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It is well established that the structural order of macromolecules can be affected by the application of shear.
For example, triblock copolymers in aqueous solutions are known to aggregate for high concentrations. For
increasing temperature the polymer micelles crystallize and offer a model system for the investigation of
percolation and crystallization. The crystalline phases rearrange under shear. We correlate the structural assem-
blages of polymer micelles to the microscopic dynamics of the polymer monomers as well as to the solvent
molecules at rest and under shear. We find the monomer dynamics affected by the different arrangements of the
polymer micelles in aqueous solutions. For pronounced structural ordering we report on the monomer diffusion
to become anisotropic under shear, with the diffusive mode in the direction of the shear gradient being slowed
down with respect to that in the direction of the flow.
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I. INTRODUCTION

Since the pioneering experiments by Kelleret al. pub-
lished in 1970f1g, it has been well known that polymer
solutions may crystallize under certain conditions. Through-
out the 1980s a more detailed picture of a microscopic scale
of crystallization was obtained by the use of small-angle neu-
tron scatteringsSANSd f2–5g. Diat and co-workers investi-
gated the shear dependence of structural ordering systemati-
cally by light and neutron scattering. In analogy to a phase
diagram without shear applied they presented different ori-
entational states of the sample induced by shear. These were
summarized in a phase diagram as a function of composition
and shear ratef6–8g.

Applied shear breaks the isotropy of the sample. The key
parameter to measure shear macroscopicallyson the mm
length scaled is the mean shear gradient calculated from the
sample velocity and the geometry of the shear device. To
describe the anisotropy induced on the molecular scale, in
addition, a local shear gradient has to be defined as a micro-
scopic son the nm length scaled velocity gradient. The two
values calculated from these definitions may differ and it is
well established that depending on the properties of the
solid-liquid interface surface slipf9–12g or, in the case of
inhomogeneities in the sample during the reorientation pro-
cess, shear banding may occurf13–18g. To gain information
on the macroscopic velocity profile of liquids, different tech-
niques such as NMR, supersonicf19g, light scattering

f20,21g, and neutron scatteringf22g have been employed.
Aside from the effect that shear has on structural arrange-

ments, it has also been noticed from theoretical consider-
ations that shear may affect the microscopic diffusion
f23–26g. On a molecular scale, nonequilibrium molecular dy-
namicsNEMDd simulations have shown an anisotropy of the
self-diffusion tensor under shearf27–31g. For colloidal sys-
tems this has been demonstrated experimentallyf32–34g and
in simulationsf35g. For the anisotropy of self-diffusion un-
der shear different mechanisms have to be considered:sid
Anisotropic particles may orient in shear fields.sii d Aniso-
tropy is induced in the local environment of the particles.

To date there is no experimental proof of an influence of
shear on the dynamics of molecules on the nm length scale.
In the present work we elucidate by different neutron scat-
tering techniques that the local dynamics of polymer mol-
ecules are correlated to the dynamics and structure of poly-
mer micelles. This results in an effect of shear on the local
modes even if the Peclet numberssee Sec. II for the defini-
tiond for the single-polymer monomer is too small to expect
a direct influence of shear, whereas it is big enough for the
micelle. As an additional parameter we varied the degree of
structural ordering in the sample by using solid interfaces
with different chemical terminations. With investigations
along the presented line a deeper understanding of the corre-
lation of the local dynamics to the structural arrangements
and in particular to the influence of shear becomes possible.

II. NEUTRON SCATTERING AND DIFFUSION

We have used several neutron scattering techniques to ob-
tain information on the structure as well as on the dynamics
of complex liquids.
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A. Neutron scattering

The quantity measured in a scattering experiment is the
scattered intensity with respect to different scattering angles
and energy transfers. Two different scattering functions can
be defined for neutron scattering experimentsf36g:

ScohsQ,vd =E Ksr ,tdeisQ·r−vtddrdt, s1d

SincsQ,vd =E Kssr ,tdeisQ·r−vtddrdt. s2d

The coherent structure factorScohsQ ,vd represents the mean
value of the scattering length density distribution in the
sample. It is the Fourier transform in time and space of the
inter-particle-correlation and particle self-correlation func-
tions.ScohsQ ,vd gives information about the spatial order of
the atoms in the sample and their evolution in time, and it
describes the Bragg reflections, liquid structure factor, and
phonon scattering. The incoherent structure factorSincsQ ,vd
is the Fourier transform in time and space of the particle
self-correlation function and represents the deviation from
the mean scattering length density in the sample. Accord-
ingly, SincsQ ,vd provides information on the self-diffusion of
a specific particle.

For a random jump diffusion a Gaussian distribution of
the so-called intermediate scattering functionIsQ ,td, which
is the Fourier transform ofKssr ,td fEq. s2dg with respect tor,
can be assumedf37g,

IsQ,td = e−DtQ2
, s3d

which gives the following scattering function:

SsQ,vd =
1

p

DQ2

v2 + sDQ2d2 . s4d

This is a Lorentz distribution with the full width at half
maximumsHWHMd G:

G = DQ2. s5d

B. Diffusion in liquids

Following the Stokes-Einstein-Debye model, the transla-
tional diffusivity Dtrans of a particle in a liquid can be related
to the viscosityh f38,39g:

Dtrans=
kBT

6phR
, s6d

with kB the Boltzmann constant,T the temperature, andR the
particle radius. For a more detailed picture one has to distin-
guish between different types of diffusion. For an isolated
particle, moving in a potential free environment, the Stokes-
Einstein-Debye limit holds. The time scale of relevance is
given by tB=m/6phR, where m denotes the mass of the
particle. This is the time frame for velocity fluctuations.
Within this time a particle moves only a small part of its
radius. For an ensemble of particles the interparticle interac-

tion potential has to be considered in addition. The dominant
time scale becomes thentI =a2/Dtrans, during which the par-
ticle travels a distance such that it is affected by differences
in the surrounding potential. The parametera=2RF−1/3 de-
notes an effective particle radius, andF is the volume frac-
tion of particles in the solution. The relevant length scalea is
obtained from the maximum of the structure factor.

