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Small-angle neutron scattering study of the temperature-dependent attractive interaction in dense
L 64 copolymer micellar solutions and its relation to kinetic glass transition
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We made small-angle neutron scatteritf®ANS) study of a PluronicL64 micellar system in agueous
solution at high polymer concentratiofist %), 35%<c<53%, in a temperature range where a kinetic glass
transition has been observed by photon correlation spectroscopy and zero shear viscosity measurements. We
analyze SANS intensity distributions assuming that the micelles are spherical and interact among themselves
by an effective pair potential, consisting of a hard core plus a narrow attractive square well, the depth of which
is temperature dependent. The theory is able to account for the intensity distribution quantitatively when the
micellar system is in the liquid phagbut qualitatively when the micellar system is in the glass stafiging
values of four parameters: the aggregation number of the mibklldne volume fraction occupied by the
micelles ¢, the fractional width of the square well and the effective temperatufié =kgT/u, where—u is
the depth of the square well. Thus, we are able to assign a point in the phase didg @i ¢ plane for each
measured micellar liquid and glass state. Comparison with a phase diagram predicted recently by mode
coupling theory calculation allows us to identify the existence of the so-called liquid-to-attractive-glass tran-
sition line. We also found the evidence of glass-to-glass transition at volume fraction of 0.54 predicted by the
mode coupling theory.
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[. INTRODUCTION polymer concentrations, we give experimental evidence
showing the existence of a liquid-to-glass-to-liquid reentrant
Previously, we reported an observation of a temperatur&GT. Upon raising the temperature at fixed polymer concen-
and concentration dependent structural arrest transition, ortaations in a range of weight fractions, 036<0.53, the
kinetic glass transitiofKGT) line, distinct from a percola- KGT phase boundaries obtained from three different experi-
tion line [1], in a copolymer micellar system showing many mental techniques agree within the experimental errors. We
characteristics of a system having a short-range attractivgive an argument based on experimentally determined pa-
interaction[2]. We showed that at a fixed polymer concen-rameters, obtained from the SANS data analyses, showing
tration, as we approach KGT from the low temperature sidethe existence of the attractive branch of the KGT predicted
the time evolution of the photon correlation functighCS by the mode coupling calculatioi8,6]. Our observed reen-
measured in a dynamic light scattering experiment exhibits &rant phase behavior can be understood as the result of a
fast-slow relaxation scenario. The intermediate scatteringlouble crossing of the attractive branch due to the competi-
function (ISF) begins with a short-time Gaussian-like relax- tion between the temperature dependence-of (depth of
ation, soon turning into a logarithmic decay, followed by athe attractive potential weland the magnitude dfgT of the
plateau region and then a power-law decay, before evolvingystem.
into a final, slowa relaxation. The fact that there is a loga-  Our micellar system is made by dissolving a triblock
rithmic time decay region preceding the plateau, suggestsopolymerL64, one member of Pluronic family7] used
that the system state is in the vicinity of a cusplike bifurca-extensively in industrial applications, into,D at weight
tion singularity of aA3 type[3], predicted by mode coupling fractions less than 0.53. Pluronic is made of polyethylene
theory (MCT) for a system having two control parameters oxide (PEQ and polypropylene oxide(PPQ with the
[4,5]. The phase boundary marking the KGT, predicted bytwo PEO chains placed symmetrically on each end of
the MCT, for a system with a hard-core plus a short-rangeghe PPO chain. The chemical formula of64 is
(square well attractive potential shows the existence of two[ (PEQ),5-(PPO)y(PEO),5], having a molecular weight of
mutually intersecting branches: one originates from the fa2990 Da and is comprised of PPO:PEO weight ratio of
miliar cage effect due to the excluded volume effect comings0:40. At low temperatures, both PEO and PPO are hydro-
from the hard core, and the other from cluster formation duephilic, so thatL64 chain readily dissolves in water existing
to the short-range attractive t4B,6]. as a unimer. As temperature rises, due to the less likelihood
In this paper, based on an extensive analysis of a set aff hydrogen-bond formation between water and polymer
small-angle neutron scatteringANS) data taken at high molecules, PPO tends to become less hydrophilic faster than
PEO, thus the copolymer acquires surfactant properties and
aggregates to form micelles. Since at higher temperatures,
* Author to whom all correspondence should be addressed. Emaiater becomes progressively a poor solvent to both PPO and
address: sowhsin@mit.edu PEO chains, the effective micelle-micelle interaction be-
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FIG. 1. Typical examples of the intermediate scattering functi(is,t) as measured by photon correlation spectroso®®y9, at
different concentrations, as a function of temperature, showing the ergodic-to-nonergodic-to-ergodic transition. In the three panels, we
highlight the occurrence of a region of a logarithmic time dependence preceding the plateau region for the system in the ergodic state just
before the transition.

comes attractive. At low concentrations, the attraction in-spectrometer in the Center for Neutron ReseallIST), and
creases significantly as a function of temperature so that &t SAND station of the Intense Pulse Neutron Soye&S)
leads to an existence of a critical point @0.05 andT  in Argonne National Laboratory. AG7, we used incident

