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Small-angle neutron scattering study of the temperature-dependent attractive interaction in dense
L64 copolymer micellar solutions and its relation to kinetic glass transition

Wei-Ren Chen,1 Sow-Hsin Chen,1,* and Francesco Mallamace1,2
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We made small-angle neutron scattering~SANS! study of a PluronicL64 micellar system in aqueous
solution at high polymer concentrations~wt %!, 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 phase~but qualitatively when the micellar system is in the glass state!, giving
values of four parameters: the aggregation number of the micelleN, the volume fraction occupied by the
micellesf, the fractional width of the square well«, and the effective temperatureT* 5kBT/u, where2u is
the depth of the square well. Thus, we are able to assign a point in the phase diagram~theT* -f 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.

DOI: 10.1103/PhysRevE.66.021403 PACS number~s!: 82.70.Dd, 61.12.Ex, 61.25.Hq
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I. INTRODUCTION

Previously, we reported an observation of a tempera
and concentration dependent structural arrest transition,
kinetic glass transition~KGT! line, distinct from a percola-
tion line @1#, in a copolymer micellar system showing man
characteristics of a system having a short-range attrac
interaction@2#. We showed that at a fixed polymer conce
tration, as we approach KGT from the low temperature s
the time evolution of the photon correlation function~PCS!
measured in a dynamic light scattering experiment exhibi
fast-slow relaxation scenario. The intermediate scatte
function ~ISF! begins with a short-time Gaussian-like rela
ation, soon turning into a logarithmic decay, followed by
plateau region and then a power-law decay, before evolv
into a final, slowa relaxation. The fact that there is a log
rithmic time decay region preceding the plateau, sugg
that the system state is in the vicinity of a cusplike bifurc
tion singularity of aA3 type @3#, predicted by mode coupling
theory ~MCT! for a system having two control paramete
@4,5#. The phase boundary marking the KGT, predicted
the MCT, for a system with a hard-core plus a short-ran
~square well! attractive potential shows the existence of tw
mutually intersecting branches: one originates from the
miliar cage effect due to the excluded volume effect com
from the hard core, and the other from cluster formation d
to the short-range attractive tail@3,6#.

In this paper, based on an extensive analysis of a se
small-angle neutron scattering~SANS! data taken at high
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polymer concentrations, we give experimental eviden
showing the existence of a liquid-to-glass-to-liquid reentr
KGT. Upon raising the temperature at fixed polymer conc
trations in a range of weight fractions, 0.35,c,0.53, the
KGT phase boundaries obtained from three different exp
mental techniques agree within the experimental errors.
give an argument based on experimentally determined
rameters, obtained from the SANS data analyses, show
the existence of the attractive branch of the KGT predic
by the mode coupling calculations@3,6#. Our observed reen
trant phase behavior can be understood as the result
double crossing of the attractive branch due to the comp
tion between the temperature dependence of2u ~depth of
the attractive potential well! and the magnitude ofkBT of the
system.

Our micellar system is made by dissolving a triblo
copolymer L64, one member of Pluronic family@7# used
extensively in industrial applications, into D2O at weight
fractions less than 0.53. Pluronic is made of polyethyle
oxide ~PEO! and polypropylene oxide~PPO! with the
two PEO chains placed symmetrically on each end
the PPO chain. The chemical formula ofL64 is
@(PEO)13-(PPO)30-(PEO)13#, having a molecular weight o
2990 Da and is comprised of PPO:PEO weight ratio
60:40. At low temperatures, both PEO and PPO are hyd
philic, so thatL64 chain readily dissolves in water existin
as a unimer. As temperature rises, due to the less likelih
of hydrogen-bond formation between water and polym
molecules, PPO tends to become less hydrophilic faster
PEO, thus the copolymer acquires surfactant properties
aggregates to form micelles. Since at higher temperatu
water becomes progressively a poor solvent to both PPO
PEO chains, the effective micelle-micelle interaction b
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FIG. 1. Typical examples of the intermediate scattering functionsF(k,t) as measured by photon correlation spectroscopy~PCS!, at
different concentrations, as a function of temperature, showing the ergodic-to-nonergodic-to-ergodic transition. In the three pa
highlight the occurrence of a region of a logarithmic time dependence preceding the plateau region for the system in the ergodic
before the transition.
in
at

b-
e
is

dg
e

t
n

on
ve
ub
o

re
e

cm
er
ts
h
u
n
th
te

m,

u-
ive
gh
with
t

di-
ed

f 40
his
out
ere

rac-
ad-
en-
ell
or-
or-
er

ea-
ata
vi-
os-

en-
s
start-
comes attractive. At low concentrations, the attraction
creases significantly as a function of temperature so th
leads to an existence of a critical point atc50.05 andT
5330.9 K, as was shown by a series of studies@8,9#.