For judging the relative importance of shear as compared
to the thermal mobility of the particles one can define the
Peclet number:

Pe =ġtI , s7d

where ġ denotes the shear rate. For small Peclet numbers
sPe!1d the diffusive process is completely dominated by
thermal motion. For high Peclet numberssPe@1d the par-
ticle motion is strongly affected by the shear field as the
surrounding of a certain particle is changing on the time
scaletI.

III. EXPERIMENTAL DETAILS

A. Sample

Our sample consists of a 33% solutionsin weightd of the
triblock copolymer P85sEO25PO40EO25d in deuterated water.
The P85 was obtained from BASF Wyandotte Corp.sMount
Olive, NJd and was used without further purification. P85 has
a molecular mass of about 4500 u and the hydrophobic part
of the molecule is 50%. The coherent and incoherent scatter-
ing powers, with respect to the total scattering power, of the
different components of the sample are summarized in Table
I. The dominant contribution is the incoherent scattering
from the hydrogen in the polymer molecules. The coherent
scattering from the deuterated water is about one-sixth of the
total scattering. The scattering length density SLD of the
deuterated water is SLD=6.5310−6 Å−2 and that of the
polymer SLD=0.44310−6 Å−2. This gives a good contrast
between the two components for spectroscopic as well as for
diffraction studies.

FIG. 1. Scattering geometry for the reflectivity studies. After
scattering at the solid-liquid interface the neutrons are detected by a
position-sensitive detector.

TABLE I. Coherent and incoherent scattering powers of the dif-
ferent components of the sample.

Coherent Incoherent

P85 5.0% 74.4%

D2O 16.3% 4.3%
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The phase diagram with respect to polymer concentration
and temperature has been established by SANSf40g. Differ-
ent phases from unimer over micelles to cubic and lamellar
structures have been reported. For low concentrations and
temperatures the polymer monomers are solved in the water.
With increasing temperature or concentration they start to
agglomerate into micelles and as the critical micelle volume
fraction is reached they crystallize. The concentrated gel-like
phases may form a single-crystalline state under shear
f41–43g. Using contrast variation techniques in SANS mea-
surements, the internal structure of the micelles has been
determinedf44g. The core and shell of the micelles contain
about 50% and 90% of water, respectively. For a theoretical
approach the interaction potential between the micelles can
be treated according to the core and gown modelf45–48g.
The translational diffusion coefficient of similar polymer
monomers in aqueous solutions as determined by light scat-
tering is on the order of 10−7 cm2 s−1 and it was found nearly
independent of temperature and concentrationf49g. These
polymer solutions are expected to behave similar to P85 for
which no diffusion constants are available.

The P85-water solutions were prepared at a temperature
of 278 K, where the polymer is solvable in water. During
and after filling the sample cell was kept at the same tem-
perature to prevent shear-induced ordering prior to the mea-
surement.

B. Solid interface

Two single-crystalline polished silicon wafers have been
prepared as solid interfaces. One surface was oxidized
through treatment in Carroic acids5:1 mixture of H2SO4 and
H2O2d for 15 min. It is known that SiO2 forms at the surface,
which gives it a hydrophilic character. The second silicon
wafer was dipped for one minute in HF. The surface cover-
age with hydrogen provides the desired hydrophobic charac-
ter for at least the time needed for the measurement.

To confirm the properties of the two silicon wafers we
performed reflectivity studies of pure deuterated water with
the instrument ADAM at the Institute Laue-LangevinsILL,
Grenoble, Franced f50g. For a more detailed description we
refer to Sec. III D 2. ADAM is an angle-dispersive reflecto-
meter using a fixed wavelength of 4.41 Å. The scattering
geometry is shown in Fig. 1. Neutrons from the monochro-
mator travel through a silicon wafer and are scattered at the

silicon-liquid interface. The path length of the neutrons
through the silicon wafer is about 120 mm which results in a
reduction of the intensity by absorption of about 20%.

Figure 2 shows the specularsincident equals exit angled
reflected intensity of the hydrophilic and hydrophobic inter-
face sleft paneld in contact with deuterated water. A correc-
tion for the incident beam footprint has been applied. First
the two silicon wafers were measured against air. The scat-
tering length density profiles obtained were used as fixed
parameters for the later measurements. The right panels in
Fig. 2 show the scattering length density profiles obtained.
For the hydrophilic interface a three-region box model with
bulk silicon, a silicon oxide layer of 25 Å thickness, and
bulk water with a roughness of 4 Å at the interfaces fits the
data well. The scattering length density of the D2O sSLD
=6310−6 Å−2d is slightly reduced due to impurities of about
10% of light watersSLD=−0.5310−6 Å−2d. However, for
water in contact with the hydrophobic interface, the specular-
reflected intensity drops off much faster, indicative of an
increased roughness at the interface. The fit confirms that for
the hydrophobic interface the data cannot be fitted by a
three-box model. A reduced density of the water within a
thickness of 20 nm has to be assumed at the interface.