=330.9 K, as was shown by a series of stud&9]. monochromatic neutrons of wave length=5 A with
AN/N=11%. Sample to detector distance was fixed at 6 m,
Il EXPERIMENT covering the magnitude of wave vector transflr range

0.008-0.3 Al IPNS generates high energy spallation neu-

The Pluronic L64 triblock copolymer sample was ob-trons by bombarding a heavy metal target with repetitive
tained from BASF Inc. After necessary purification proce-pulses of 500 MeV protons. After moderation of these high
dure to remove hydrophobic impurities, the polymer was disenergy neutrons, one selects a pulse of white neutrons with
solved in deuterated water purchased from Cambridgen effective wave length range from 1.5 A to 14 A. At
Isotopes Inc. In the three different experiments mentionedSAND all these neutrons are utilized by encoding their indi-
above, photon correlation spectroscofCS, zero shear vidual time of flight and their scattering angles determined
viscosity measurements, and SANS, we have explored thiey their detected position at a two-dimensiorfaD) area
dynamic state and the structure of the system as a function efetector. The 2D area detector has an active area of 40
T at differentc (weight fraction of the polymer PurifiedL 64 X 40 cnt and the sample to detector distance is 2 m. This
samples were prepared by using a standard procd@ire configuration allows a maximum scattering angle of about
During the experiments the temperature stability was con9°. The reliableQ range covered in the measurements were
trolled to within =0.1°C. Viscosity measurements have from 0.004 A !to 0.6 A . Q-resolution functions of both
been made with a strain controlled rheometer, using a doublef these SANS spectrometers are Gaussian and well charac-
wall Couette geometry. To ensure a linear response, we worlerized. It is essential that we apply these resolution broad-
at the applied straing=0.04[10]. PCS measurements were enings to the theoretical cross section when fitting the inten-
made at a scattering angfe=90 °, using a continuous wave sity data. Sample liquid was contained in a flat quartz cell
solid state lasefVerdi-Coherent operating at 50 mW X with 1-mm path length. The measured intensity was cor-
=5120 A) and an optical scattering cell of a diameter 1 cmrected for background and empty cell contributions and nor-
in a refractive index matching bath. The intensity data weranalized by a reference scattering intensity of a polymer
also corrected for turbidity and multiple scattering effects.sample of known cross section.
The PCS data were taken using a digital correlator with a Before entering into a discussion of the method of mea-
logarithmic sampling time scale. The latter feature allows usuring the effective potential parameters by SANS data
to describe accurately both the short-time and the very longanalysis, we shall first show two direct experimental evi-
time regions, up to time of the order of seconds. From thalences of the KGT, using our photon correlation and viscos-
measured photon correlation function, we have calculatedty data.
by using the same procedure describing in Réf, ISF Figure 1 shows some ISF obtained by PCS in a concen-
F(k,t). tration range 0.44&c<0.51, at different temperatures. As

SANS measurements were madeNsB7, 40-m SANS can be seen on increasing the temperature, the system, start-
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micellar system to higher temperatures. Starting from a glass

state, upon further increasing the temperature, the measured
ISF reveals a surprising reentry from glass-to-liquid state, as

seen by the ISF again decaying to zero at higher tempera-
tures.

The low shear viscosity at five different concentrations
measured as a function of the temperature is shown in Fig. 2.
The viscosity at all concentrations are characterized by an
initial increase, starting from viscosity values typical of a
liquid (~10"2 Pa), followed by a flatten-off at the highest
temperatures. For the concentratiorr 0.35, the viscosity
shows only a single step increase that covers three orders of
magnitude. For the remaining concentrations, there is an ad-
ditional step increase located in a different temperature
range. Thus for concentrations>0.35, the overall viscosity

FIG. 2. The zero shear viscosity at five different concentrationgncrease is about five orders of magnitude. The first step

as a function of temperature. Starting from low temperatures, th&iscosity increase i.64/D,0 micellar system is due to the
shear viscosity increases steeply, first going through a percolatiopercolation process that is characteristic of a colloid with a
transition(PT), then a liquid-to-glas$LG) transition, and finally a  short-range attractive interacti$g]. Figure 3 gives the sys-
glass-to-liquid(GL) transition. Note that, for the case 0=0.35,  tem phase diagram in which we show the measured percola-
there is only the percolation transition. tion points obtained by observation of the power-law fre-