II. EXPERIMENT

The Pluronic L64 triblock copolymer sample was o
tained from BASF Inc. After necessary purification proc
dure to remove hydrophobic impurities, the polymer was d
solved in deuterated water purchased from Cambri
Isotopes Inc. In the three different experiments mention
above, photon correlation spectroscopy~PCS!, zero shear
viscosity measurements, and SANS, we have explored
dynamic state and the structure of the system as a functio
T at differentc ~weight fraction of the polymer!. PurifiedL64
samples were prepared by using a standard procedure@9#.
During the experiments the temperature stability was c
trolled to within 60.1 °C. Viscosity measurements ha
been made with a strain controlled rheometer, using a do
wall Couette geometry. To ensure a linear response, we w
at the applied strainsg50.04 @10#. PCS measurements we
made at a scattering angleu590 °, using a continuous wav
solid state laser~Verdi-Coherent! operating at 50 mW (l
55120 Å) and an optical scattering cell of a diameter 1
in a refractive index matching bath. The intensity data w
also corrected for turbidity and multiple scattering effec
The PCS data were taken using a digital correlator wit
logarithmic sampling time scale. The latter feature allows
to describe accurately both the short-time and the very lo
time regions, up to time of the order of seconds. From
measured photon correlation function, we have calcula
by using the same procedure describing in Ref.@1#, ISF
F(k,t).

SANS measurements were made atNG7, 40-m SANS
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spectrometer in the Center for Neutron Research~NIST!, and
at SAND station of the Intense Pulse Neutron Source~IPNS!
in Argonne National Laboratory. AtNG7, we used incident
monochromatic neutrons of wave lengthl55 Å with
Dl/l511%. Sample to detector distance was fixed at 6
covering the magnitude of wave vector transfer~k! range
0.008–0.3 Å21. IPNS generates high energy spallation ne
trons by bombarding a heavy metal target with repetit
pulses of 500 MeV protons. After moderation of these hi
energy neutrons, one selects a pulse of white neutrons
an effective wave length range from 1.5 Å to 14 Å. A
SAND all these neutrons are utilized by encoding their in
vidual time of flight and their scattering angles determin
by their detected position at a two-dimensional~2D! area
detector. The 2D area detector has an active area o
340 cm2 and the sample to detector distance is 2 m. T
configuration allows a maximum scattering angle of ab
9°. The reliableQ range covered in the measurements w
from 0.004 Å21 to 0.6 Å21. Q-resolution functions of both
of these SANS spectrometers are Gaussian and well cha
terized. It is essential that we apply these resolution bro
enings to the theoretical cross section when fitting the int
sity data. Sample liquid was contained in a flat quartz c
with 1-mm path length. The measured intensity was c
rected for background and empty cell contributions and n
malized by a reference scattering intensity of a polym
sample of known cross section.

Before entering into a discussion of the method of m
suring the effective potential parameters by SANS d
analysis, we shall first show two direct experimental e
dences of the KGT, using our photon correlation and visc
ity data.

Figure 1 shows some ISF obtained by PCS in a conc
tration range 0.41,c,0.51, at different temperatures. A
can be seen on increasing the temperature, the system,
3-2
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ing from a liquid state at a lower temperature, where the
decays to zero at long time, approaches a KGT character
by a diverginga relaxation time and the ISF tends to a fini
plateau at long time@F(k,t→`)5 f (k).0#. Just before
such an ergodic-to-nonergodic transition, the ISF, right a
the initial Gaussian-like short-time relaxation, exhibits a tim
interval with a logarithmic decay~indicated in the figure by a
straight line fits! before entering into the plateau region@1#.
As discussed above, an important prediction of the M
calculation for an attractive colloid system is a suggest
that there exists an attractive branch of KGT line near
cusp singularity separating two different glass phases@3,6#.
Motivated by this prediction, we extended the study of t

FIG. 2. The zero shear viscosity at five different concentrati
as a function of temperature. Starting from low temperatures,
shear viscosity increases steeply, first going through a percola
transition~PT!, then a liquid-to-glass~LG! transition, and finally a
glass-to-liquid~GL! transition. Note that, for the case ofc50.35,
there is only the percolation transition.

FIG. 3. The phase diagram~in temperature-concentration plan!
of Pluronic L64 in D2O solution. The phase diagram contains t
CMC-CMT line, cloud point line, percolation line@2#, the equilib-
rium liquid-to-crystal phase boundary~dotted line!, the equilibrium
crystal-to-crystal phase boundary~dash line! @12#, and the reentran
kinetic glass transition~KGT! lines, which are determined by PCS
SANS, and zero shear viscosity measurements, respectively.
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micellar system to higher temperatures. Starting from a g
state, upon further increasing the temperature, the meas
ISF reveals a surprising reentry from glass-to-liquid state
seen by the ISF again decaying to zero at higher temp
tures.

