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Dynamics and structure in complex liquids under shear explored by neutron scattering
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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 [20,21], and neutron scatterin@2] have been employed.
Aside from the effect that shear has on structural arrange-

Since the pioneering experiments by Kellerr al. pub-  ments, it has also been noticed from theoretical consider-
lished in 1970[1], it has been well known that polymer ations that shear may affect the microscopic diffusion
solutions may crystallize under certain conditions. Through{23-2¢. On a molecular scale, nonequilibrium molecular dy-
out the 1980s a more detailed picture of a microscopic SC&'ﬁamic(NEMD) simulations have shown an anisotropy of the
of crystallization was obtained by the use of small-angle neusgli-diffusion tensor under shef27-31]. For colloidal sys-
tron scattering SANS) [2-5]. Diat and co-workers investi- tems this has been demonstrated experimenitay-34 and
gated the shear dependence of structural ordering systemafir simulations[35]. For the anisotropy of self-diffusion un-
cally by light and neutron scattering. In analogy to a phasejer shear different mechanisms have to be considdigd:
diagram without shear applied they presented different orianisotropic particles may orient in shear fields) Aniso-
entational states of the sample induced by shear. These wejigpy is induced in the local environment of the particles.
summarized in a phase diagram as a function of composition To date there is no experimental proof of an influence of
and shear ratg6-8§|. shear on the dynamics of molecules on the nm length scale.

Applied shear breaks the isotropy of the sample. The keyn the present work we elucidate by different neutron scat-
parameter to measure shear macroscopicaily the mm tering techniques that the local dynamics of polymer mol-
length scalgis the mean shear gradient calculated from thegcyles are correlated to the dynamics and structure of poly-
sample velocity and the geometry of the shear device. Tener micelles. This results in an effect of shear on the local
describe the anisotropy induced on the molecular scale, imodes even if the Peclet numbieee Sec. Il for the defini-
addition, a local shear gradient has to be defined as a micrgpn) for the single-polymer monomer is too small to expect
scopic(on the nm length scalevelocity gradient. The two 3 direct influence of shear, whereas it is big enough for the
values calculated from these definitions may differ and it ismicelle. As an additional parameter we varied the degree of
well established that depending on the properties of th&tryctural ordering in the sample by using solid interfaces
solid-liquid interface surface slip9—12 or, in the case of jth different chemical terminations. With investigations
inhomogeneities in the sample during the reorientation progjong the presented line a deeper understanding of the corre-
cess, shear banding may oc¢@iB—18. To gain information |ation of the local dynamics to the structural arrangements

on the macroscopic velocity profile of liquids, different tech- and in particular to the influence of shear becomes possible.
niques such as NMR, supersonjd9], light scattering

Il. NEUTRON SCATTERING AND DIFFUSION
*Permanent address: Institute Laue-Langevin, 38042 Grenoble,
France. Present address: Lehrstuhl fuer Experimentalphysik/ We have used several neutron scattering techniques to ob-
Festkoerperphysik, Ruhr-Universitaet Bochum, 44780 Bochumtain information on the structure as well as on the dynamics
Germany. Electronic address: v-wolff@ill.fr of complex liquids.
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A. Neutron scattering TABLE I. Coherent and incoherent scattering powers of the dif-

The quantity measured in a scattering experiment is théerent components of the sample.

scattered intensity with respect to different scattering angles

- . ; Coherent Incoherent
and energy transfers. Two different scattering functions can
be defined for neutron scattering experimgi38]: PS5 5.0% 74.4%
. D,O 16.3% 4.3%
S Q@) = f K(r,t)e@"=Ydrdt, 1)
tion potential has to be considered in addition. The dominant
(O time scale becomes they=a?/D during which the par-
- (Qr-wt) ' ' trans ]
Snc(Q. @) f Ky(r.He drdt. @ ticle travels a distance such that it is affected by differences

in the surrounding potential. The parameter2R® 12 de-

The coherent structure fact@,,(Q, ) represents the mean potes an effective particle radius, addis the volume frac-
value of the scattering length density distribution in thetion of particles in the solution. The relevant length scais
Sample. It is the Fourier transform in time and space of thQ)bta"]ed from the maximum of the structure factor.
inter-particle-correlation and particle self-correlation func-  For judging the relative importance of shear as compared
tions. §,HQ, w) gives information about the spatial order of tg the thermal mobility of the particles one can define the
the atoms in the sample and their evolution in time, and itreclet number:
describes the Bragg reflections, liquid structure factor, and
phonon scattering. The incoherent structure fa§(Q, w) Pe =y, 7)
is the Fourier transform in time and space of the particle
self-correlation function and represents the deviation froqu
the mean scattering length density in the sample. Accord
ingly, S,.(Q, w) provides information on the self-diffusion of
a specific particle.