. o guency dependences of the complex viscosity and elastic and
ing from a liquid state at a lower temperature, where the 'S':storage components of the shear mod@/ (and G”) as a

decays to zero at long time, approaches a KGT characterizgginction of temperature. The second step increase in viscos-
by a diverginge relaxation time and the ISF tends to a finite jty in which the viscosity reaches very large absolute values
plateau at long timg F(k,t—o=)=f(k)>0]. Just before (>10® pa), is located in the region of the KGT. We have
such an ergodic-to-nonergodic transition, the ISF, right afteggnfirmed it by observing in this temperature range a dra-
the initial Gaussian-like short-time relaxation, exhibits a timematic modification of shear moduli as the KGT is ap-
interval with a logarithmic decagindicated in the figure by a proached[11]. The elastic componer®’ becomes larger
straight line fit$ before entering into the plateau regitll.  than the viscous compone®” whereas the frequency de-
As discussed above, an important prediction of the MCTpendence of th&’ developes a plateau and that of B& a
calculation for an attractive colloid system is a suggestionninimum. In addition, these frequency dependences can be
that thgre exi;ts an attrgctive bre_mch of KGT line near theyescribed in terms of an MCT approach. Finally, the sharp
cusp singularity separating two different glass phd$e8l.  reduction in viscosity and its eventual flatten-off at high tem-
Motivated by this prediction, we extended the study of theperatures(with final viscosity value of the order of a few
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pascal, can be related to the reentry of the system into the
liquid state.

Figure 3 is the phase diagram b64/D,0 system in the
concentration range 9c¢<0.7. Besides the cloud point
curve, its associated critical point and the percolation points,
which we have discussed befdi28,9, we have added the
newly found KGT boundariegsymbolg at high concentra-
tions. The dotted line depicts the equilibrium phase boundary
between the disordered micellar phase and the ordered liquid
crystalline (hexagonal phase given by Zhangt al. [12].
Clearly, the amorphous states in the region of phase space
under discussion are metastable states of the system, such as
in supercooled liquids. In our system the crystallization
would not happen unless the system is disturbed by an ap-
plied shear or placed very near to a surfat8]. Thus, it is
clear that KGT is observed in a metastable state of the mi-
cellar solution, which will last as long as we obsefdays.

FIG. 3. The phase diagrafin temperature-concentration plane
of PluronicL64 in D,O solution. The phase diagram contains the
CMC-CMT line, cloud point line, percolation ling2], the equilib-
rium liquid-to-crystal phase boundafglotted ling, the equilibrium
crystal-to-crystal phase boundaigash liné [12], and the reentrant The absolute intensityin unit of cm™!) of neutron scat-
kinetic glass transitiokKGT) lines, which are determined by PCS, tering from a system of monodispersed micelles can be ex-
SANS, and zero shear viscosity measurements, respectively. pressed by the following formula:

IIl. SANS DATA ANALYSIS
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2_ The particle form factor is then calculated by the follow-
() =cN| 2 bi=puvy| P(KIS(K), (1 ing formula:
where ¢ is the concentration of polymefnumber of _ 3 . 4ma’
polymers/cri), N is the aggregation number of polymers in ~ F(K)= | dr(pp=pw)explik-r)=——(pp=pw)

a micelle,=;b; is the sum of coherent scattering lengths of

atoms comprising a polymer molecule, is the scattering . “ . _65
length density of RO, v, is the molecular volume of the X Ja(ka)+ L sin(kax)x™*dx, ©)
polymer, P(k) is the normalized intraparticle structure fac-
tor, andS(k) is the intermicellar structure factor. wherej,(k) is the spherical Bessel function of order one.
It is convenient to define a normalized form factor by
A. The modified cap-and-gown model for the intraparticle dividing F(k) by its value atk=0,
structure factor P(k)
We assume that the micelle has a compact spherical hy- F(0)=(pp—pw) (V" *+ V5 ™) = (pp—pw)
drophorbic core of a radiug, consisting of all the PPO seg- 3
ments with a polymer volume fraction in the codg=1 X47Ta 14 Upeo )
(i.e., a dry corg and a diffuse corona region consisting of 3 Vero '
PEO segments and the solvent molecules. The original cap-
and-gown mode€]8] assumes that the radial distribution pro- . .
file ir§1J the corona region is a Gaussian form. Howeverl,3 Our‘l’herefore, the narmalized form factor is
analysis of SANS data at high concentrations shows that we
need a more diffuse corona region than previously assumed. — F(k) 3v .o [ii(ka)
In this paper, we therefore take the radial profile of the poly- F(k)= F(0) = T Kk
v v a
mer in the corona region to be a power-law decay with the PPO  PEO
power n to be determined by geometrical constraints. The = sin(kax) es
overall polymer segmental distribution in a micelle can thus f TX x|, (8)
be expressed as !
1 for 0<r<a which depends on only one parameter, the core radius
bo(1) =1 (@ n ) Note thata is tied to the aggregation numbét uniquely
T for r>a. through Eq. 3. The normalized intraparticle structure factor is

then calculated aB (k) = |F (k)|
The core radiusa and the powem are related by two

geometrical constraints. The total volume of the polymer g The model for the intermicellar structure factor S(k)

segments in the core is given by the product of the aggrega- . ) . _
tion numberN and the PPO segmental volumgpo, A square well potgntlal_wnh a r_epluswe core of diameter
R’ and the real particle diamet&is used to model a hard

sphere with an adhesive surface layer that is introduced to
where v =95.4x30 A°. (3)  describe the intermicellar attractive interaction. The pairwise
potential is defined as

Similarly, the total volume of polymer segments outside
the core is given by the product of the aggregation number
and the volume integral of the PEO segmental distribution V(r)y={ —u for R"<r<R 9

0 for r>R.