The low shear viscosity at five different concentratio
measured as a function of the temperature is shown in Fig
The viscosity at all concentrations are characterized by
initial increase, starting from viscosity values typical of
liquid (h;1022 Pa), followed by a flatten-off at the highes
temperatures. For the concentrationc50.35, the viscosity
shows only a single step increase that covers three orde
magnitude. For the remaining concentrations, there is an
ditional step increase located in a different temperat
range. Thus for concentrationsc.0.35, the overall viscosity
increase is about five orders of magnitude. The first s
viscosity increase inL64/D2O micellar system is due to th
percolation process that is characteristic of a colloid with
short-range attractive interaction@2#. Figure 3 gives the sys
tem phase diagram in which we show the measured perc
tion points obtained by observation of the power-law fr
quency dependences of the complex viscosity and elastic
storage components of the shear moduli (G8 and G9) as a
function of temperature. The second step increase in vis
ity in which the viscosity reaches very large absolute valu
(.103 Pa), is located in the region of the KGT. We ha
confirmed it by observing in this temperature range a d
matic modification of shear moduli as the KGT is a
proached@11#. The elastic componentG8 becomes larger
than the viscous componentG9 whereas the frequency de
pendence of theG8 developes a plateau and that of theG9 a
minimum. In addition, these frequency dependences can
described in terms of an MCT approach. Finally, the sh
reduction in viscosity and its eventual flatten-off at high te
peratures~with final viscosity value of the order of a few
pascal, can be related to the reentry of the system into
liquid state.

Figure 3 is the phase diagram ofL64/D2O system in the
concentration range 0,c,0.7. Besides the cloud poin
curve, its associated critical point and the percolation poi
which we have discussed before@2,8,9#, we have added the
newly found KGT boundaries~symbols! at high concentra-
tions. The dotted line depicts the equilibrium phase bound
between the disordered micellar phase and the ordered li
crystalline ~hexagonal! phase given by Zhanget al. @12#.
Clearly, the amorphous states in the region of phase sp
under discussion are metastable states of the system, su
in supercooled liquids. In our system the crystallizati
would not happen unless the system is disturbed by an
plied shear or placed very near to a surface@13#. Thus, it is
clear that KGT is observed in a metastable state of the
cellar solution, which will last as long as we observe~days!.

III. SANS DATA ANALYSIS

The absolute intensity~in unit of cm21) of neutron scat-
tering from a system of monodispersed micelles can be
pressed by the following formula:

s
e
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I ~k!5cNF(
i

bi2rwvpG2

P̄~k!S~k!, ~1!

where c is the concentration of polymer~number of
polymers/cm3), N is the aggregation number of polymers
a micelle,( ibi is the sum of coherent scattering lengths
atoms comprising a polymer molecule,rw is the scattering
length density of D2O, vp is the molecular volume of the
polymer, P̄(k) is the normalized intraparticle structure fa
tor, andS(k) is the intermicellar structure factor.

A. The modified cap-and-gown model for the intraparticle
structure factor P̄„k…

We assume that the micelle has a compact spherical
drophorbic core of a radiusa, consisting of all the PPO seg
ments with a polymer volume fraction in the corefp51
~i.e., a dry core!, and a diffuse corona region consisting
PEO segments and the solvent molecules. The original
and-gown model@8# assumes that the radial distribution pr
file in the corona region is a Gaussian form. However,
analysis of SANS data at high concentrations shows that
need a more diffuse corona region than previously assum
In this paper, we therefore take the radial profile of the po
mer in the corona region to be a power-law decay with
power n to be determined by geometrical constraints. T
overall polymer segmental distribution in a micelle can th
be expressed as

fp~r !5H 1 for 0,r ,a

S a

r D n

for r .a.
~2!

The core radiusa and the powern are related by two
geometrical constraints. The total volume of the polym
segments in the core is given by the product of the aggre
tion numberN and the PPO segmental volumevPPO,

4

3
pa35Nv

PPO
where v

PPO
595.4330 Å3. ~3!

Similarly, the total volume of polymer segments outsi
the core is given by the product of the aggregation numbeN
and the volume integral of the PEO segmental distributio

4pE
a

`S a

r D n

r 2dr5Nv
PEO

where v
PEO

572.4326 Å3.

~4!

Combining these two constraints, we can write

vPPO

vPEO
5

3E
a

`S a

r D n

r 2dr

a3
5

3

n23
50.658, ~5!

where 0.658 is the ratio of the known molecular volumes
PPO and PEO segments. From this equation, we obtain
unique value ofn57.56.
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The particle form factor is then calculated by the follow
ing formula:

F~k!5E d3r ~rp2rw!exp~ ikW•rW !5
4pa2

k
~rp2rw!

