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Dynamics of Block Copolymer Micelles Revealed by X-Ray Intensity Fluctuation Spectroscopy
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We report x-ray intensity fluctuation spectroscopy measurements of the equilibrium dynamics of
polymer micelle liquids, composed of polystyrene-polyisoprene block copolymer micelles within a
polystyrene homopolymer matrix. The equilibrium dynamics were investigated for times between
one and several hundred seconds, and for wave vectors from 0.003 to0.015 Å21, far beyond wave
vectors that can be studied with visible light. A wave-vector-dependent diffusion coefficient is found.
[S0031-9007(97)02392-2]
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Block copolymers show a variety of microstructures a
result of their amphiphilic molecular architectures [1], m
tivating continuing investigations of their structure, the
modynamics, and rheology. However, it has not gener
been possible to study the molecular-scale dynamics
block copolymer melts, because the length scale of the
crostructure is several tens of nanometers—determine
the size of the polymers—and is thus inaccessible to li
scattering techniques; while the relevant time scales
slower than can be easily studied by neutron scattering

The introduction of high-brilliance synchrotron sourc
now allows for intensity fluctuation spectroscopy me
surements using coherent x rays (XIFS), enabling inv
tigations of molecular-scale dynamics [3–6]. XIFS w
recently demonstrated in small-angle scattering studie
the diffusion of dilute gold [5] and palladium [6] colloida
particles, suspended in glycerol. In the present pa
we report an XIFS study of the dynamics of mixtures
polystyrene-polyisoprene block copolymers with polys
rene homopolymer. The mixtures lie in a micellar regi
of the phase diagram, forming either spherical or worml
micelles [7–9]. There are correlations among the micel
which give rise to a peak in the static scattering funct
at ,0.012 Å21, corresponding to liquidlike micellar or
der. The glass transition of the homopolymer matrix o
curs at,360 K. It follows that the micelles are mobile
only above,360 K. We have investigated the dynamic
of these polymer micelle liquids for times between one a
several hundred seconds, and for wave vectors from 0
to 0.015 Å21, extending far above what can be achiev
with visible light and including the peak in the static stru
ture factor.

Copolymer synthesis was performed via anionic po
merization under inert gas, yielding P (S-b-I) with a sty-
rene number fraction offs  0.5, M̄w  89.1k, andM̄wy
M̄n  1.02. (M̄w and M̄n are the weight- and number
averaged molecular weights, respectively.) The mixtu
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were prepared by dissolution in toluene, followed b
methanol precipitation. After drying, samples were h
pressed into 1 mm diameter, 0.5 mm thick Al sample ho
ers and vacuum annealed at 150±C. For the x-ray stud-
ies, the samples were held under vacuum, and at cons
temperature to within60.1 ±C. The XIFS experiments
were carried out at beam line ID10A (TROIKA) at th
European Synchrotron Radiation Facility (ESRF) and e
ployed undulator radiation with an energy of 8.2 keV an
a bandwidth ofDlyl  0.013 [10]. A mirror deflected
these x rays out of the undulator central cone onto
sample. The source, 46 m upstream, was54 mm in the
vertical direction. Horizontal slits, 28 m upstream, we
adjusted to250 mm to set the effective horizontal sourc
size. For XIFS studies several criteria must be met: T
beam size should be smaller than the transverse coher
lengthsldy2Rd, wherel is the x-ray wavelength,d is the
source size, andR is the distance to the source. A pin
hole aperture of diameterdp  7 mm (85 mm upstream of
the sample) met this condition, yielding,2 3 109 x rays
per second. In addition, the maximum optical path leng
difference should be less than the longitudinal cohere
lengthsl2yDld, requiring thatDlyl , ly2W sin2 u and
Dlyl , lydp sin2u, where W is the sample thickness
and2u is the scattering angle. These conditions were s
isfied for wave vectors up to,0.03 Å21. Scattered x rays
were collected using a Princeton Instruments CCD ar
detector, 1.25 m from the sample. The CCD pixel si
was22 3 22 mm2. Each data set was acquired as a ser
of 1000 1.00 s exposures, separated by 0.24 s for read
Measurements to determine the static scattering cross
tion were carried out at beam line X20A at the Nation
Synchrotron Light Source using a point detector.

On initial exposure to the beam at ID10A, the overa
scattered intensity was observed to decrease by a facto
,2 over a period of,200 s. Subsequently, the intensity
remained constant in time. We do not understand t
© 1997 The American Physical Society 1275
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observation. However, the scattering line shape obtain
at ID10A reproduced that found at X20A, where no initia
decrease in intensity was observed (see below). All of t
ID10A data presented in this paper correspond to tim
at least 1200 s after initial exposure. It may be noted th
the flux in the XIFS measurement (,4 3 1013 s21 mm22)
was,100 times higher than at X20A, but not substantiall
higher than in some other synchrotron x-ray studies
similar polymer systems [11].

