensemble averageln the extreme case of a frozen structure factorS,¢(q) [13]. Fourier transformation of the
structure, even an infinite measuring time would not lead tGorm factorP(q) results in thep(r) function[14]. This cal-
the ensemble average. Therefore, the result of one measurgslation is facilitated completely model-free with minimized
ment can only be a time average of the intensity correlatioRermination effects and requires only a rough estimation of
function (ICF);. The theory of the dynamic properties of the maximum dimension of the particles when using the in-
nonergodic media is already worked out in great d¢til.  djrect Fourier transformatiodFT) method[15,16]. The gen-
The calculation of FCF)g from (ICF)+ from a single corre-  eralized transformation method GIFT4,17] allows simul-
lation measurement is the main information in that paper fOI‘taneous calculation dP(q) and S(q)’ where On|yS(q) is

B. Dynamic light scattering in nonergodic media

our need. The corresponding equation reads model dependent. For the uncharged system under investiga-
) o) tion, we assume a hard sphere interaction potential and use
Wy S@)T \/gT (aH)-g7'(q0+1 the Percus-Yevick approximation as closure relation. The
9e (q,t)—1+<| (a)e 3 : idea of the GIFT method is that the Fourier transformed real

(4) space base functions are multiplied with a parametr&eg
prior to fitting to the measured scattering curve in reciprocal

where(I(q))r and (I(g))g are the time and the ensemble space. This makes the problem highly nonlinear and, there-
averaged mean intensities afd is the coherence factor. fore, the method is based on the Boltzmann simplex simu-
(1(9))e and B2 have to be determined by additional mea-lated annealing algorithm to find the global minimuyv].
surements. To obtain the ensemble averaged mean intensifyhe form factor is completely model-free in these calcula-
the sample is rotated in the incident beam during the detedions, i.e., there are no assumptions about shape and inner
tion of the intensity to assure all possible configurations to bestructure made. The onky priori information used foilP(q)
achieved. The coherence factor is taken from measuremenits an upper estimate of the maximum dimension of the par-
of a diluted, monodisperse latex dispersion in wdtdeal ticles.
ergodic sample This factor is also a measure for the quality
of the experimental setup. The knowledge(BCF) ¢ allows ll. EXPERIMENTAL SECTION
one to use all evaluation routines used in standard DLS ex-

periments as described in Sec. Il A. With this procedure, the _The light transmission measurements were performed
correct size or size distribution can be determined. with the sa_mple in a cylindrical cuvetiinner diameter 8
mm) fixed in a temperature controlled cuvette holder. A

He-Ne lasef10 mW) was used as light source and a photo-
diode as detector. The measurements were done by detecting
The technique of small-angle x-ray scatter{®pXS) isa  the electric current of the diode illuminated by the transmit-

powerful tool for determining the size, shape, and internated beam after 15 min of temperature equilibration.
structure of particles in the size range from a few nanometers A laboratory built goniometer equipped with an*Alaser

to about 100 nn{12]. One detects the angle-dependent in-(514.5 nm, BeamLok 2060-5S, Spectra Physics, Darmstadt,
tensity of the scattered x-rays, whegds the length of the Germany was used for the dynamic light scattering mea-
scattering vectoq and is related to the scattering an@leby  surements. The detection optics consisted of a single mode

C. Small-angle x-ray scattering
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fiber (OZ from GMP, Zuich, Switzerlandl coupled to an 70

ALV/SO-SIPD/DUAL photomultiplier with pseudo-cross- 5

correlation setup, ALV-5000 multiple tau digital correlator 60 |f N . Hexagonal
with ALV-5000/FAST extensiortall from ALV, Langen, Ger- Cylindrical Micelles

X . . A Phase
many). All experiments were performed using two polarizers 50

(Glan Thomson prisms, Halle, Berlin, Germany, discrimina- B

tion <10 ) both in vertical orientation, one in front of the ) - Spherical Micelles
sample cell, the other between the sample and the entrance of : 40
the single mode fiber. As data acquisition software Ahe 5
5000/E program was used. © a0 b
The data acquisition at each point in the ergodic region of & « Spherical Micelles
the phase diagram was typically done by measuring the in- & and Unimers
~ 20 =~

tensity correlation functions with an effective laser power of
200 mW after a time of two h for temperature equilibration. -
The duration for the detection of one curve was chosen to be 10 |

100 s. The averaged functiofsur to six curveg which had | Unimers S .
a total sum of at least IG@ounts, were fitted by the method N T
of cumulantd 18] and evaluated by inverse Laplace transfor- 0 5 10 15 20 25 30 35 40
mation[10].