93—
377a NUP

PO

+oo  for O<r<R’

o] a n

477J (—) r2dr=NvPEO where v =72.4x26 A3,

all We define heree=(R—R’)/R as the fractional well width

(4) parameter an@* =kgT/u as the effective temperature. Then
the intermicellar structure factor is a function of four pam-
eters: the real particle diamet@y the volume fractionp, the

wfg\n fractional well width parametet, and the effective tempera-
SJ (—) radr ture T*. It should be noted that real particle diamekeis
Uppo_ ‘2 _ —0.658 (5) tied uniquely to the aggregation numhbiérand the volume
UPEO a® n-3 7 fraction ¢ through a relationp=cwR3/6N.

The Ornstein-Zernik€OZ) equation in Percus-Yevick ap-
where 0.658 is the ratio of the known molecular volumes ofproximation for this square well potential can be solved ana-
PPO and PEO segments. From this equation, we obtainedlgtically to the first order in a series of small expansion
unique value oh=7.56. [14]. The result of the structure factor is given as follows:

Combining these two constraints, we can write

021403-4
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1 It should be noted that the real volume of a micelle is
afz(Q)+B15(Q) +5 ¢af5(Q)} significantly larger than the volume dFdry polymer chains.

It consists of the volume of thBl dry polymer chains plus
the volumes of the associated hydration water per polymer
chain in the corona region. The real volume of the micelle,
rather than the polymer volume, determines the thermody-

1
sQ T

+4¢°\%e? f5(eQ) — %fs(eQ)

-~ ) 2N namic quantities such as the osmotic compressibility and the
+2¢°N11(Q)—e fl(SQ)]_T{fl(Q) scattering intensities. It further determines the dynamical
properties, such as diffusivity and viscosity, of the polymeric
—(1-&)?f1[(1-2)QJ} —249{f»(Q) micellar solution[14]. Obtaining the real volume of a mi-
celle in a self-consistent way is not a trivial matter. It re-
—(1-2)*f,[(1-2)Ql}, (10 quires the knowledge of the detailed microstructure such as
Where hydration number per polymer chain. This information on
the associated solvent molecules is not available from the
Q=kR, theoretical predictions and can be extracted accurately from
the analysis of the scattering intensity distributions through
cmR® the volume fractionp and the aggregation numbisr
b= 6N To summarize the main points of this section, we stress
that an absolute SANS intensity distribution can be fitted
(14 26— )2 uniquely with fo-ur parameter.s: the aggrggation numider
o=—"""7 the volume fractionp, the fractional well width parameter,
(1—¢)* and the effective temperatufé . The normalized intrapar-
ticle structure factorP(k) is the function ofN only. The
32+ P)°—2u(l+Td+ d?)+ u(2+ @) intermicellar structure factoB(k) is the function of all the
- 21— ¢)* ' four parameters.
w=No(1— ), IV. RESULTS AND DISCUSSION
It is our observation that at high enough polymer concen-
_ 6(A—VA®-T) tration, SANS intensity distribution from the64/D,0 mi-
¢ ' cellar system generally consists of a single, sharp interaction
peak. A series of SANS intensity distributions taken from the
¢ 1 u [ micellar solutions with different polymer concentrations and
A=+ (1—¢) 12s &R ~ KeT +m’ temperatures have been examined to see whether there is a
significant change of the line shape at the ergodic-to-
(1+ ¢12) nonergodic-to-ergodic transition temperatures observed by
=—) PCS experiment shown in Fig. 1. Part of the results are given
3(1-¢)? in Figs. 4, 5, and 6, respectively. Since there is a single peak
in the observed SANS intensity distribution, we can assume
1—cosx that the system is characterized by a single length stale
fa(x)= 2 =1/Kmax, Wherek,,,, is the peak position of the intensity
distribution. It is well known that the absolute intensity in a
i two-phase systertihe micelles and the solveris given by a
£5(x) = SInX—X COSX, Fourier transform of the Debye correlation functib¢r) and
x3 the Debye correlation function in this case must be of the
form I'(r/A). Therefore,
2x sinx— (x2—2)cosx— 2
fa(x)= , * . r
x4 I(k)=<772>f dr4wr2]0(kr)F(K), (12
[0}
fo(x)= (4x%—24x)sinx— (x* — 12x*+ 24)cosx + 24_ where(7?) is the so-called invarianinot the viscosity.
X8 Now, make a transformation of variables
(11)
r
This formula is accurate in thk region around the first X= K:kmaxra
diffraction peak fore <0.05[15]. To fit SANS data, the the-
oretical formula(1) is convoluted with the Gaussian-like K
resolution function obtained from NIST and IPNS, respec- y=— (13)
tively. Kmax
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Thus, it can be seen that the scaled intenisityl ()/(7) is ¥ *T
a unique function ofy=k/knya. Therefore, if we plot the
scaled intensity distributions at different temperatures as ¢=
function ofy, it would collapse into one single master curve
in the liquid state.