For a random jump diffusion a Gaussian distribution of
the so-called intermediate scattering functié®,t), which
is the Fourier transform df(r ,t) [Eq. (2)] with respect ta,
can be assumed@7],

here y denotes the shear rate. For small Peclet numbers
(Pe<1) the diffusive process is completely dominated by
thermal motion. For high Peclet numbgiRe>1) the par-
ticle motion is strongly affected by the shear field as the
surrounding of a certain particle is changing on the time
scaler;.

) lll. EXPERIMENTAL DETAILS
Q1) =&Y, 3

A. Sample
which gives the following scattering function:

) Our sample consists of a 33% solutiGin weigh of the
SQ.w) = 1 DQ @) triblock copolymer P8§EQ,:PO,EO,s) in deuterated water.

’ 7w’ +(DQ??’ The P85 was obtained from BASF Wyandotte Caiount
Olive, NJ 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-
[ =DQ2. (5) 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

Following the Stokes-Einstein-Debye model, the translatotal scattering. The scattering length density SLD of the
tional diffusivity Dy, Of @ particle in a liquid can be related deuterated water is SLD=6:510"° A2 and that of the

This is a Lorentz distribution with the full width at half
maximum(HWHM) T':

B. Diffusion in liquids

to the viscosityz [38,39: polymer SLD=0.44<10°° A~2. This gives a good contrast
between the two components for spectroscopic as well as for
keT ) . .
rans= ——— (6) diffraction studies.
67 7R

with kg the Boltzmann constant, the temperature, aridthe 2

particle radius. For a more detailed picture one has to distin- ;\ K Detector
guish between different types of diffusion. For an isolated k /

particle, moving in a potential free environment, the Stokes-
Einstein-Debye limit holds. The time scale of relevance is
given by ig=m/67 7R, wherem denotes the mass of the
particle. This is the time frame for velocity fluctuations. FIG. 1. Scattering geometry for the reflectivity studies. After
Within this time a particle moves only a small part of its scattering at the solid-liquid interface the neutrons are detected by a
radius. For an ensemble of particles the interparticle interagposition-sensitive detector.

X
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E 10 o Experiment hydrophilic | ~s _
= 10" — Simulation hydrophilic =, FIG. 2. Specular-reflected in-
= o Experiment hydrophobic| 2 tensity for water at a hydrophilic
a 107 — Simulation hydrophilic | 3° and a hydrophobic-coated silicon
E 102 T A interface (left pane). In the right
> 4 Depth (A) panels the scattering length den-
-"5 10 e sity SLD profiles for the silicon-
C 10° - <8 water interface are shown, which
2 " % 4 have been used for the simulation
£ 107 3. of the data(solid lines in the left
0.02 0.04 0.06 0.08 010 2/ : : pane).
Q (A ) 0 De:tor? (&) e

The phase diagram with respect to polymer concentratiosilicon-liquid interface. The path length of the neutrons
and temperature has been established by SAMU$ Differ-  through the silicon wafer is about 120 mm which results in a
ent phases from unimer over micelles to cubic and lamellareduction of the intensity by absorption of about 20%.
structures have been reported. For low concentrations and Figure 2 shows the speculéincident equals exit angle
temperatures the polymer monomers are solved in the wateieflected intensity of the hydrophilic and hydrophobic inter-
With increasing temperature or concentration they start tdace (left pane) in contact with deuterated water. A correc-
agglomerate into micelles and as the critical micelle volumgion for the incident beam footprint has been applied. First
fraction is reached they crystallize. The concentrated gel-likéhe two silicon wafers were measured against air. The scat-
phases may form a single-crystalline state under shedgering length density profiles obtained were used as fixed
[41-43. Using contrast variation techniques in SANS mea-parameters for the later measurements. The right panels in
surements, the internal structure of the micelles has beehig. 2 show the scattering length density profiles obtained.
determined44]. The core and shell of the micelles contain For the hydrophilic interface a three-region box model with
about 50% and 90% of water, respectively. For a theoreticdbulk silicon, a silicon oxide layer of 25 A thickness, and
approach the interaction potential between the micelles cabulk water with a roughness of 4 A at the interfaces fits the
be treated according to the core and gown mdd&l-4g8. data well. The scattering length density of thgC(D(SLD
The translational diffusion coefficient of similar polymer =6x10°® A~?) is slightly reduced due to impurities of about
monomers in aqueous solutions as determined by light scat-0% of light water(SLD=-0.5x 10°® A~?). However, for
tering is on the order of 10 cn? s™* and it was found nearly water in contact with the hydrophobic interface, the specular-
independent of temperature and concentrafié®d]. These reflected intensity drops off much faster, indicative of an
polymer solutions are expected to behave similar to P85 foincreased roughness at the interface. The fit confirms that for
which no diffusion constants are available. the hydrophobic interface the data cannot be fitted by a