In the nonergodic region, the time averaged intensity cor- Concentration [% (w/w)]

relation functions were measured in the following way. From FIG. 1. The phase diagram of the triblock copolymer P94 in
each ;ample, five curves, Of 100.0 s each, were d?t.eCted aftf?(liueous solution as a function of temperature and concentration.
overnight temperature equilibration. Then the position of the

sample was changed to produce another speckle, and thfase boundaries were detected using ultrasonic speed, vis-
measurement was repeated. This procedure was done four ¢gsimetry, and light transmission measurements. The struc-
five times and the results were stored without averaging. Thg,re of the single phases was determined with SAXS, small
ensemble averaged intensity was obtained by rotating thgngle neutron scattering and depolarized DuSpublished
sample during intensity detection. From ten measurement$egylty. At low concentrations and temperatures unimers of
of 30 s each, the ensemble averaged intensity was finalhe polymer exist in solution with a small amount of large
calculated. ) aggregates. Increasing the temperature yields a phase of co-
For the SAXS measurements, we used a rotating-anodgxisting unimers and spherical micelles; the lowest full line
generato(AXS, Bruker, Karlsruhe, Germapyvith a Cu tar-  jndicates the formation of the first micelles; at the second full
get operated at 40 kV and 100 mA. The divergent x-rayjine the formation of micelles is completed. The dashed line
beam from the anode was cleaned from hard x-rays and thg petween is the region with maximum formation rate of the
Cu Ky line and was collimated by a so called &b mirror  mjcelles. At higher temperatures, a phase consisting of
(AXS Bruker, Karlsruhe, GermanyA modified Kratky com-  nearly monodisperse spherical micelles exists. Further in-
pact camera was used as a block collimation system. Thgrease in temperature leads to a shape change from spherical
intenSity was detected by an imaging-plate dete¢Elljl micelles to Cy”ndrica] m|Ce||e$20]
BAS 1800 with AIDA software(Raytest, Straubenhardt, Ger- At high concentrations, we already start at low tempera-
many [12]. ture with a mixture of unimers and micelles. Increasing the
P94 from ICI (Imperial Chemical Industries, UKwas  temperature, a sharp phase boundary to a stiff gel region is
used for the eXperimentS as received without further puriﬁ-found. In this region a transparent and nonergodic system is
cation. The solutions were made weighting the polymer andormed. At even higher temperatures one finds a hexagonal
water, obtained from a Milli-Q RQ@Millipore, Ireland, o phase formed by the cylindrical micelles.
give the used concentrations in mass fractiggw/w) ]. In Fig. 2 we show some of the light transmission results in
The viscosity measurements have been performed usingtfie concentration and temperature regime of the stiff gel. The
prototype of the DMA 5000, which has been modified by thege| houndary is visible by the drop in the transmission, indi-
addition of an ultrasonic sound cell equivalent to DSA 48cating light scattering from narrow two-phase regions. The
(both Anton Paar KG, Graz, AustiiaThis density meter scattering intensity shows an enormous increase at the phase
works on the basis of an oscillating tube. The damping of théyoundary. Since the measurements have been performed in a
oscillating tube can be converted into actual viscosity data Ugcan trough modéonly 15 min temperature equilibration at
to about 300 mPaE].g] The viscosities measured with this each step of 0.1 °C)' it can not be expected that the Samp|es

instrument result from ultralow shear stress. A temperaturgaye already reached thermodynamic equilibrium. Such an
equilibration time of 15 min was given to the samples priorequilibration may take up to several days.

to the measurements.