Two different explanations for this depleted region of re-
duced density have been proposed. Either the density of the
bulk water is reduced close to the hydrophobic interface due
to structural defects or air nanobubbles may exist close to the
interface. A region of reduced density has been calculated
from theoretical considerationsf51,52g. However, the pre-
dicted thickness of 2 nm is much smaller than found in our
experiment. With the technique of atomic force microscopy
sAFMd the existence of a 30-nm-thick layer of air bubbles in
water has been demonstrated close to a hydrophobic inter-
face f53g. In a more recent and detailed neutron reflectivity
study it has been shown that air bubbles may be induced by
the AFM cantilever and that a thinner layer is found in the
undisturbed samplef54,55g. However, the mentioned experi-
ments were in variance to ours performed with degassed wa-
ter. The scattering length density profile fitted to the present
measurement and the thick depleted layer we found close to
the hydrophobic interface cannot be explained by structural
depletion. As we used water without degassing it the reduced
scattering density found in the interface region in our mea-
surements is most likely to be explained by the presence of
air bubbles.

FIG. 2. Specular-reflected in-
tensity for water at a hydrophilic
and a hydrophobic-coated silicon
interfacesleft paneld. In the right
panels the scattering length den-
sity SLD profiles for the silicon-
water interface are shown, which
have been used for the simulation
of the datassolid lines in the left
paneld.
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C. Shear devices

We have developed several shear devices for the investi-
gation of liquids under shear with different neutron scattering
techniques. Two possibilities can be envisaged: either a flow
cell where liquid is pressed through a slit by the application
of pressure or a shear cell where the liquid is confined be-
tween a fixed and a moving surface. The main difference is
that for the flow cell the velocity profile will be parabolic
whereas for the shear cell one expects a linear velocity pro-
file.

For non-Newtonian and for highly viscous liquids flow
cells have two major disadvantages. First, high pressures are
needed to achieve high shear rates. This pressure may change
the structuralf56g as well as the dynamical propertiesf57g of
the sample. In addition a pressure gradient will develop in
the logitudinal direction throughout the slit leading to a su-
perposition of the sample properties for different pressures,
which are difficult to interpret. Second, the parabolic veloc-
ity profile implies that the shear gradient is not constant
throughout the scattering volume. A liquid showing shear
thinning will become thinned in regions with a high shear
gradient—i.e., close to the walls. In the middle of the slit
where the shear gradient is low, it will be thickened. This
leads, as scattering contributions from all over the slit are
registered, to an averaging over regions with different shear
gradients. Because of these considerations, we decided to use
shear cells for the experiments reported here. Couette-type
devices have a curved interface and are not suited for scat-
tering from the solid-liquid interface. In addition, it is diffi-
cult to probe a certain direction of the flow in spectroscopic
measurements as the neutron beam traverses a Couette cell
twice.

For the present diffraction study we used a plate-plate
shear device equipped with different silicon wafers which
had a diameter and a thickness of 200 mm and 11 mm, re-
spectively. Figure 1 shows schematically the scattering ge-
ometry for reflectivity measurements. For the shear device
the lower surfacesnot shown in the sketchd moves in thex
direction and the momentum transfer is always parallel to the
shear gradient. To minimize the gradient in the velocity of
the rotating disk and the shear gradient and to use a large
interface the neutron beam passes the cell tangential at a
radius of 70–90 mm. A rotating aluminum plate is posi-
tioned at an adjustable distance of about 1 mm from the
silicon disk.

The shear device used for the spectroscopic studies was
also equipped with different silicon wafers with a thickness
of 0.625 mm on the surface of the fixed and rotating disks.
Special attention has been given not to cover the neutron
window with any glue containing hydrogen. Figure 3 shows
the scattering geometry for the neutron spectroscopy mea-
surements. The presented data were taken at different scat-
tering angles again with scattering from the outer part
s70–90 mmd of the moving and static disks. In reflection
geometrysleft paneld the vector of momentum transferQ is
parallel to the shear gradient and in transmission geometryQ
is parallel to the flow of the liquid. Thus it is possible to
distinguish the influence of shear on the microscopic dynam-
ics in these two directions. In addition, in transmission ge-

ometry the inelastic Doppler-scattered neutrons can provide
information on the macroscopic flow. The shear devices used
for the diffraction studies and for the spectroscopic measure-
ments are described elsewhere in more detailf58g.

D. Instruments

1. Rheologie

The rheological measurements have been made using a
commercial rheometersPaar Physica USD 200d. The tem-
perature was controlled by flowing water, which was heated
and cooled by a HAAKE DC50 water bath. As the viscosity
of the sample changes by several orders of magnitude for the
different phases with a maximum viscosity of about
1000 Pas we used a cone-plate geometry with a cone diam-
eter of 30 mm. A certain shear rate was applied to the sample
and the torque necessary to turn the cone has been measured.
The cone as well as the plate were made from stainless steel.

2. Reflectometry

The reflectivity studies were carried out on the instrument
ADAM at the ILL. ADAM follows the principle of a two-
circle diffractometer with a fixed wavelength of 4.41 Å. The
data are collected by a two-dimensional position-sensitive
detector covering an angular range of±3°. The scattering
plane on this instrument is horizontal.