The mean particle separation distance that characterize 5
the unique length scale in the liquid state can best be visual : . ,
ized by the scaling plot. Figure 4 shows a scaling plot of a 0 AAMLLACAIEH 3 E ST T T
micellar solution at polymer weight fraction of 35.0 wt % at 02 04 06 08 10 A2 4 e 8
a series temperatures ranging from 31.0°C to 59.0°C. The

scaled line shape can be very well approximated by a Lorent- F|G. 5. The scaling plot of SANS intensity distributions of a
zian and the plot of the half width of the Lorentzian line micellar solution at 44.0 wt % polymer concentration and at differ-
versus temperature is given in the inset. It can be seen that aht temperatures. It is seen clearly that although the system is still
the scaled intensity distributions are temperature independenharacterized by a temperature-dependent length scale, but there is
and they indeed collapse into one single master curve. Aca temperature-dependent disorder in addition. While the narrower
cording to our latest measurement, this temperaturepeak is resolution limited, the broader peak is similar to the one
independent scaled plot is observed for every polymer soluebserved in the previous figure. If we identify the broader peak to
tion for which the polymer weight fraction is between represent the liquid statewith the dimensionless peak height of
25.0 wt% and 35.25 wt%. Figure 4 also indicates that theabout 55 and width of 0.26), then the narrower peak should repre-
system is in the liquid state by the fact that all the scalecPent the glassy statan amorphous solid state with the dimension-
peaks are considerably broader than the resolution functiol§SS Peak height of about 120 and width of 0.12). The inset shows
of the instrument. As we go above the Concentrationthe dlmen5|onless FWHM as a function of tempe_ratL_Jre. It is seen
35.25 wt%, the situation changes dramatically. As an eXjrom this plot that the system shows a reentrant liquid-to-glass-to-

. . . -1 liquid transition phenomenon, the liquid state below 30°C and
ample, we show a scaling plot of a micellar solution with . ' -
P gp again above 48 °C. The FWHM makes a transition between a value

60 [

=0.44 (9=0.518)

0.10 and 0.28.
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FIG. 4. The scaling plot of SANS intensity distributions of the
micellar solution at 35.0 wt % polymer concentration and at differ- FIG. 6. The scaling plot of SANS intensity distributions of a
ent temperatures. It is seen from the figure that the system is indeedicellar solution at 53.0 wt% &=0.54) polymer concentration
characterized by a unique temperature-dependent length scalend at different temperatures. It is seen that the system is again
Therefore, all the scaled intensities collapse into a single mastetharacterized by a temperature-dependent length scale. While the
curve when plotted as a function &fk,,,, (with a dimensionless narrower peak is resolution limite@ith the dimensionless peak
peak height of about 50The dotted line is the resolution function height of about 130 the slightly broader peak is also nearly reso-
of the instrument. The fact that the scaling péegsentially the first  lution limited (with the dimensionless peak height of about 100
diffraction peak of the intermicellar structure fagtois consider- can be interpreted as showing a glass-to-glass trangitiansition
ably broader than the resolution function indicates that the system isetween two amorphous solid states with different degrees of dis-
in the liquid state. The inset shows the plot of the dimensionless fulbrdep. The inset shows the transition of one amorphous state with a
width at half maximum (FWHNM:0.30) of all the scaled SANS dimensionless FWHM of 0.11 to another one with a FWHM of 0.14
intensity distributions as a function of temperature. at a temperature of 45°C.
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in an absolute scale and its model fit taking into account the effect
of resolution function. The dash line represents the theory and the 000 002 004 006 008 010 012 044 045 ots o020
solid line the theory convoluted with the resolution function. It K (A"

illustrates the importance of fitting the data with the resolution ef-

fect taken into account properly. The lower panel gives the normal- FIG. 8. The intermicellar structure factor as a function of the
ized intraparticle structure factd?(k) (dotted ling and the inter-  volume fraction, the fractional range of attractive interaction com-
particle structure factoB(k) (solid line) for a 44.0 wt% Pluronic  Pared to the hard sphere diameter, and the depth of the potential
L64 solution in BO at 53 °C. The interparticle structure factor is Well compared t&kgT. The top panel illustrates the sensitive depen-
calculated by solving OZ equation with the short-range attractivedence of the position and the height of the first diffraction peak on
intermicellar potential and the intraparticle structure factor is calcuthe volume fraction. When the volume fraction is higher, the peak is
lated using the modified cap-and-gown mof#] as described in  higher. The middle panel shows the height of the first diffraction
Secs. IIIA and 1I1B. The observed SANS data is the product ofPeak as a function of the fractional widthof the attractive well.
these two functions and therefore it is clear that the interaction peakVhen the well is narrower, the peak is higher. The lower panel

observed in the SANS data is primarily due to the first diffraction gives the dependence of the height of the peak on the parameter
peak in the intermicellar structure factor. kgT/u (=T*). When the potential well is deeper, the peak is

higher.