3F j 1~ka!1E
1

`

sin~kax!x26.56dxG , ~6!

where j 1(k) is the spherical Bessel function of order one.
It is convenient to define a normalized form factor b

dividing F(k) by its value atk50,

F~0!5~rp2rw!~Vp
core1Vp

corona!5~rp2rw!

3
4pa3

3 S 11
v

PEO

v
PPO

D . ~7!

Therefore, the normalized form factor is

F̄~k!5
F~k!

F~0!
5

3v
PPO

v
PPO

1v
PEO

F j 1~ka!

ka

1E
1

` sin~kax!

ka
x26.56dxG , ~8!

which depends on only one parameter, the core radiua.
Note thata is tied to the aggregation numberN uniquely
through Eq. 3. The normalized intraparticle structure facto
then calculated asP̄(k)5uF̄(k)u2.

B. The model for the intermicellar structure factor S„k…

A square well potential with a replusive core of diame
R8 and the real particle diameterR is used to model a hard
sphere with an adhesive surface layer that is introduce
describe the intermicellar attractive interaction. The pairw
potential is defined as

V~r !5H 1` for 0,r ,R8

2u for R8,r ,R

0 for r .R.

~9!

We define here«5(R2R8)/R as the fractional well width
parameter andT* 5kBT/u as the effective temperature. The
the intermicellar structure factor is a function of four pam
eters: the real particle diameterR, the volume fractionf, the
fractional well width parameter«, and the effective tempera
ture T* . It should be noted that real particle diameterR is
tied uniquely to the aggregation numberN and the volume
fraction f through a relationf5cpR3/6N.

The Ornstein-Zernike~OZ! equation in Percus-Yevick ap
proximation for this square well potential can be solved a
lytically to the first order in a series of small« expansion
@14#. The result of the structure factor is given as follows
3-4
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1

S~Q!
21524wFa f 2~Q!1b f 3~Q!1

1

2
fa f 5~Q!G

14f2l2«2F f 2~«Q!2
1

2
f 3~«Q!G

12f2l2@ f 1~Q!2«2f 1~«Q!#2
2fl

e
$ f 1~Q!

2~12«!2f 1@~12«!Q#%224f$ f 2~Q!

2~12«!3f 2@~12«!Q#%, ~10!

where

Q5kR,

f5
cpR3

6N
,

a5
~112f2m!2

~12f!4
,

b52
3f~21f!222m~117f1f2!1m2~21f!

2~12f!4
,

m5lf~12f!,

l5
6~D2AD22G!

f
,

D5t1
f

~12f!
5

1

12«
expS 2

u

kBTD1
f

~12f!
,

G5
f~11f/2!

3~12f!2
,

f 1~x!5
12cosx

x2
,

f 2~x!5
sinx2x cosx

x3
,

f 3~x!5
2x sinx2~x222!cosx22

x4
,

f 5~x!5
~4x3224x!sinx2~x4212x2124!cosx124

x6
.

~11!

This formula is accurate in thek region around the firs
diffraction peak for«,0.05 @15#. To fit SANS data, the the
oretical formula ~1! is convoluted with the Gaussian-lik
resolution function obtained from NIST and IPNS, respe
tively.
02140
-

It should be noted that the real volume of a micelle
significantly larger than the volume ofN dry polymer chains.
It consists of the volume of theN dry polymer chains plus
the volumes of the associated hydration water per polym
chain in the corona region. The real volume of the mice
rather than the polymer volume, determines the thermo
namic quantities such as the osmotic compressibility and
scattering intensities. It further determines the dynami
properties, such as diffusivity and viscosity, of the polyme
micellar solution@14#. Obtaining the real volume of a mi
celle in a self-consistent way is not a trivial matter. It r
quires the knowledge of the detailed microstructure such
hydration number per polymer chain. This information
the associated solvent molecules is not available from
theoretical predictions and can be extracted accurately f
the analysis of the scattering intensity distributions throu
the volume fractionf and the aggregation numberN.

To summarize the main points of this section, we str
that an absolute SANS intensity distribution can be fitt
uniquely with four parameters: the aggregation numberN,
the volume fractionf, the fractional well width parameter«,
and the effective temperatureT* . The normalized intrapar-
ticle structure factorP̄(k) is the function ofN only. The
intermicellar structure factorS(k) is the function of all the
four parameters.

IV. RESULTS AND DISCUSSION

It is our observation that at high enough polymer conc
tration, SANS intensity distribution from theL64/D2O mi-
cellar system generally consists of a single, sharp interac
peak. A series of SANS intensity distributions taken from t
micellar solutions with different polymer concentrations a
temperatures have been examined to see whether there
significant change of the line shape at the ergodic-
nonergodic-to-ergodic transition temperatures observed
PCS experiment shown in Fig. 1. Part of the results are gi
in Figs. 4, 5, and 6, respectively. Since there is a single p
in the observed SANS intensity distribution, we can assu
that the system is characterized by a single length scalL
51/kmax, where kmax is the peak position of the intensit
distribution. It is well known that the absolute intensity in
two-phase system~the micelles and the solvent! is given by a
Fourier transform of the Debye correlation functionG(r ) and
the Debye correlation function in this case must be of
form G(r /L). Therefore,

I ~k!5^h2&E
o

`

dr4pr 2 j o~kr !GS r

L D , ~12!

where^h2& is the so-called invariant~not the viscosity!.
Now, make a transformation of variables

x5
r

L
5kmaxr ,

y5
k

kmax
~13!
3-5
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then

kmax
3 I ~k!