Thex, y, andz directionssFig. 1d are defined with respect
to the surface of the sample, withz being the normal of the
interface,x being in the plane of the interface and defined by
the incident beam directionk, and y is in the plane of the
interface and perpendicular tox. For a momentum transfer of
uQu=0.04 Å−1 the resolutionDQx=1310−5 Å−1 is deter-
mined by the pixel size of the detector and the scattering
angle. The resolutionDQz=7.5310−4 Å−1 is given by verti-
cal slits. The resolutionDQy=7.5310−2 Å−1 is given by the
height of the focusing monochromator and the distance of
the sample from the monochromator.

The resolution used allows investigations of lattice con-
stants of up to 100 nm in thez direction and 5mm in thex
direction. The resolution in they direction was relaxed and
the small-angle scattering from structures larger than about
50 Å could not be resolved. For the present samples the

FIG. 3. Scattering geometry for neutron spectroscopy. The in-
coming and outgoing beam defines the scattering plane. The shear
device is placed perpendicular to it. For the reflection geometrysleft
paneld Q is parallel to the shear gradient whereas for the transmis-
sion geometrysright paneld it is parallel to the macroscopic flow.
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polymer micelles have a diameter of about 60 Å. Therefore
we had a strong contribution from small-angle scattering on
the specular line due to the smearing out of the structure
factor for low Q values. All reflectivity data have been cor-
rected for the calculated footprint of the shear device and for
the small-angle scattering by subtraction off the scattered
intensity for an offset angle ofDa=a−a8=0.2° sa, incident
angle;a8, exit angled in the scattering plane from the specu-
lar signala=a8.

The height of the beam at the sample position was 2 cm,
resulting in a gradient of the shear rate and rotating disk
velocity of about 20%.

3. Spectroscopy

Different spectrometers were used to cover a large range
of relaxation times from the ns to the ps region.

The backscattering experiments with an energy resolution
of about 1meV ffull width at half maximumsFWHMdg have
been made on the instrument IN16sILL d. This instrument
uses a wavelength of 6.271 Å. The multidetector registered
the neutrons for the static measurements and one single he-
lium tube for the measurements with the shear device. The
backscattering data were fitted by one Lorentzian line with-
out convolution of the narrow resolution function. To obtain
information on the temperature dependence of the diffusion
coefficients we measured the elastic scattered intensity that is
directly correlated to the quasielastic linewidth.

The time-of-flight experiments with the unsheared sample
have been carried out at the NEAT spectrometer at the HMI
sGermanyd with a wavelength of 5.1 Å, resulting in a reso-
lution of 93 meV sFWHMd.

FIG. 4. Viscosity for a 33%sin weightd solution of P85 in water
measured at a shear rate ofġ=1 s−1 as a function of temperatures.

FIG. 5. Specular reflected intensity for a 33%sin weightd solu-
tion of P85 in deuterated water for 288 Ksupper paneld, 313 K
smiddle paneld, and 333 K slower paneld at hydrophilic and
hydrophobic-coated solid interfaces. For all temperatures the inten-
sities taken at the hydrophobic interface drop faster than for the
hydrophilic one. For temperatures above 290 K, a Bragg reflection
from the crystalline phase becomes visible atQz<0.055Å−1.

FIG. 6. Rocking curve of the
first-order Bragg reflection for a
temperature of 313 Ksleft paneld
and 333 Ksright paneld.
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The triple-axis experiments were performed with IN3
sILL d with a resolution of 160meV sFWHMd.

The quasielastic spectra taken without the shear device
were corrected for the detector efficiency and the empty
sample container. Afterwards they were fitted by a convolu-
tion of two Lorentzian lines with the measured resolution
function. The width of the more narrow Lorentzian line was
fixed at the value determined from the backscattering data.

For the shear device a subtraction of the empty cell is
rather difficult. Alternatively the elastic scattering from the
cell was fitted separately and added to the quasielastic line
fitted to the spectra shown in Fig. 12, below.

IV. RESULTS

A. Rheology

Figure 4 shows the result of a temperature sweep with the
33%sin weightd solution of P85 in water for an applied shear
rate of 1 s−1. The discontinuities in the viscosity can readily
be correlated with the structural phase transitions found ear-
lier in SANS studiesf40g. For low temperatures the sample
is in the micelle phase with weak correlations between the
micelles. This results in a low viscosity of about 0.1 Pas. The
scatter of the data points are caused by the instrumental
setup, optimized for the high viscosity in the crystalline
phase. At a temperature of 295 K the micelles organize in a
cubic lattice and as consequence the viscosity increases by
about four orders of magnitude. For the rod micelle phase the
viscosity decrease is explained by weaker connections be-
tween the micelles and their anisotropic shape. For the more
organized hexagonal and lamellar phases the viscosity is
again high but because of the high temperature does not
reach the value of the cubic phase. Thus the viscosity is
directly correlated to the structural state of the sample.

In the micellar phase, there are no long-range correlations.
From the viscosity ofh<0.1 Pas and a micellar radius of
R<60 Å f44g the diffusion constant of the micelles can be
calculated to 3.5310−9 cm2 s−1 according to the Stokes-
Einstein-Debye relationfEq. s6dg.

B. Reflectivity

To investigate the influence of different interfaces with
different chemical terminations on the structural phases, we
studied reflectivity profiles using the instrument ADAM
sILL d. Figure 5 shows the specular-reflected intensity for a
33% solution of P85 in deuterated water, plotted as a func-
tion of Qz. At 288 K supper panel in Fig. 5d the sample is in

the liquid phase, whereas at 313 Ksmiddle paneld and 333 K
slower paneld it is in the crystalline phase. All data have been
corrected for the footprint and small-angle scattering. ForQz
values.0.02 Å−1, the intensity is dominated by small-angle
scattering of the polymer micelles.