Figure 1(a) shows the average of 500 CCD exposur
obtained at 293 K for a mixture containing 17 wt. % P(S-b-
I) and M̄w  12.7k PS (sample I), which forms spherica
micelles. Figure 1(b) shows the scattering from the sam
sample at 393 K, also averaged over 500 exposures. T
images comprise340 3 200 CCD pixels, corresponding
to a wave vector range from 0.0015 to0.0143 Å21 in
the vertical and from20.0109 to 0.0109 Å21 in the
horizontal. The strong scattering at small wave vecto
(shown as pink, violet, and blue), including the vertica
streaks, originates at the pinhole and in guard slits befo
the sample. At larger wave vectors, scattering from th
sample appears as green, yellow, and red, depending on
intensity. The grainy appearance of Fig. 1(a) in this regio
constitutes speckle, as expected for a disordered mate
under coherent illumination.

The speckle is static at 293 K, corresponding to a froz
arrangement of micelles. By contrast, speckle in the sa
ple scattering is not apparent in Fig. 1(b). We may infe
that at 393 K the micelles are mobile and that their the
mal motions cause the instantaneous speckle to fluctuat

FIG. 1(color). Rainbow-scale CCD image of the scatterin
from sample I at (a) 293 K and (b) 393 K.
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time, resulting in a smoother time-averaged intensity. T
determine the characteristic times of the sample, we com
puted the autocorrelation for each pixel as a function of d
lay time (t) [5,12]: g2std  sn 2 td

Pn
st11 isis2tym0m1,

where n is the number of time steps,is is the intensity
at time steps, m0 

Pn2t
s1 is, and m1 

Pn
st21 is. To

determine the variation versus wave vectorsQd, we av-
eragedg2std over all pixels within successive rings of
width DQ  0.000 32 Å21 (five pixels). The resultant,
baseline-subtracted autocorrelation is shown versus tim
for three representative wave vectors in Fig. 2. We hav
fit the autocorrelation at each wave vector to an expone
tial decay:g2std  A 1 Be2ty2tQ , wheretQ is the char-
acteristic time at wave vectorQ. This model, shown as
the solid lines in Fig. 2, provides a good description of th
data, and we believe that the fitted time constants sensib
characterize the decay of intensity correlations.

In Fig. 3(a) are plotted the fitted values oftQ versusQ
for 393 and 398 K. The time constants at a given wav
vector are different by a factor of,3 at the two tempera-
tures, but the variation versus wave vector appears sim
lar: The decay times are largest at the smallest wa
vectors studieds0.0027 Å21d, and decrease rapidly for
wave vectors increasing to0.007 Å21. Between 0.007
and 0.012 Å21, they are approximately constant or in-
crease slightly. Eventually, they decrease again for wa
vectors above0.012 Å21. This behavior appears more
complicated than long-wavelength diffusion, for which
tQ  1yDQ2 [6], whereD is a micelle diffusion constant.
The discrepancy is highlighted in Fig. 3(b), which plots
kBTtQQ2yh  kBTyDh versusQ, whereh is the ho-
mopolymer viscosity. Data at 393 and 398 K collapse t
a single curve, suggesting thattQ is proportional toh [13].

Evidently, kBTyDh approaches a constant at smal
wave vectors, but increases to a maximum near0.012 Å21.
To make sense of this observation, we note that1ytQ is the
frequency width of the dynamic structure factorfSsQ, vdg,
which exhibits two pertinent properties [14]: First, the
frequency integral ofSsQ, vd is the static structure factor
SsQd. Second, the second moment ofSsQ, vd obeys the

FIG. 2. Autocorrelation vs time for three wave vectors a
393 K. Solid lines correspond to an exponential decay vs tim
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FIG. 3. (a) tQ vs Q, (b) kBTyDh vs Q, and (c)DhSsQdy
kBT vs Q for sample I, usingh  2.2 3 105 and 7.8 3 104

poise at 393 and 398 K, respectively. The solid line in (
showsSsQd. Dashed lines in (a)–(c) are guides to the eye.

sum rule Z `

2`
dv v2SsQ, vd  Q2kBTyM (1)

for all values ofQ, whereM is a micelle effective mass
[14]. In addition, for particles in a viscous medium
SsQ, vd at low frequencies takes the form [14]

SsQ, vd .
SsQd

p

DQ2

v2 1 sDQ2d2
. (2)

The frequency integral of Eq. (2) isSsQd. However,
Eq. (2) does not obey the sum rule. A simple remedy
to suppose that Eq. (2) is valid up to some maximum fr
quency,vc, but thatSsQ, vd . 0 for frequencies greater
than vc. Then, the sum rule is satisfied, and, moreove
implies that the diffusion coefficient is wave-vector de
pendent [15], so thatkBTyDh . 2MvcSsQdyph. In
this context, it is remarkable that the data as displayed
Fig. 3(b) are reminiscent of a liquid structure factor. T
explore the relationship betweenSsQd andD, we have de-
terminedSsQd by fitting the static scattering cross section