^h2&
5E

o

`

dx4px2 j o~xy!G~x!. ~14!

Thus, it can be seen that the scaled intensitykmax
3 I(k)/^h2& is

a unique function ofy5k/kmax. Therefore, if we plot the
scaled intensity distributions at different temperatures a
function of y, it would collapse into one single master cur
in the liquid state.

The mean particle separation distance that characte
the unique length scale in the liquid state can best be vis
ized by the scaling plot. Figure 4 shows a scaling plot o
micellar solution at polymer weight fraction of 35.0 wt %
a series temperatures ranging from 31.0 °C to 59.0 °C.
scaled line shape can be very well approximated by a Lor
zian and the plot of the half width of the Lorentzian lin
versus temperature is given in the inset. It can be seen tha
the scaled intensity distributions are temperature indepen
and they indeed collapse into one single master curve.
cording to our latest measurement, this temperatu
independent scaled plot is observed for every polymer s
tion for which the polymer weight fraction is betwee
25.0 wt % and 35.25 wt %. Figure 4 also indicates that
system is in the liquid state by the fact that all the sca
peaks are considerably broader than the resolution func
of the instrument. As we go above the concentrat
35.25 wt %, the situation changes dramatically. As an
ample, we show a scaling plot of a micellar solution w

FIG. 4. The scaling plot of SANS intensity distributions of th
micellar solution at 35.0 wt % polymer concentration and at diff
ent temperatures. It is seen from the figure that the system is in
characterized by a unique temperature-dependent length s
Therefore, all the scaled intensities collapse into a single ma
curve when plotted as a function ofk/kmax ~with a dimensionless
peak height of about 50!. The dotted line is the resolution functio
of the instrument. The fact that the scaling peak~essentially the first
diffraction peak of the intermicellar structure factor!, is consider-
ably broader than the resolution function indicates that the syste
in the liquid state. The inset shows the plot of the dimensionless
width at half maximum (FWHM50.30) of all the scaled SANS
intensity distributions as a function of temperature.
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FIG. 5. The scaling plot of SANS intensity distributions of
micellar solution at 44.0 wt % polymer concentration and at diff
ent temperatures. It is seen clearly that although the system is
characterized by a temperature-dependent length scale, but the
a temperature-dependent disorder in addition. While the narro
peak is resolution limited, the broader peak is similar to the o
observed in the previous figure. If we identify the broader peak
represent the liquid state~with the dimensionless peak height o
about 55 and width of 0.26), then the narrower peak should re
sent the glassy state~an amorphous solid state with the dimensio
less peak height of about 120 and width of 0.12). The inset sh
the dimensionless FWHM as a function of temperature. It is s
from this plot that the system shows a reentrant liquid-to-glass
liquid transition phenomenon, the liquid state below 30 °C a
again above 48 °C. The FWHM makes a transition between a v
0.10 and 0.28.

FIG. 6. The scaling plot of SANS intensity distributions of
micellar solution at 53.0 wt % (f50.54) polymer concentration
and at different temperatures. It is seen that the system is a
characterized by a temperature-dependent length scale. While
narrower peak is resolution limited~with the dimensionless pea
height of about 130!, the slightly broader peak is also nearly res
lution limited ~with the dimensionless peak height of about 100!. It
can be interpreted as showing a glass-to-glass transition~transition
between two amorphous solid states with different degrees of
order!. The inset shows the transition of one amorphous state wi
dimensionless FWHM of 0.11 to another one with a FWHM of 0.
at a temperature of 45 °C.
3-6
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SMALL-ANGLE NEUTRON SCATTERING STUDY OF THE . . . PHYSICAL REVIEW E 66, 021403 ~2002!
polymer weight fraction of 44.0 wt % at a series of tempe
tures ranging from 24.0 °C to 54.0 °C in Fig. 5. It can
seen that the scaled intensity distributions become temp
ture dependent for this concentration. We would like to m
tion that due to the absence of spots in the 2D ring patte
of the SANS intensity distributions, the states of the syst
can be identified as being amorphous but with two differ
degrees of disorder, depending on the temperature. On
similar to that shown in Fig. 4 and the other is much shar
and resolution limited. At this concentration a reentrant p
nomenon can be seen from the inset where there are su
sharp breaks in dimensionless line width from 0.24 to 0
occuring when the temperature increases from 30.0 °C
31.0 °C and comes back to 0.24 °C, when the tempera
further increases to 48.0 °C. The similar reentrant phen
ena are observed for the micellar solutions with concen
tions ranging from 35.5 wt % to 51.0 wt %. The transitio