Nevertheless, the data clearly reveal a faster drop of the
reflected intensity for the sample in contact with the hydro-
phobic surface than with the hydrophilic one. The steeper
drop-off signals an increased surface roughness as already
found for pure deuterated water. This can be explained in
two ways. First, there might exist air bubbles close to the
hydrophobic interface as found for the same interface in con-
tact with water. Second, the polymer micelles with a hydro-
philic shell try to avoid being close to the hydrophobic sur-
face and may not be able to arrange themselves into a
crystalline phase. Recently it has been shown that the ad-
sorption and crystallization of Pluronic micelles is sup-
pressed at a hydrophobic interface whereas it is favored close
to a hydrophilic one, which supports the latter possibility
f59g.

The second feature revealed by the reflectivity data is the
Bragg reflection atQz<0.055 Å−1 for temperatures above
290 K. This peak shifts towards smallerQ values for higher
temperatures, which shows an increased layer sequence in
good agreement with earlier SANS studies.

C. Diffraction

Figure 6 shows rocking scans alongQx of the Bragg re-
flection atQz<0.055 Å−1 for the sample in the crystalline
phase at 313 Ksleft paneld and 333 K sright paneld. The
intensity is plotted versus the offset angleDa=a−a8. Da
=0 defines the Bragg peak at the specular-reflected intensity.
All data sets show a line shape with two components: a
nearly equally distributed off-specular scattering and a nar-
row peak at the specular position. The narrow component
reflects long-range orientational correlations as found, e.g.,
for epitaxial niobium on sapphire substratesf60g. It can be
concluded that the lattice planes are on average flat over
more than 10mm. The broader component is due to Bragg
scattering from the mosaicity and size of the crystallites. A
decision whether the broadening is caused by mosaicity or
the crystallites size cannot be made only from the first-order
reflection. The asymmetry of the diffuse scattering is a result
of the accessible angular range for this particular measure-
ment and contains no physical information. The broad com-
ponent is wider than the accessible angular range, defined by
the sample horizon, and indicates correlations on all length
scales bigger than severalmm.

FIG. 7. Structure factorsleft
paneld and Q dependence of the
linewidth for the broader quasi-
elastic line at three different
temperatures.
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At restsshear rateġ=0d we find that the broad component
is more intense for the hydrophobic interface whereas the
narrow one is more intense for the hydrophilic one. This
means that the long-range orientational correlation of the
polymer micelles is more pronounced at the hydrophilic in-
terface, whereas close to the hydrophobic interface a struc-
ture with defects is formed. This is in good agreement with
the conclusions drawn from the specular-reflected intensity.

For a shear rate of 50 s−1 the data sets taken at the differ-
ent interfaces become more distinct. For the hydrophobic
interface the intensity of the narrow as well as of the broad
intensity component of the rocking curve becomes clearly
decreased, showing a melting of the crystalline structure. For
the hydrophilic interface both components are hardly af-
fected by the shear. At 313 K the narrow component in-
creases while the broad component decreases, indicating an
enhanced ordering under shear. For both temperatures it
turns out that the narrow component becomes predominant,
implying more pronounced long-range orientational correla-
tions for the hydrophilic interface. This clearly demonstrates
that shear enhances the structural correlations close to a hy-
drophilic interface whereas it destroys the correlations close
to a hydrophobic one.

D. Spectroscopy

To characterize the dynamic properties of the sample we
need to distinguish between the mobility on different time
scales. We seperate between the motion of the water mol-
ecules, which act as solvent, and that of the polymer mol-
ecules.

1. Solvent

The dynamics of the sample in the ps range was investi-
gated with the time-of-flight neutron spectrometer NEAT at
the HMI sGermanyd and the triple-axis spectrometer IN3
sILL d. Figure 7 shows the result of a measurement with a
0.6 mms10% scatteringd thick sample of the 33% solution of
P85 in deuterated water. All data were fitted by two Lorent-
zian lines, convoluted with the measured instrumental reso-
lution. The width of the narrow component was determined
from the fit of the neutron backscattering data described in
the next Sec. IV D 2. The left panel shows the structure fac-
tor of the wider component plotted againstQ and the right
panel shows the linewidth plotted as a function ofQ2. The
FWHM was determined with an error of 10%. The structure
factor has a peak at 1.8 Å−1. From the literature it is known
that the maximum of the structure factor for heavy water is

located at 2 Å−1 f61,62g. Data points at aboutQ=1 Å−1 are
missing as a consequence of the shadow of the sample con-
tainer in this direction.

The linewidth sright paneld shows aQ2 dependence re-
vealing a translational diffusion. By assuming a random
jump diffusion from the slope of the linewidth the diffusion
constant can be calculatedfEq. s5dg. The results for the three
different temperatures are summarized in Table II. The dif-
fusion constant at 313 K is found to be 7.27310−6 cm2 s−1.
This is lower than the literature value for the diffusion con-
stant of 2.94310−5 cm2 s−1 of deuterated water found at a
temperature of 318 Kf63g. The reduced diffusion constant
observed in our study is attributed to a restricted mobility of
the water molecules bound to the hydration shell of the poly-
mer micelles.