polymer weight fraction of 44.0 wt % at a series of tempera-temperatures where the reentrances occur are consistent with
tures ranging from 24.0°C to 54.0°C in Fig. 5. It can bethe transition temperatures observed by PCS and viscosity
seen that the scaled intensity distributions become temperaaeasurements, as shown in Fig. 3. The sharpness of the scal-
ture dependent for this concentration. We would like to mening peaks that are resolution limited indicates that the nearest
tion that due to the absence of spots in the 2D ring patternseighbor distance in the glassy stéat@nging from 31.0°C to

of the SANS intensity distributions, the states of the systen%8.0 °C) is more uniform than that in the liquid stabelow

can be identified as being amorphous but with two different30.0 °C and above 48.0°C).

degrees of disorder, depending on the temperature. One is Figure 6 is the scaling plot of a micellar solution of
similar to that shown in Fig. 4 and the other is much sharpeweight fraction 53.0 wt% at a series of temperatures rang-
and resolution limited. At this concentration a reentrant pheing from 17.0°C to 51.0 °C. Similar to Fig. 5, the system can
nomenon can be seen from the inset where there are suddes characterized by a temperature-dependent degree of dis-
sharp breaks in dimensionless line width from 0.24 to 0.1prder. Judging from the height, these peaks are similar to the
occuring when the temperature increases from 30.0 °C tglass peaks that we identified in Fig. 5. It is seen that both
31.0°C and comes back to 0.24°C, when the temperaturpeaks are sharp. The one with sharper peak is resolution
further increases to 48.0°C. The similar reentrant phenomlimited and is identified as “the replusive glass,” while the
ena are observed for the micellar solutions with concentraether one is nearly resolution limited and is identified as “the
tions ranging from 35.5 wt% to 51.0 wt%. The transition attractive glass’{see explanation given for Fig. L3
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FIG. 9. Theoretical fits to SANS data taken at SAND spectrometer at IPNS, Argonne National Laboratory, for Rléfbbmiicellar
solutions at different concentrations and temperatures. Symbols are experimental data and lines are the fits. The fits in absolute intensity scale
take into account the effects of the resolution and the incoherent scattering backgrounds. The scattering intensities increase at the higher
temperature liquid phagéhe left-hand side pealas compared to lower temperature liquid phéke right-hand side pealand the positions
of the peak shifts toward smallé&rdue to the enhanced self-associatitarger aggregation numbeas a consquence of increased hydro-
phobicity of the polymer segments at higher temperatures.

We now start to analyze SANS intensity distributions two functions. The fact that the first diffraction peak{k)
quantatively using the model described in Sec. lll. An ex-occurs at relatively smooth tail part 8(k) implies that the
ample of SANS intensity distribution for a 44.0 wt% micel- interaction peak in the SANS intensity distribution is prima-
lar solution at 53°C in an absolute scale is shown togethesily due to the first diffraction peak in the intermicellar struc-
with its model fit, taking into account the effect of the reso-ture factorS(k).
lution function in the upper panel of Fig. 7. It can be seen  From Sec. I, we know that the structure facg(k) is a
that the resolution correction is essential to fit the experimenfunction of four parameters: the real particle diamétethe
tal data properly. The lower panel gives the normalized inolume fractiong, the fractional width of the square we|
traparticle structure factoP(k) (dotted ling and the inter- and the effective temperatufié =kgT/u. The real particle
particle structure facto8(k) (solid line) for this case. The diameterR is determined by the aggregation numipeéand
observed SANS data is propotional to the product of thes¢he volume fractionp (11). But the aggregation numbaétis
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FIG. 10. Theoretical fits to SANS data takenNM&G7 SANS spectrometer at the Center for Neutron Research, National Institute of
Standard and Technology, for Plurorié4 micellar solutions at various concentrations and temperatures. Although the resolution function
for NG7 is different from the one for the SAND spectrometer at IPNS, the fits are equally good in both cases. It is important to note that
from these fits we obtain unique values of four parameters: volume fragijoimactional well widthe, the effective temperaturé*
=kgT/u, and the aggregation number of the micélle

a propotionality factor to the absolute intensit}). There- tions and temperatures are given in Fig. 9. Symbols are ex-
fore, for a givenN, the structure facto(k) is a function of  perimental data and lines are the fits. The fits in absolute
three parameters ¢, e, and T*. Figure 8 illustrates the intensity scale take into account the effects of the resolution
dependence of the structure fac®(k) on these three pa- and the incoherent backgrounds. It can be seen that the in-
rameters. Since SANS intensity distributions reflect only in-tensity of the higher temperature liquid phasee left-hand
tensities around the first diffraction peak, we shall commengide peakand the position of the peak shift toward smaker

on the behavior of this peak under the influence of each of'S t€Mperature increases. Because of the enhanced self-
these three parameters. It is seen from the top panel that tiigSociationllarger aggregation numbeas a consquence of
interaction peak is most sensitive to the volume fraction. Th¢'€ increased hydrophobicity of the polymer segments at
higher the volume fraction, the higher is the interaction peak. igher temperatures, it can be seen clearly that the micelle