FIG. 7. The upper panel shows the SANS intensity distribut
in an absolute scale and its model fit taking into account the ef
of resolution function. The dash line represents the theory and
solid line the theory convoluted with the resolution function.
illustrates the importance of fitting the data with the resolution
fect taken into account properly. The lower panel gives the norm

ized intraparticle structure factorP̄(k) ~dotted line! and the inter-
particle structure factorS(k) ~solid line! for a 44.0 wt % Pluronic
L64 solution in D2O at 53 °C. The interparticle structure factor
calculated by solving OZ equation with the short-range attrac
intermicellar potential and the intraparticle structure factor is cal
lated using the modified cap-and-gown model@8# as described in
Secs. III A and III B. The observed SANS data is the product
these two functions and therefore it is clear that the interaction p
observed in the SANS data is primarily due to the first diffracti
peak in the intermicellar structure factor.
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temperatures where the reentrances occur are consistent
the transition temperatures observed by PCS and visco
measurements, as shown in Fig. 3. The sharpness of the
ing peaks that are resolution limited indicates that the nea
neighbor distance in the glassy state~ranging from 31.0 °C to
48.0 °C) is more uniform than that in the liquid state~below
30.0 °C and above 48.0 °C).

Figure 6 is the scaling plot of a micellar solution o
weight fraction 53.0 wt % at a series of temperatures ra
ing from 17.0 °C to 51.0 °C. Similar to Fig. 5, the system c
be characterized by a temperature-dependent degree of
order. Judging from the height, these peaks are similar to
glass peaks that we identified in Fig. 5. It is seen that b
peaks are sharp. The one with sharper peak is resolu
limited and is identified as ‘‘the replusive glass,’’ while th
other one is nearly resolution limited and is identified as ‘‘t
attractive glass’’~see explanation given for Fig. 13!.
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FIG. 8. The intermicellar structure factor as a function of t
volume fraction, the fractional range of attractive interaction co
pared to the hard sphere diameter, and the depth of the pote
well compared tokBT. The top panel illustrates the sensitive depe
dence of the position and the height of the first diffraction peak
the volume fraction. When the volume fraction is higher, the pea
higher. The middle panel shows the height of the first diffracti
peak as a function of the fractional width« of the attractive well.
When the well is narrower, the peak is higher. The lower pa
gives the dependence of the height of the peak on the param
kBT/u (5T* ). When the potential well is deeper, the peak
higher.
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FIG. 9. Theoretical fits to SANS data taken at SAND spectrometer at IPNS, Argonne National Laboratory, for PluronicL64 micellar
solutions at different concentrations and temperatures. Symbols are experimental data and lines are the fits. The fits in absolute inte
take into account the effects of the resolution and the incoherent scattering backgrounds. The scattering intensities increase at
temperature liquid phase~the left-hand side peak! as compared to lower temperature liquid phase~the right-hand side peak! and the positions
of the peak shifts toward smallerk due to the enhanced self-association~larger aggregation number! as a consquence of increased hydr
phobicity of the polymer segments at higher temperatures.
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We now start to analyze SANS intensity distributio
quantatively using the model described in Sec. III. An e
ample of SANS intensity distribution for a 44.0 wt % mice
lar solution at 53 °C in an absolute scale is shown toge
with its model fit, taking into account the effect of the res
lution function in the upper panel of Fig. 7. It can be se
that the resolution correction is essential to fit the experim
tal data properly. The lower panel gives the normalized
traparticle structure factorP̄(k) ~dotted line! and the inter-
particle structure factorS(k) ~solid line! for this case. The
observed SANS data is propotional to the product of th
02140
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two functions. The fact that the first diffraction peak ofS(k)
occurs at relatively smooth tail part ofP̄(k) implies that the
interaction peak in the SANS intensity distribution is prim
rily due to the first diffraction peak in the intermicellar stru
ture factorS(k).