Figure 8 reproduces the linewidth taken at IN3sILL d with
the shear device forQ values between 0.3 and 1.7 Å−1 and
for a temperature of 313 K. Only one orientation of the shear
device with Q either perpendicular or parallel to the flow
provides useful information. For this reason triple-axis spec-
troscopy is better suited for this kind of experiments than
time of flight. The left panel displays data taken with the
sample in reflection geometry and the right panel data taken
with the sample in transmission geometry at rest and with an
applied shear rate of 6000 s−1. The quasielastic linewidths
are plotted versusQ2. In addition theQ2 fit to the NEAT data
is shown for comparison as solid line. Due to the shadow of
the shear device in reflection geometry, only a restrictedQ
range was accessible. All data show for higherQ values the
sameQ dependence as found in the time-of-flight experi-
ment. The reason for the discrepancy of the time-of-flight
and triple-axis data results from the worse resolution for the
triple-axis measurements. The data reveal that the diffusion
of the water molecules in the sample is not affected by the
applied shear and stays isotropic in the two directions that
have been addressed. The inelastic Doppler-scattered inten-
sity from the flowing liquid is not visible in this experiment.
The expected energy transfer is of the order of 30meV and
thus much smaller than the instrumental resolution.

2. Polymer

The dynamics in themeV energy range have been inves-
tigated using the neutron backscattering spectrometer IN16

TABLE II. Diffusion constants found for the deuterated water
for different temperatures.

T fKg 290 313 343

D f10−6 cm2/sg 4.03±0.5 7.27±0.4 10.7±0.6

FIG. 8. Linewidth for the
faster mode with the sample in re-
flection sleft paneld and transmis-
sion sright paneld geometry at rest
ssolid circlesd and for a shear rate
of 6000 s−1 sopen circlesd.
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sILL d. For these measurements hydrophilic and hydrophobic-
coated silicon wafers have been mounted as wall material in
the shear device. The aluminum and stainless steel interfaces
used in the triple-axis and rheological studies show a hydro-
philic property.

To investigate the diffusion of the sample at rest, we pre-
pared two samples in a flat geometry containersrectangular
gap of 0.6 mm with 30- and 50-mm edgesd with hydrophilic/
hydrophobic silicon interfaces in a cryostat. Figure 9 shows
the elastically scattered intensity atQ=1.4 Å−1 as a function
of temperature between 250 and 360 K. The drop in the de-
tected intensity at 273 K is a signature of the melting of the
deuterated water acting as solvent.

Figure 10 shows a zoom into the flat decreasing region
between temperatures of 275 and 360 K overlayed with the
phase diagram obtained from rheology. In this representation
one can distinguish different slopes that can be related to the
different phases. It is visible that the intensity is not in-
creased for the more viscous phases as would be expected
from the Stokes-Einstein-Debye model even if the diffusivity
is affected by the phase transitions. The two different inter-
faces have no influence on this phase transition. This is in
good agreement with the diffraction study where only minor
differences in the structure were found for the static sample.

Figure 11 shows theQ dependence of the linewidth of the
Lorentzian line fitted to the data and plotted versusQ2. Again

a Q2 dependence is found, from which we infer a transla-
tional jump diffusion however 10 times slower than for the
solvent. The intensity exhibits a more or less equal distribu-
tion for the differentQ values as expected for a dominantly
incoherent scatterer like the polymer monomers. From the
slope of the linewidth versusQ2 the diffusion constant can be
calculated and is listed in Table III for the different tempera-
tures. For a 10% solution of similar pluronics P104, P123,
and F128 a diffusion constant of 2310−7 cm2 s−1 has been
found from light scattering at a temperature of 298 K for the
monomer f49g. The slightly higher diffusion constant de-
duced from our investigations may be correlated to the
higher polymer concentration or the different monomer mol-
ecules.

Figure 12 shows quasielastic spectra taken with a 0.6
-mm-thick samples10% scatteringd in the shear device at a
temperature of 291 K and forQ=1.4 Å−1. At this Q value
the quasielastic linewidth, found in the static measurement,
is well visible and analyzible. In addition optimizing the en-
ergy resolution enforces retaining the backscattering condi-
tion at the analyzer and thus a compact mounting of the shear
device and the detector in reflection as well as in transmis-
sion geometry. These geometrical restrictions are best ful-
filled for a scattering angle of 90°, meaningQ=1.4 Å−1.
Nevertheless, the instrumental resolution determined to be
1.4 meV was slightly reduced with respect to the optimal
value of less than 1meV. For the measurements under shear
the velocity of the moving surface was 1.3 m/s. The left
panels show data taken with the hydrophilic interface as wall
material of the moving and fixed disks and the right panels
show data taken with the hydrophobic interface. The two
upper panels correspond to data taken with the sample at
rest. The elastic line for the upper panels in reflection geom-
etry sfirst lined as well as in transmission geometryssecond
lined is quasielastically broadened. All spectra have been fit-
ted by a Gaussian and a Lorentzian line. First the elastic line
of the empty cell was determined and then used as a fixed
parameter. The two spectra on the left side show a similar
line width of 2G=11.5±1meV sFWHMd and 2G
=11.6±1meV. From Fick’s lawD=G / s"Q2d the diffusion

TABLE III. Diffusion constants for the polymer monomers for
different temperatures.

T fKg 290 313 343

D f10−6 cm2/sg 0.4±0.05 0.9±0.1 1.8±0.2

FIG. 9. Elastic scattering of a sample of a 33%sin weightd
solution of P85 in deuterated water plotted over the temperature for
Q=1.4 Å−1.

FIG. 10. Flat decreasing region of the elastic scattering of a
sample of a 33%sin weightd solution of P85 in deuterated water
plotted over the temperature forQ=1.4 Å−1.