IV. RESULTS B. Concentration variation at constant temperature

SAXS experimentsor a correct interpretation of our DLS
results, the knowledge of the shape of the particles is impor-
The phase diagram of the system is shown in Fig. 1. Theant. In Fig. 3 we show some of the SAXS curves measured

A. Phase diagram
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FIG. 2. Light transmission plotted vs concentration and tem- g1 4. The ensemble averaged scattering intensity divided by
pgrature for a rough estimation of the phase boundary toward thg,q concentratioric is the concentration in % (w/w)] compared
stiff gel. with a theoretical structure fact&(®) is plotted vs concentration.

The best fit forSy(®P) is obtained withd =2.2Qc.
at 40°C in different concentrations between 1 and
20% (w/w). From the typical side maxima it can be seenaggregates in the micellar phase. Also the structure factor
that the particles in the samples are rather spherical angarameters are nearly constant and result in a hard sphere
monodisperse objects. At logywe see also the influence of interaction radiuRyg of about 7.4 nm with a low polydis-
particle interaction for the concentrated samples. The scattepersity of a few percent only, and an effective volume frac-
ing intensity first increases due to the increase of concentraion of interaction, which is about 2.1 times the concentration
tion. Then, with further increase of concentration the inten<{® .= 2.1c/100).
sity decreases because of the decreasing isothermal SLS experimentdhis agreement with hard sphere inter-
compressibility of the solution. When the curves are evaluaction can also be found in a comparison of the static light
ated with the GIFT method and normalized to the concentrascattering results with the theoretical structure faGg(id)
tion, we obtain in all cases approximately the sapie) for hard spheref21]:
functions, indicating globular and quite monodisperse par-
ticles with a diameter of about 15.5 nfdata not shown, (®-1)*
similar to Fig. 4 in Ref[5]). The increasing particle interac- So(P) = —(Zq)Jr 1)2
tions at higher concentrations can be fitted within the statis-
tical accuracy by hard sphere structure factors of nearlyyhen plotted versus the concentratiéFig. 4). The data
monodisperse spheres. The structure of the particles reprgpints were calculated by dividing the ensemble averaged
sented by i.ts form factors does not 'change signjficantly in thfihtensity by the concentration. The fit lineSg(®) scaled by
concentration range measured, i.e., the micelles remaign arpitrary amplitude factor. The best fit is obtained by cal-
globular and there is no indication of existence of any Iarge@maﬂngq) from 2.20 times the concentration [ift6 (w/w)].

DLS experimentsThe diffusion coefficients, determined
by dynamic light scattering at 40 °C as a function of concen-
tration in the ergodic phase region are shown in Fig. 5. The
result is compared with the hard sphere interaction approxi-
mation (dashed ling

®
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Deff: D0(1+156D), (9)

whereDy is determined to be 4.3510 ! m?/s, this corre-
sponds toR,=8.8 nm. The slope does not match when the
volume fraction®d is set equal to the mass fracti¢concen-
tration [ % (w/w)]). Allowing the effective volume fraction
108 . . . . . . . v v . to be proportional to the mass fraction, we find that a scaling
00 02 04 06 08 10 12 14 16 18 20 factor of 2.17 gives a perfect fit to the ddfall line).
q[1/nm] Viscosimetry. Approaching the nonergodic region, the
FIG. 3. The small-angle x-ray scattering curves of P94 aremacro.SCOp.iC viscosity !S dramat.ically increasing as ?an be
shown for different concentrations at 40 °C. The intensity is plottedSeen in Fig. 6. The fit curve is calculated according to
in logarithmic scale vs scattering vector. The curves are scaled iMooney[ZZ],
height by arbitrary factors for better visibility and correspond to the
following concentrations:@ 1, O 5, B 10, O 15, and A Ezex% 2.50 )
20% (wiw). 70 1-Kd)’

intensity [arb. units]
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FIG. 5. The diffusion coefficients of P94 at 40 °C are plotted vs
concentration. The dashed line describes a fit on the basis of hard FIG. 7. Four bundles of field correlation functions correspond-
sphere interaction using the mass fraction as the volume fractioring to angles of 30°, 60°, 90°, and 120° are plotted vs time. The
The full line is a fit with an effective volume fraction being propor- concentration of the sample was 35% (w/w) and temperature
tional to the mass fraction with an optimized proportionality factor 25 °C.
of 2.17.