: ; grows when temperature increases.
The middie panel shows that the higher valuezakads to Figure 10 shows the theoretical fits to SANS data taken at

the lower height of the interaction peak. It is important ONG7 SANS spectrometer at the Center for Neutron Re-
know that all the measured SANS llntensny dlstr|.but|onssearch7 National Institute of Standard and Technology, for
(more than 150 of theincan be well fitted by a choice of py,ronic | 64/D,0 micellar solutions at various concentra-
¢=0.03 (with an error bar of 0.01), a value consistent with tjons and temperatures. Although the resolution function for
our previous study of viscosity ih64/D,0 system at high  NG7 is different from the one for the SAND spectrometer at
volume fractior{ 14]. The bottom panel shows that the higher |pNs, the fits are equally good in both cases. It is important
the effective temperature, the lower the interaction peak. to note that from these fits we obtain unique values of four

Part of the theoretical fits to SANS data taken at SANDparameters: the aggregation number of a mics|l¢he vol-
spectrometers at IPNS, Argonne National Laboratory, folume fractione, the fractional well width parameter, and
Pluronic L64/D,O micellar solutions at different concentra- the effective temperaturé* .
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FIG. 13. The model fit of a SANS intensity distribution in the

FIG. 11. Variation of the aggregation numbés a function of  glassy state, taken with SAND spectrometer at IPNS, for Pluronic
temperature at different concentrations. It can be seen that the de64 micellar solution at 46.0 wt% and 38 °C. Symbols are the
gree of self-association increases as temperature increases atexperimental data, the solid line is the theory convoluted with the
given concentration. It is consistent with the fact that the PPO coreesolution function, and the dotted line is the resolution function,
becomes less hydrophilic at higher temperatures. We also note thegspectively. It is clear that the experimental data is resolution lim-
at a given temperaturd) decreases as concentration increases. ited, indicating that the system is in a nonergodic amorphous solid

state. The structure factor calculated from the equilibrium liquid

The variation of the aggregation numhberas a function theory is clearly broader than the experimental data. However, the
of temperature for different concentrations is given in Fig.fit by the equilibrium liquid theory is sensitive to the position and
11. It can be seen that due to the fact that the PPO core in thee height of the interaction peak. We noted previously that the
micelle becomes less hydrophilic when heated, the micellénteraction peak in a SANS intensity distribution is essentially the
grows as temperature increases for a given concentration. fifst diffraction peak of the intermicellar structure fac&(k). But
is to be noted that at a fixed temperature, the aggregatioffe position and the height of the first diffraction peakSgk) is
number decreases as a function of concentration. sensitive to the volume fractio, aggregation number of the mi-

Figure 12 gives the calibration curve between the ratio of€!le N and the effective temperatuf . Therefore, the fitting of
the volume fractiong to the weight fractiorc, andc, ob- theT position and the height *of the |_nt_eract|0n peak can still give
tained from fitting approximately 150 SANS intensity distri- reliable values ofp, N, andT*. The fitting results shows that the

butions. It should be noted here that the fitting results Shc)V?epth of the intermicellar potential increases when a liquid-to-glass
' 9 ransition occurs upon increasing the temperature.

1.40
that the volume fractionp is a unique function of concen-

tration, independent of the temperature. The figure shows
that at high concentration, the ratio gf to ¢ approaches
unity, indicating that the hydration level of the micelle goes

1.35FP

¢/c1'25 o/c=1.96-1.78¢ down as the concentration goes up. The mathematical rela-
1201 tion between them ig/c=1.96—-1.78&, predicting that the
145 micelle will be dry at a weight fraction of 0.54 since the
density ofL64 is close to unity.

1oy The SANS intensity distribution of Pluronlc64/D,0 mi-

1.05 cellar solution of 46.0 wt%, at 38.0 °Gymbols and its

1.00 L fitting by the theory(solid curve are shown in Fig. 13. The
034 036 0.38 040 042 044 046 048 050 052 054 fitting curve is obtained by the theory convoluted with the

weight fraction ¢ instrumental resolution function, which is indicated by the

. . . . dotted line. It is clear that the experimental data is resolution

FIG. 12. The ratio of t_he V°|um.e ”ac“°”. to weight fraction as 2limited. This is due to the fact that the sample is in a noner-
function of polymer weight fraction, obtained from analyses of