FIG. 11. Linewidth for the narrow quasielastic line.
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constant isD=4.4±0.5310−7 cm2 s−1. For the sample in
contact with the hydrophilic interface the line narrows under
shear s2200 s−1d to 7.0±0.7meV sD=2.7±0.4
310−7 cm2 s−1d in reflection geometry but remains un-
changed 11±1meV sD=4.2±0.3310−7 cm2 s−1d in trans-
mission geometry. This shows that under shear the diffusion
constant becomes reduced in the direction of the shear gra-
dient and changes from being isotropic without shear to an-
isotropy under shear on a length scale of 4.5 Å, with the
diffusion coefficient in the direction of the shear gradient
being smaller than that in the direction of the flow.

To fit the data in transmission geometry under shear we
calculated the scattering law including the inelastic part from
Doppler-scattered neutrons. Due to the large quasielastic
linewidth and the statistics, a fit of the inelastic Doppler-
scattered part of the spectrum and therefore the macroscopic

velocity profile was not possiblef64g. A fit with a linear
velocity profile was assumed; different profiles will not
change appreciably the fit to the linewidth.

For the hydrophobic interface shear has no influence on
the quasi elastic linewidth in reflection geometry. All data are
well described with a linewidth of 10.7±1meV and are
within the error bars similar to that obtained from the data
taken for the hydrophilic interface.

V. DISCUSSION

In the following sections the results obtained by the dif-
ferent experimental methods will be discussed and brought
into context.

FIG. 12. Quasielastic spectra taken with a sample of a 33%sin weightd solution of P85 in deuterated water at a hydrophilicsleft panelsd
and a hydrophobic interfacesright panelsd. The top panels show data taken with the sample at rest either in reflection or in transmission
geometry and the bottom panels show data taken at a shear rate of 2200 s−1.
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A. Properties of the micelles: Microscopic structure

As seen in Fig. 5 the reflectivity measured for the sample
in contact with a hydrophobic interface drops faster than that
found for the sample in contact with a hydrophilic interface.
From this we infer an increased interfacial roughness at the
hydrophobic interface. The reason for this is twofold.

First, as the polymer micelles as well as the water tries to
avoid coming close to the interface air bubbles may be
formed close to the solid interface. Figure 13 elucidates this
effect. By applying shear the interface region becomes dis-
turbed and the bubbles may move away from the interface.
This implies an increase in defect density in the bulk me-
dium and with increasing shear the bubbles tend to destroy
the crystalline structure. On the other hand most of the ap-
plied stress will be relaxed in the air bubbles as their modu-
lus is much lower than that of the solution. This results in a
reduced stress on the sample.

Second, the polymer micelles, with their hydrophilic
shell, cannot arrange themselves close to the hydrophobic
interface because of the electrostatic repulsion. As clearly
seen from the reflectivity data, no surface micelles are
formed. Surface micelles should show up as thickness oscil-
lations in the reflectivity, as their size would be on the order
of 100 Å. Figure 14 elucidates the effect of defects formed at
the solid-liquid interface. As discussed for the air bubbles

with the sample at rest, first defects are formed close to the
solid-liquid interface. On the other hand, for the hydrophilic
interface the first layers of micelles form a crystalline struc-
ture. The structure of Pluronic F127 micelles close to a hy-
drophilic and a hydrophobic interface has recently been ex-
plored in more detailf59g supporting the above statement. As
the sample becomes sheared the crystalline planes rearrange
themselves for the hydrophilic interface and the crystalline
structure stretches throughout the whole sample. In contrast,
at the hydrophobic interface there are no crystalline planes to
arrange and the number of defects increases with increasing
shear in the bulk sample. At this time defects formed at the
interface get dissolved and disturb the structure in the bulk.

Both of the effects discussed above superimpose and en-
hance each other.

B. Viscosity: Microscopic dynamics

The phase transitions found in the measurements of the
viscosity seem to have influence on the microscopic diffu-
sion investigated. According to the Stokes-Einstein-Debye
modelfEq. s6dg the diffusion constant should change propor-
tional to the changes of the viscosity and the particle radius.
It is known that the size of the micelles increases continu-
ously with temperature. For the present experimental param-
eters we can assume less than a doubling of the radius which
is negligible in comparison to the jumps in the viscosity at
the phase transitions. The increase in viscosity implies a de-
crease of the diffusion constant by several orders of magni-
tude for the cubic phase with respect to the micelle phase.

As there are only short-range micelle-micelle correlations
in the liquid phase the diffusion constant of the micelles can
be calculated directly from the Stokes-Einstein-Debye
model. For a micelle radius of 60 Å one finds a diffusion
constant of 3.6310−9 cm2 s−1. With the technique of neutron
backscattering, diffusion constants of about 10−7 cm2 s−1 are
accessible. The translational mode found in this work is on
the order of 10−6 cm2 s−1 and for the time-of-flight and
triple-axis experiment 10−5 cm2 s−1. The length scale on
which the diffusion constants were probed is on the order of
2–10 Å. This means that the observed diffusive processes
occur in and between the micelles. Nevertheless, from the
elastic scan, Fig. 10, it can be seen that the observed local
particle diffusion is affected by the different arrangements of
the micelles but cannot be described by the Stokes-Einstein-
Debye model. This demonstrates that the monomer motion is
to some extent coupled to the structure formed by the mi-
celles and correlates well with our observations made for the
sheared sample, when an effect of shear on the local dynam-
ics was found for strong structural correlations. The explana-
tion for this effect is that the micelles are strongly intercon-
nected and the sample is in a percolated state.