correlation time, shown in Fig. 8, it can be concluded that
whereK denotes the self-crowding factojs and 7o are the  both decays are diffusional terms as the slopes of both, the
viscosities of the solution and the solvent, respectivélys  fast modek;, and of the slow modk,, agree with the theo-
the volume fraction of the dissolved particles. According toretically predicted value of 2 within the statistical errors.
other results® has been taken to be 2.1 times the concenAnother possibility to check the diffusive behavior is by
tration[% (w/w)]. The self-crowding factor has been deter- plotting the decay rates versgs. The result is two straight
mined to be 1.42, which lies on the lower side between théines with zero interceptnot shown. It is also interesting to
theoretical limits for monodisperse spheres of 1.35 and 1.9¢heck the ratio of the amplitudes of the fast and slow modes
and which is nearly identical to the value of 1.43 found byas a function of the scattering angle. This ratio is calculated
Mooney for viscosity data from suspended glass spherefr each individual correlation function in the bundle mea-
[22]. The highest concentration was not used for the calcusured for every scattering vector. The mean values show no

lation of the fit. significant angular dependence. A weighted mean over all
angles yields a value of 3.6 for the ratio. The overall angular
C. DLS measurements in the nonergodic region dependence is same for both modes.
- From the field correlation function and the ensemble av-
1. Fast and slow diffusion modes eraged mean scattering intensity, it is possible to calculate

First we show some angle dependent field correlatiofhe portion of the intensity of each population that contrib-
functions for a 35% (w/w) solution at 25 °C, in the center of Utes to the signdl3]. The angle dependent intensities of the
the stiff gel, in Fig. 7. We see a fast and a slow decay and affst and slow diffusional modes and of the frozen state can

arrested part at long times. From thjedependence of the Pe seen in Fig. 9. We see constant intensities for the fast and
slow diffusional modes, whereas the intensity of the frozen

70

®
60 9 04
)
50 9 =
% £, 14
: [}]
Z 40 4 E
2 s
2 s
S 301 T
[
.g T 34
T 20 §
[ ° Kk =-1.91
|- JR
10 4 o
0 T v T v -5
0 5 10 15 20 25 30

concentration [%w/w] 20 1.9 1.8 17 1.6

. . . . log,, (d [1/nm])
FIG. 6. The macroscopic relative viscosity, measured at 40°C

with the low shear instrument, is plotted vs concentration. The full FIG. 8. The angular dependence of the correlation time of the
line is a viscosity fit with fixedb =2.1Qc according to the equation fast (O) and the slow @) decay from Fig. 7 in a double-lggplot.
of Mooney. From the fit calculatiork was determined to give 1.42. A slope of 2 is predicted for diffusional motion.

061402-5



LINDNER, SCHERF, AND GLATTER PHYSICAL REVIEW E57, 061402 (2003

‘@
= 0.45
E g ¥ A
% J . 0.40 < - §/
— [
2 \ T 0351 —4
.5 E
z & 00 ¥
£ ~ a
> 0.25 4 -
) -
£ 100 ~ B 3 —3
5 ~ -g 0.20 4
£ — 2
§ ' - N — fg 0.15 4 ¢
kS ———— ___"____T 2 0104
=1
©
5 0.05
s
o ¥ o____L___e_____o 0.00 1@
= v v v v v v v v v v
E 26 27 28 20 30 31 32 33 34 35
g 20 30 4 50 60 70 8 90 100 110 120 130 congentration [%(w/w)]

scattering angle [deg] ..
FIG. 11. The nonergodicity parameters are plotted vs concentra-

FIG. 9. The ensemble averaged mean scattering intensities frotion. The measurements were performed at 40(The dashed line
Fig. 7 of the fast @) and slow () diffusional modes and of the is a linear fit to guide the eyke.
frozen state [J) are plotted as a function of scattering angle.