From Sec. III, we know that the structure factorS(k) is a
function of four parameters: the real particle diameterR, the
volume fractionf, the fractional width of the square well«,
and the effective temperatureT* 5kBT/u. The real particle
diameterR is determined by the aggregation numberN and
the volume fractionf ~11!. But the aggregation numberN is
3-8
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FIG. 10. Theoretical fits to SANS data taken atNG7 SANS spectrometer at the Center for Neutron Research, National Institu
Standard and Technology, for PluronicL64 micellar solutions at various concentrations and temperatures. Although the resolution fu
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 n
from these fits we obtain unique values of four parameters: volume fractionf, fractional well width«, the effective temperatureT*
5kBT/u, and the aggregation number of the micelleN.
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a propotionality factor to the absolute intensity~1!. There-
fore, for a givenN, the structure factorS(k) is a function of
three parameters :f, «, and T* . Figure 8 illustrates the
dependence of the structure factorS(k) on these three pa
rameters. Since SANS intensity distributions reflect only
tensities around the first diffraction peak, we shall comm
on the behavior of this peak under the influence of each
these three parameters. It is seen from the top panel tha
interaction peak is most sensitive to the volume fraction. T
higher the volume fraction, the higher is the interaction pe
The middle panel shows that the higher value of« leads to
the lower height of the interaction peak. It is important
know that all the measured SANS intensity distributio
~more than 150 of them! can be well fitted by a choice o
«50.03 ~with an error bar of 0.01), a value consistent w
our previous study of viscosity inL64/D2O system at high
volume fraction@14#. The bottom panel shows that the high
the effective temperature, the lower the interaction peak.

Part of the theoretical fits to SANS data taken at SAN
spectrometers at IPNS, Argonne National Laboratory,
Pluronic L64/D2O micellar solutions at different concentra
02140
-
t
f

the
e
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r

tions and temperatures are given in Fig. 9. Symbols are
perimental data and lines are the fits. The fits in abso
intensity scale take into account the effects of the resolu
and the incoherent backgrounds. It can be seen that the
tensity of the higher temperature liquid phase~the left-hand
side peak! and the position of the peak shift toward smallek
as temperature increases. Because of the enhanced
association~larger aggregation number! as a consquence o
the increased hydrophobicity of the polymer segments
higher temperatures, it can be seen clearly that the mic
grows when temperature increases.

Figure 10 shows the theoretical fits to SANS data taken
NG7 SANS spectrometer at the Center for Neutron R
search, National Institute of Standard and Technology,
Pluronic L64/D2O micellar solutions at various concentr
tions and temperatures. Although the resolution function
NG7 is different from the one for the SAND spectrometer
IPNS, the fits are equally good in both cases. It is import
to note that from these fits we obtain unique values of fo
parameters: the aggregation number of a micelleN, the vol-
ume fractionf, the fractional well width parameter«, and
the effective temperatureT* .
3-9
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The variation of the aggregation numberN as a function
of temperature for different concentrations is given in F
11. It can be seen that due to the fact that the PPO core in
micelle becomes less hydrophilic when heated, the mic
grows as temperature increases for a given concentratio
is to be noted that at a fixed temperature, the aggrega
number decreases as a function of concentration.

Figure 12 gives the calibration curve between the ratio
the volume fractionf to the weight fractionc, and c, ob-
tained from fitting approximately 150 SANS intensity dist
butions. It should be noted here that the fitting results sh

FIG. 11. Variation of the aggregation numberN as a function of
temperature at different concentrations. It can be seen that the
gree of self-association increases as temperature increases
given concentration. It is consistent with the fact that the PPO c
becomes less hydrophilic at higher temperatures. We also note
at a given temperature,N decreases as concentration increases.

FIG. 12. The ratio of the volume fraction to weight fraction as
function of polymer weight fraction, obtained from analyses
SANS data. This is an important calibration curve that enables u
compare the experimentally determined phase diagram with the
oretical phase diagram predicted by mode coupling theory. We
that the hydration level of the micelle decreases as the poly
concentration increases. It predicts that at weight fraction 0.54
micelle will be completely dry, since density ofL64 is close to
unity. Denoting the concentration~in weight fraction! by c and the
volume fraction byf, then the empirical relation isf/c51.96
21.78c.
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that the volume fractionf is a unique function of concen
tration, independent of the temperature. The figure sho
that at high concentration, the ratio off to c approaches
unity, indicating that the hydration level of the micelle go
down as the concentration goes up. The mathematical r
tion between them isf/c51.9621.78c, predicting that the
micelle will be dry at a weight fraction of 0.54 since th
density ofL64 is close to unity.