C. Macroscopic flow: Microscopic dynamics

Calculations predict that the self-diffusion tensor on both
the short- and long-time scales becomes anisotropic for shear
rates greater than 1010 s−1 f26,27,65g. It was found that the
diffusion constant in the direction of the flow becomes in-
creased for about 10%, whereas it becomes decreased in the

FIG. 13. Effect of air bubbles formed at the solid-liquid inter-
face for the formation of structure in liquids under shear.

FIG. 14. Effect of defects formed close to the solid-liquid inter-
face for the formation of structure in liquids under shear.
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two other directions for about 20%. To further confirm this
effect higher shear rates are desirable. However, they are
experimentally hardly achievable.

Experimentally a different behavior was found for a col-
loidal system. On the time scale of seconds the diffusion of
particles with a diameter of about 100mm has been investi-
gatedf34g. For a Peclet number Pe,1 an anisotropic diffu-
sion is induced from the shear field. The authors show that
the component in the direction of the shear gradient is in-
creased with respect to that perpendicular to the flow. In
addition, the shear-induced diffusion heavily depends on the
concentration of the particles in the solution and a maximum
of the effect was found for a concentration of about 50% in
volume. For similar systems additional nonequilibrium
molecular-dynamic simulations have been performed and,
qualitatively, the same behavior was found as in the experi-
ment over a large range of Peclet numberss10−2–104d and
for concentrations up to 60%f65g.

The micelle concentration in our sample is close to 50%
in volume as we are working close to the critical micelle
concentration for crystallization. As the micelles can be de-
scribed as “core and gown” particles consisting out of mono-
mers our sample should show properties similar to a colloi-
dal as well as to a molecular system.

In Table IV the Peclet number, Reynolds number, and
other important experimental parameters are summarized for
the present measurements. The Reynolds numbers are small
and no turbulence should develop.

The motion on the short-time scale is in the fs regime and
too fast for neutron scattering. The second process that has to
be considered is the diffusion on the long-time scale and to
evaluate the importance of shear to the diffusion the Peclet
number. For the water molecules this number is about 10−7

and shear does not affect the microscopic diffusion as found
in the triple-axis experiment. The Peclet number for the mi-
celles is about 0.2, and therefore one would expect an effect
of shear on the diffusion. On the other hand, the relaxation
time of the micelles is in thems-to-ms regime and therefore
too slow for neutron backscattering. The Peclet number of
the monomer is about 10−4 and thus too small to expect a
direct influence of shear on the diffusion. Nevertheless, for
the calculations spherical particles have been assumed. The
monomers are highly stretched in the micelles, and the as-
sumption of spherical particles might not be correct. For a
stretched chain the different lengths of the different axes has

to be considered and for the long axis 4 times bigger than the
radius one will obtain a Peclet number increased by a factor
of about 65. In addition, the monomers are highly entangled
and thus cannot be treated as independent particles interact-
ing via a simple potential, as assumed in the model. This
statment is confirmed by our backscattering data that show
that the monomer diffusion is coupled to the structural ar-
rangements of the polymer micelles. Considering this, an
impact of shear on the microscopic local diffusion of the
monomers may be expected. Due to the shear gradient, the
local environment of the monomers, for the highly structured
sample, becomes anisotropic even if the monomers are inside
the micelles. From the pronounced Bragg reflection found in
the diffraction data it is clear that while building up a highly
ordered structure the sample becomes more and more phase
separated and the difference in the scattering length density
becomes increased. Because of this phase separation, the
monomer concentration in the micelles increases. This means
a decrease in the mobility of the single monomers and there-
fore a smaller diffusion constant along the direction of the
shear gradient. The reduction found in the present experi-
ment is 63% and thus bigger than expected for a simple
molecular system. Because of the short length scale, which
was invetigated, no influence of shear on the diffusivity as
expected for a colloidal system was found. For the hydro-
phobic interface most of the shear is taken up by the defects
and therefore no effect of shear on the diffusivity of the
monomers was found.

VI. CONCLUSION

In summary we have characterized the microscopic diffu-
sion in a polymer solution under shear over several orders of
magnitude in time on the molecular length scale. The diffu-
sivity of the solvent molecules as well as that of the polymer
monomers has been addressed. By the use of different
chemical terminations at the solid-liquid interface we were
able to induce different degrees of structural order to the
sample under shear. The results of our measurements are
summed up in the following points.

sid We find the local monomer dynamics due to the per-
colated state of the sample coupled to the structural arrange-
ments of the micelles.

TABLE IV. Experimental parameters.

Particles h fPasg rh fÅg m fug ġ fs−1g D fcm2/sg

D2O molecule 0.1 3 20 2200 4310−6

P85 monomer 0.1 15 4522 2200 5310−7

P85 micelle 0.1 60 226000 2200 3.5310−9

Particles tB fsg tI fsg Re Pe

D2O molecule 5.9310−17 3310−10 8310−4 6.6310−7

P85 monomer 2.7310−16 4.5310−8 8310−4 1310−4

P85 micelle 3.3310−15 1310−4 8310−4 0.22
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sii d For strong micelle-micelle correlations we find the
diffusivity to become reduced in the direction of the shear
gradient but unchanged in the direction of the flow meaning
an anisotropy under shear.

siii d For weak correlations we find no influence of shear
on the diffusivity.

sivd We find the structural arrangements of the micelles
under shear to depend on the chemical termination of the
solid-liquid interface.
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