SANS data. This is an important calibration curve that enables us t%OdIC state, which is an amorphous solid. Since the interac-

compare the experimentally determined phase diagram with the th lon peak of the SANS intensity distribution is essentially the

oretical phase diagram predicted by mode coupling theory. We notdrSt diffraction peak of the intermicellar structure factor
that the hydration level of the micelle decreases as the polymep(K), @nd the peak position and its height are sensitive to the
concentration increases. It predicts that at weight fraction 0.54 th¥olume fraction¢, effective temperatur@™, and aggrega-
micelle will be completely dry, since density &f64 is close to  tion numberN, an accuratep, T*; and N can still be ex-
unity. Denoting the concentratiain weight fraction by ¢ and the  tracted from the fitting. By comparing the effective tempera-
volume fraction by, then the empirical relation ig/c=1.96  tures obtained from fitting the experimental data in the
—-1.7&. ergodic and nonergodic states, it can be seen that the depth of
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FIG. 14. Comparison of the phase diagrdmT-¢ plane of L64/D,0O micellar solution with that of the theoretical phase diagam
T*-¢ plane determined by mode coupling theory for a colloidal system with a short-range attractio®@3) [16]. In the phase diagram
given on the top panel, the solid line is the equilibrium liquid-to-crystal transition i@ empty symbols are the reentrant KGT lines, and
filled symbols are the phase points where the experimental data are analyzed. The lower panel gives the theoretical phase diagram of a
colloidal system interacting by a short-range attractive square well potential predicted by mode couplinflledhe phase points shown
in the upper panel are then mapped into the corresponding symbols in the lower panel using the results of SANS data analyses. The results
of the mapping is seen to confirm the existence of the attractive branch in the predicted KGT boundary and the glass-to-glas¢seansition
Figs. 6 and 18

the square well increases as the temperature increases. Thiges. The upper KGT line and the lower KGT line merge at
make it possible for the micellar solution to transit from thevolume fraction=0.472 and at a temperature of 46 °C. The
ergodic liquid state to the nonergodic glass state. lower panel shows the theoretical phase diagram predicted
Figure 14 summarizes the essential results of the exterby mode coupling theory in the effective temperat{ité]
sive SANS data analysis. The upper panel gives the experand the volume fraction plane of a colloid system with a
mental phase diagram replotted in the temperature-volumshort-range attraction, for the specific casesef0.03 [6].
fraction plane. It contains the equilibrium liquid-to-crystal The solid line gives the liquid-to-glass phase boundaries and
phase boundarysolid line), the locus of experimentally de- the symbols represent the experimental data points mapped
termined KGT temperaturéspen circleg the points of low  from the upper panel. It is important to note that fitted pa-
temperature liquid locating approximately 1 °C below therameters¢ and T* obtained by analyzing SANS intensity
lower KGT line, the points of high temperature liquid locat- distributions enable us to perform this mapping and thus con-
ing approximately 1 °C above the upper KGT line, and thefirm the existence of the liquid-to-attractive-glass KGT line
points in glass region between the lower and upper KGTand the glass-to-glass transition.
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V. CONCLUSIONS stable region sandwiched between two equilibrium liquid-to-

Our three sets of independent experimental data Clearlcrystal and crystal-to-crystal transition lines. This situation is

establish the phase boundaries of a reentrant KGT ir¥|m|lar o our observatioxsee Fig. 3 that the KGT lines in

: . 64/D,0 micellar system lie between a region in the equi-
|T64./D20 micellar system. Fu_rt_hermore, we use this reemrf.mkbrium phase diagram where the hexgonal liquid crystal
liquid-to-glass-to-liquid transitions to substantiate the exis-

tence of an attractive branch of liquid-to-glass transition in hase(denoted byH) and the lamellar liquid crystal phase
; X > .. (denoted byD) reported by Zhang, Lindman, and Coppola
colloid system with a short-range attractive interparticle in- ) . . ; PR
. ) ; [12]. It is our intention to extend our SANS investigation
teraction predicted by the mode coupling calculati6is]. into the concentration range between 0.54 andc=0.7 in
We give an evidence of the glass-to-glass transition for 3e future 9 ' '
sample with volume fraction of 0.54see Fig. 6, as pre- '
dicted by the same mode coupling calculati¢sse the lower
panel of Fig. 14.

As far as we know, this is the first time that SANS inten-  The research at MIT was supported by a grant from the
sity distributions for a micellar solution at volume fractions Materials Science Division of U.S. DOE. The research in
larger than 0.5 have been successfully analyzed with the ligMessina was supported by INFM-PRA98 and MURST-
uid state theory. It is our observation through analysis ofPRIN2000. We are indebted to Dr. Ciya Liao for taking and
more than 150 SANS intensity distributions that an attractiveanalyzing portion of SANS data and Dr. Emiliano Fratini for
square well potential is necessary to fit all the data. A simpleurifying L64 samples. We also wish to acknowledge stimu-
hard sphere potential will never be able to fit these data in #ating discussions with Professor Piero Tartaglia and Profes-
satisfactory way. sor Wolfgang Gtze. Finally, we are grateful to Dr. Charles

In a recent publication, Foffetal. [17] show a phase Glinka and Dr. Derek Ho of CNRNIST), and Dr. Papanan
diagram at high volume fraction for a colloid system havingThiyagarajan of IPNSANL ) for the beam time oNG7 and
a short-range attractive interparticle interaction, for the cas&AND spectrometers, respectively, and for their technical as-
£=0.03. In this phase diagram, the KGT line lies in a meta-sistance.
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