The background-subtracted cross section at 398
obtained by circularly averaging CCD images, is show
in Fig. 4(a) as circles. To within a scale factor, these da
reproduce results obtained at X20A, shown as squa
For a fluid of spherical micelles, the cross section is w
described [9] by

dsydV  r2
0 NsrPS 2 rPId2n2jFsQdj2SsQd , (3)

where r0 is the Thomson radius,N is the number of
micelles,rPI and rPS are the electronic densities of PS
and PI, respectively,FsQd and n are the form factor
and volume, respectively, of the PI core, andSsQd is
the static structure factor of a hard-sphere fluid. T
b)
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FIG. 4. Scattering cross section vsQ obtained at ID10A
(circles) and X20A (squares) for (a) sample I at 398 K
(b) sample II at 398 K, and (c) sample III at 413 K. The soli
lines show the models discussed in the text. Each data se
scaled arbitrarily for clarity of display.

location and width of the first peak in the cross sectio
at small wave vectors is determined largely by the har
sphere radiussRd and the hard-sphere volume fractio
sfd, while the location and depth of the minima at large
wave vectors are determined by the mean radius of the
coressad and the corresponding standard deviationssd,
respectively. The solid line in Fig. 4(a) is the best fit o
Eq. (3) to the X20A data. The parameters so obtained
R  237 Å, f  0.302, a  181 Å, and s  0.181a,
indicating an aggregation number of305 6 50 for the
micelles in sample I, generally consistent with what ma
be expected on the basis of Ref. [9].

The solid line in Fig. 3(b) is the hard-sphere-fluid struc
ture factor inferred fromR andf. SsQd generally mimics
the variation ofkBTyDh versusQ, consistent with the re-
quirements of the sum rule. However, the peak ofSsQd
is more pronounced than that ofkBTyDh. This is quan-
tified in Fig. 3(c), which plots the ratioDhSykBT versus
Q. Evidently, DhSykBT shows a maximum at a wave
vector that is similar to the wave vector of the peak
SsQd. Remarkably, similar behavior is found in light scat
tering studies of dense systems of large colloidal particl
whose interactions approximate those of hard spheres [1
In this context, the deviation ofDhSykBT from a constant
is ascribed to hydrodynamic interactions between the c
loidal particles, mediated by the suspending medium [1

We present in Fig. 5(a) results for the characteris
times versus wave vector of 29 wt. % P(S-b-I) in 3.7k PS
(sample II) at 398 K, which also forms spherical micelle
The background-subtracted cross section for this sam
is shown in Fig. 4(b), and shows a narrow peak, corr
sponding to extended correlations between micelles. T
best fit of Eq. (3) is the solid line and yieldsf  0.446.
R  299 Å, a  222 Å, and s  0.146a. It is striking
that the characteristic time [Fig. 5(a)] displays a peak at t
same wave vector as the structure factor. However, as
clear from Fig. 5(b), the peak inSsQd is more pronounced
than the peak inkBTyDh. The considerably smaller dif-
fusion coefficient of sample II, compared to sample I, ma
1277
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FIG. 5. (a)tQ vs Q and (b)kBTyDh vs Q for sample II at
398 K, usingh  3.0 3 103 poise. The line in (a) is a guide
to the eye. The line in (b) is4 3 1024 scmdSsQd.

reflect incipient crystallization of the micelle fluid at large
volume fractions.

Beyond the spherical micelle liquids described so fa
it is especially interesting to study materials that se
assemble into more complex morphologies. For examp
Fig. 4(c) shows the scattering cross section for 17 wt.
P(S-b-I) in 24k PS at 413 K (sample III), which forms
wormlike micelles [8,18]. Consistent with this, the sca
tering intensity does not display oscillations at large wa
vectors. However, there is a peak of the scattering cr
section at0.01 Å21, indicating correlations between mi
celles. In fact, we find that the cross section is well d
scribed bydsydV  Ays1 2 BQ2 1 CQ4d, whereA, B,
andC are constants [solid line in Fig. 4(c)]—a form ofte
used to describe the scattering from microemulsions. F
ures 6(a) and 6(b) show the values oftQ and kBTyDh,
respectively, versusQ. In the region of the peak in the
scattering,kBTyDh appears to cross over from one valu
at lower wave vectors to another at higher wave vector

In conclusion, we have performed XIFS studies of pol
mer micelle liquids, composed of spherical and wormlik
micelles. For both morphologies, we find a wave-vecto
dependent inverse diffusion coefficient, which, in the ca

FIG. 6. (a) tQ vs Q and (b) kBTyDh vs Q for sample III
at 413 K, usingh  7.7 3 104 poise. The dashed line in (b)
shows the scattering line shape. Solid lines in (a) and (b)
guides to the eye.
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of spherical micelles, exhibits a weak peak at the sa
wave vector as the peak in the static structure factor.
nally, we note that technical improvements can be expec
to soon lead to signal rates higher by a factor of,103,
greatly expanding potential applications of XIFS in stu
ies of polymers and soft condensed matter, in general.
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