) ) ) ) ~ low temperatures. This rather broad correlation function has
state is dramatically increasing towards low angle. This in4 mean decay time of about 19s. The system is a mixture

dicates that the fast and the slow modes stem from smalif ynimers, micelles, and some larger aggregates, only exist-
objects, while the frozen state originates from much Iarge;ng at low temperaturegs].
structures. After entrance into the gel phagstarting at 17.6°C at
35% (w/w)], the situation changes dramatically: A second
(slowen decay appears and the fast decay is shifted to shorter
In Fig. 10 we show the diffusion coefficients of the fast times. The correlation time of the fast mode decreases from
relaxation mode close to and inside the gel phase at a fixetl82x 10 ° at 19°C to 1.0%X 10 ° at 35 °C. The correlation
temperature of 40°C. The effective diffusion coefficient of time of the slow mode increases from 2:390 2 at 19 °C to
the micelles increases linearly in the ergodic, fluid regime a9.96x 10 2 at 35 °C. The relative amplitudes of the fast and
also shown in Fig. 5 and turns into a practically constant fasslow diffusional modes decrease with temperature at the ex-
mode inside the gel. This and the above findings allow us t@ense of the increasing nonergodic contribution.
conclude that the fast mode is the collective diffusion of the
micelles in the gel.
The nonergodicity parameteg§’(q,>) are shown in Fig. V. DISCUSSION

11 as a function of concentration at 40°C. Beyond Thg phinary P94-water system shows a very interesting
27% (wlw), the contribution of the arrested parts in thepnase pehavior. At low temperatures, water is a good solvent
sample increases linearly with concentration. for the triblock copolymer. So most of the polymer chains
exist as unimers in solution. Some large aggregates still re-
main undissolved due to the low solubility of some by-

The field correlation functions from a 35%(w) solution  product in the production process. These aggregates could be
for different temperature&Fig. 12 show only one decay at

2. Concentration dependence

3. Temperature dependence

1.0 4
87.0x102
12 c p
- 84.5x107 508
& =
£ g
£ 82.0x1072 1 2
@ c 064
8 ]
§ 79.5x10"2 4 { %
8 5 04
s o U
S 77.0x1072 4 o
4 o
£ t 3
S 745107 4 0.2
-12.{
720107 7 . . v r r v 0.0 T T v v T )
20 22 24 26 28 30 32 107 10 105 10*  10° 102 10" 10° 10 102 108
concentration [%(w/w)] time [s]

FIG. 10. The diffusion coefficients at 40 °C close to and in the  FIG. 12. Field correlation functions at 35% (w/w) and different
stiff gel region are shown as a function of concentration. The dottedemperatures are plotted vs time. The curves correspond to the fol-
line symbolizes the gel transition. lowing temperatures® 5, O 10, 19,1 23, A 30, andA 35°C.