The SANS intensity distribution of PluronicL64/D2O mi-
cellar solution of 46.0 wt %, at 38.0 °C~symbols! and its
fitting by the theory~solid curve! are shown in Fig. 13. The
fitting curve is obtained by the theory convoluted with t
instrumental resolution function, which is indicated by t
dotted line. It is clear that the experimental data is resolut
limited. This is due to the fact that the sample is in a non
godic state, which is an amorphous solid. Since the inte
tion peak of the SANS intensity distribution is essentially t
first diffraction peak of the intermicellar structure fact
S(k), and the peak position and its height are sensitive to
volume fractionf, effective temperatureT* , and aggrega-
tion numberN, an accuratef, T* ; and N can still be ex-
tracted from the fitting. By comparing the effective tempe
tures obtained from fitting the experimental data in t
ergodic and nonergodic states, it can be seen that the dep
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FIG. 13. The model fit of a SANS intensity distribution in th
glassy state, taken with SAND spectrometer at IPNS, for Pluro
L64 micellar solution at 46.0 wt % and 38 °C. Symbols are
experimental data, the solid line is the theory convoluted with
resolution function, and the dotted line is the resolution functi
respectively. It is clear that the experimental data is resolution l
ited, indicating that the system is in a nonergodic amorphous s
state. The structure factor calculated from the equilibrium liqu
theory is clearly broader than the experimental data. However,
fit by the equilibrium liquid theory is sensitive to the position an
the height of the interaction peak. We noted previously that
interaction peak in a SANS intensity distribution is essentially
first diffraction peak of the intermicellar structure factorS(k). But
the position and the height of the first diffraction peak ofS(k) is
sensitive to the volume fractionf, aggregation number of the mi
celle N and the effective temperatureT* . Therefore, the fitting of
the position and the height of the interaction peak can still g
reliable values off, N, andT* . The fitting results shows that th
depth of the intermicellar potential increases when a liquid-to-gl
transition occurs upon increasing the temperature.
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FIG. 14. Comparison of the phase diagram~in T-f plane! of L64/D2O micellar solution with that of the theoretical phase diagram~in
T* -f plane! determined by mode coupling theory for a colloidal system with a short-range attraction («50.03) @16#. In the phase diagram
given on the top panel, the solid line is the equilibrium liquid-to-crystal transition line@12#, empty symbols are the reentrant KGT lines, a
filled symbols are the phase points where the experimental data are analyzed. The lower panel gives the theoretical phase dia
colloidal system interacting by a short-range attractive square well potential predicted by mode coupling theory@16#. The 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.
of the mapping is seen to confirm the existence of the attractive branch in the predicted KGT boundary and the glass-to-glass tran~see
Figs. 6 and 13!.
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the square well increases as the temperature increases.
make it possible for the micellar solution to transit from t
ergodic liquid state to the nonergodic glass state.

Figure 14 summarizes the essential results of the ex
sive SANS data analysis. The upper panel gives the exp
mental phase diagram replotted in the temperature-volu
fraction plane. It contains the equilibrium liquid-to-cryst
phase boundary~solid line!, the locus of experimentally de
termined KGT temperatures~open circles!, the points of low
temperature liquid locating approximately 1 °C below t
lower KGT line, the points of high temperature liquid loca
ing approximately 1 °C above the upper KGT line, and t
points in glass region between the lower and upper K
02140
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e
T

lines. The upper KGT line and the lower KGT line merge
volume fractionf50.472 and at a temperature of 46 °C. T
lower panel shows the theoretical phase diagram predi
by mode coupling theory in the effective temperature@16#
and the volume fraction plane of a colloid system with
short-range attraction, for the specific case of«50.03 @6#.
The solid line gives the liquid-to-glass phase boundaries
the symbols represent the experimental data points map
from the upper panel. It is important to note that fitted p
rametersf and T* obtained by analyzing SANS intensit
distributions enable us to perform this mapping and thus c
firm the existence of the liquid-to-attractive-glass KGT lin
and the glass-to-glass transition.
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V. CONCLUSIONS

Our three sets of independent experimental data cle
establish the phase boundaries of a reentrant KGT
L64/D2O micellar system. Furthermore, we use this reentr
liquid-to-glass-to-liquid transitions to substantiate the ex
tence of an attractive branch of liquid-to-glass transition i
colloid system with a short-range attractive interparticle
teraction predicted by the mode coupling calculation@3,6#.
We give an evidence of the glass-to-glass transition fo
sample with volume fraction of 0.54~see Fig. 6!, as pre-
dicted by the same mode coupling calculations~see the lower
panel of Fig. 14!.

As far as we know, this is the first time that SANS inte
sity distributions for a micellar solution at volume fraction
larger than 0.5 have been successfully analyzed with the
uid state theory. It is our observation through analysis
more than 150 SANS intensity distributions that an attract
square well potential is necessary to fit all the data. A sim
hard sphere potential will never be able to fit these data
satisfactory way.

In a recent publication, Foffiet al. @17# show a phase
diagram at high volume fraction for a colloid system havi
a short-range attractive interparticle interaction, for the c
«50.03. In this phase diagram, the KGT line lies in a me
ao
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,
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stable region sandwiched between two equilibrium liquid-
crystal and crystal-to-crystal transition lines. This situation
similar to our observation~see Fig. 3! that the KGT lines in
L64/D2O micellar system lie between a region in the eq
librium phase diagram where the hexgonal liquid crys
phase~denoted byH) and the lamellar liquid crystal phas
~denoted byD) reported by Zhang, Lindman, and Coppo
@12#. It is our intention to extend our SANS investigatio
into the concentration range betweenc50.54 andc50.7 in
the future.
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