061402-6



DYNAMIC AND STATIC PROPERTIES OF THE . .. PHYSICAL REVIEW E 67, 061402 (2003

removed at low temperatures by simple filtration with adetailed information on the form factor. Under the assump-
200-nm filter. They can be identified as hydrophobic entitiegion of a constant form factor, i.e., the higher the concentra-
as they can also be removed by a solid phase extractiotion the more micelles of the same type are formed, we can
column(ENVI18, Supelcd. These cleaning procedures were divide the scattering intensity by concentration. The resulting
not necessary for the experiments described in this paper, asirve can be fitted with a theoreticg{0) for a hard sphere
by raising the temperature, the polymer becomes amphiphili®ercus-Yevick model with an effective volume fraction of
that leads to self-assembly into micelles. A few large aggre2.2 times the mass fraction, in perfect agreement with the
gates also dissolve into the micelles, as can be seen fro®AXS results. This factor helps in understanding why the
DLS data from ergodic systems. The DLS shows that theylass transition already occurs below 27% (w/w).
large aggregates disappear when micelles are formed, i.e., at While SAXS and SLS are static methods resulting in in-
40°C. P94 solutions show only one decay in the ergodidormation about the mean positional order of the system, we
concentration regime. The decay constant and the signalan independently find information about the interaction of
strength are same within the statistical accuracy for the unthe particles from the diffusion dynamics using DLS. As in
treated or the filtered sample, i.e., the amount of hydrophobiSLS, we have to assume that the size of the micelles does
impurities is negligible and does not influence the results iressentially not change with concentration, which has been
the micellar regime. The core of the micelles formed over eestablished from the SAXS results. In the fluid, ergodic re-
relatively wide temperature regime consists mostly of poly-gime we found that the particles behave also dynamically
propylene and the shell of polyethylene blocks highly pensimilar to hard spheres, with a hydrodynamic radis
etrated with water. The phase diagram can be shifted in tem=8.8 nm and an effective volume fraction of 2.17 times the
perature by varying the absolute block lengths and thenass fraction. These results are in excellent agreement with
amount relative to each othfs,9]. the static results and one might think that this is an obvious
The most interesting feature is the stiff gel region, mostfinding, taking into account that the hydrodynamic radius is
probably a cubic phase. The exact determination of the galsually larger due to the bound hydration water which is not
structure is hindered by the formation of small microcrystalsseen by the x-rays. However, there exist other systems, such
in the gel. These few crystals have an arbitrary, but fixedas inverse micelles and water in oil microemulsions, where
orientation(at least in terms of the measuremerasd the the static results can also be interpreted as hard sphere inter-
SAXS data have in most cases a lot of bright spots on top céction, but with strong interpenetration. Such systems show
the diffuse background. For the comparable P85 system, thia DLS a diffusion coefficient strongly decreasing with con-
reflections can be indexed in accordance with a cB38m  centration, even though the particles remain glob[24j.
structure(scattering peak position ratia&2, /3, 2,/6) and It is astonishing to see that the simple linearized approxi-
a lattice constant of 14.8 nm, very close to the micellar di-mation[Eqg. (9)] for D¢, developed for moderate concen-
ameter at a low concentration of 15 nfanpublished re- trations holds up to the gel regime. This might be due to the
sults. The phase boundary into this region appears at abowmall size of the micelles and due to the specific hydrody-
half the concentration one would expect for compact harchamic interactions with the hydrated polymer shell.
spheres. We see from all our data that the volume need of The viscosity data are also in quite good agreement with
this core-shell micelles is clearly higher than the specificthe scattering data. However, there we cannot get good fits
volume of the polymer solubilized. One can imagine that thewith a simple, linearized model. The model of Moori@y?],
core consists of a rather compact polypropylene pli@gen  which is based on Einstein’s viscosity equation but extended
though less dense than the corresponding bulk pfage to apply to suspensions of finite concentration, can fit the
where otherwise the shell consists of polyethylene armslata up to about 22% (w/w). The self-crowding factor is
reaching into the aqueous solution. SAXS data allow separat.42, if the volume fraction is fixed to 2.1 times the mass
tion of the particle form factor and the structure factor con-fraction, as indicated by the scattering experiments. Mooney
trolled by particle interactions. The micelles have an outeifound a self-crowding factor of 1.43 for viscosity data from
diameter of about 15.5 nm and are close to sphericaglass spheres. The deviation at the highest weight fraction
symmetry—as indicated by the pronounced side maxima istudied can be due to the finite stiffness of the micelles.
their scattering function. The particle interactions can be rep- Now we move toward nonergodic stiff gel. From the DLS
resented by a simple hard sphere interaction with an interadata, in Fig. 5 we can see that there is a continuous transition
tion radius of about 7.4 nm or a minimum center-to-centerof the collective diffusion of the ergodic micellar solution
distance of 14.8 nm and a polydispersity of a few perceninto the fast mode in the nonergodic gel, which does not
only. The effective volume fraction determined from the depend on concentration, while the nonergodicity parameter
structure factors is more than twice the weight fraction.increases nearly linearly for concentrations above
These results can be understood with a relatively open shel7% (w/w) corresponding to effective volume fractions
structure of highly hydrated PEO, making this shell rela-higher than 0.58. In addition to this nonergodic term, which
tively stiff. This stiffness is indicated by a hard sphere radiusappears like a base line in the ensemble averaged correlation
and the diameter of the micelles being practically constanfunction, we also observe a second, slow mode with a rela-
over the wide concentration range measured. tively small amplitude. Both modes have been proven to be
A similar result was obtained from the independent staticdiffusive, according to theig™? dependence. Their ampli-
light scattering data. This technique measures only at veryude ratio is independent of the scattering angle, i.e., they
low scattering vectors and it is therefore impossible to gebriginate from structures of similar size. But we know that
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the fast mode is the collective diffusion of the small micelles,the onset of the formation of cages of micelles to their near-
i.e., this term should have no angular dependence. In addést neighbors. The fast and slow modes have the same origin
tion, we could show with additional experiments that bothas in the previous series. The slow mode becomes slower
terms have nay dependence. We can understand the faswith temperature(concentratiop and decreases in relative
mode as a “rattling in the cage” motion, while the slow amplitude due to the increasing packing ratio. The increase
mode can be understood as the diffusive motion of smallof the amplitude ratio of the fast to the slow mode can be
sized inhomogeneities such as empty positions in the gel. m_terp_reted in terms of a decrease_ln the rel_atlv_e amount of

The frozen state shows a strong increase of intensity todiffusive fault_s. This goes along with a relative increase of
ward low scattering vectors. The Guinier approximation, cal-€ nonergodic states. _
culated to obtain a rough estimation of the size of the frozen M Principle, one could argue that the slow mode might
state, shows that the structures are larger than the resolutiof?™€ from some large, but §tl|| moblle' localized aggregates
With a minimum scattering vector of 0.0084 nfly itis only N the gel, where the huge size gives rise to long correlation
possible to measure structures up to 374 nm in diameter. t!mgs. This idea is, however, in full contradiction with the

The correlation functions for constant concentration buinding that the slow mode has no angular dependence on
varying temperatures are more difficult to discuss. The phas@mPlitude, a feature in common with the fast mode, i.e., both
diagram shows the coexistence of unimers and micelles 4F°des must come from entities of comparable sizes. This
low temperatures. We could not reach a region where only'€arly excludes the possibility of slowly diffusing large
unimers exist in aqueous phase, for this would be belowtrUctures.

0°C. We see, therefore, from the beginning at low tempera- Summarizing we can say that this triblock copolymer sys-

tures a broad decay in the correlation function with an ex €M forms interesting phase structures, which can be tuned

tended tail at high correlation times before the field correla—by varr]iation ?\f temEeLatur(ra] alnd c;]onceg.tration. Thektrarr:spar—
tion functions finally go to zero. Some large aggregates ofnt phases through the whole phase diagram make the sys-
tem an ideal candidate for light and x-ray scattering experi-

crystallites of hydrophobic material are present in the h I h 1o be | . db
sample, but they increasingly disappear with temperature iff'€Nts: The structures are small enough to be investigated by

the signal for the micellar system in the diluted micellar SMll-angle x-ray and neutron scattering. The small size of

solutions. This can be understood as a solubilization of hthe objects, togethe_r with the. relatively IQW thicall contrast,
drophobic impurities in the micelles. makes the system ideal for light scattering investigation, as

More and more micelles are formed when the temperaturd!® Sample is clear in the whole one-phase region. The spe-

is increased at constant concentration. The advantage of th?éalty of this system is also the fact that the size of the ob-

experimental series is the fact that it can be performed withECtS IS much smaller than trerange explored in the DLS

one sample preparation, so there can be no artifacts intr@d SLS experiments, i.e., there is negligigldependence

duced by sample preparation and thermal history. In the casd! the form and structure factors or, in other words, we mea-
sure atq~0. This opens new insights into the dynamics of

of the 35% (w/w) solution, the gel point is reached a . )
17.6°C, corresponding to an effective volume fraction of the'on€rgodic systems compared to real hard sphere colloidal

micelles of about 56% (v/v). Inside the gel the formation of Systems in the size range of the wavelength of the laser light.
micelles goes on with temperature. This corresponds to an
increase of the effective volume fraction of micelles, how-
ever, in a not so well defined way. More than that, we have a We acknowledge helpful discussions with R. Klein, Kon-
changing concentration of remaining unimers in the solvenstanz, P. Pusey, Edinburgh, and K. Dawson, Dublin. This
affecting the hydrodynamic interactions on top of the tem-work was supported by the Austrian “Fonds zurréferung
perature dependence of the diffusion process. In the geler wissenschaftlichen Forschung” under Grant No. P12611-
phase the volume fraction of micelles is high enough to starCHE.
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