The P85-water solutions were prepared at a temperatut@ree-box model. A reduced density of the water within a
of 278 K, where the polymer is solvable in water. During thickness of 20 nm has to be assumed at the interface.
and after filling the sample cell was kept at the same tem- Two different explanations for this depleted region of re-
perature to prevent shear-induced ordering prior to the meauced density have been proposed. Either the density of the
surement. 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 consideration$1,52. However, the pre-

Two single-crystalline polished silicon wafers have beendicted thickness of 2 nm is much smaller than found in our
prepared as solid interfaces. One surface was oxidizedxperiment. With the technique of atomic force microscopy
through treatment in Carroic aci8:1 mixture of HSO, and  (AFM) the existence of a 30-nm-thick layer of air bubbles in
H,0,) for 15 min. It is known that Si@forms at the surface, water has been demonstrated close to a hydrophobic inter-
which gives it a hydrophilic character. The second siliconface[53]. In a more recent and detailed neutron reflectivity
wafer was dipped for one minute in HF. The surface coverstudy it has been shown that air bubbles may be induced by
age with hydrogen provides the desired hydrophobic charadhe AFM cantilever and that a thinner layer is found in the
ter for at least the time needed for the measurement. undisturbed sampleb4,55. However, the mentioned experi-

To confirm the properties of the two silicon wafers we ments were in variance to ours performed with degassed wa-
performed reflectivity studies of pure deuterated water withter. The scattering length density profile fitted to the present
the instrument ADAM at the Institute Laue-Lange\ih.L, measurement and the thick depleted layer we found close to
Grenoble, Frange[50]. For a more detailed description we the hydrophobic interface cannot be explained by structural
refer to Sec. Ill D 2. ADAM is an angle-dispersive reflecto- depletion. As we used water without degassing it the reduced
meter using a fixed wavelength of 4.41 A. The scatteringscattering density found in the interface region in our mea-
geometry is shown in Fig. 1. Neutrons from the monochro-surements is most likely to be explained by the presence of
mator travel through a silicon wafer and are scattered at thair bubbles.

B. Solid interface
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C. Shear devices Reflection geometry:  Transmission geometry:
We have developed several shear devices for the investi- .
gation of liquids under shear with different neutron scattering Incoming %, Incoming &
techniques. Two possibilities can be envisaged: either a flow neutrons neutrons s

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 Momentum Lo Momentum Outgoing
}/_\;hereas for the shear cell one expects a linear velocity pro- transferQ | tons  transferQ neutrons
ile.

For non-Newtonian and for highly viscous liquids flow  FIG. 3. Scattering geometry for neutron spectroscopy. The in-
cells have two major disadvantages. First, high pressures ageming and outgoing beam defines the scattering plane. The shear
needed to achieve high shear rates. This pressure may charféfvice is placed perpendicular to it. For the reflection geonify
the structura[56] as well as the dynamical propertigsy] of pane) Q is parallel to the §h_ear gradient whereas for tht_a transmis-
the sample. In addition a pressure gradient will develop irsion geometryright panel it is parallel to the macroscopic flow.
the logitudinal direction throughout the slit leading to a su-
perposition of the sample properties for different pressuresometry the inelastic Doppler-scattered neutrons can provide
which are difficult to interpret. Second, the parabolic veloc-information on the macroscopic flow. The shear devices used
ity profile implies that the shear gradient is not constantfor the diffraction studies and for the spectroscopic measure-
throughout the scattering volume. A liquid showing sheaments are described elsewhere in more dégd].
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 1. Rheologie
registered, to an averaging over regions with different shear

: . . : The rheological measurements have been made using a
gradients. Because of these considerations, we decided to USSmmercial rheometefPaar Physica USD 200The tem-
shear cells for the experiments reported here. Couette-typ

devi h d interf nd are not suited for erature was controlled by flowing water, which was heated
evices have a curved intertace and are not suited 1ot SCaky, -, qeq by a HAAKE DC50 water bath. As the viscosity
tering from the solid-liquid interface. In addition, it is diffi-

Lo . . | orders of magnitude for the
cult to probe a certain direction of the flow in spectroscoplcmc the sample changes by severa g

measurements as the neutron beam traverses a Couette different phases with a maximum viscosity of about
twice 0 Pas we used a cone-plate geometry with a cone diam-

: : . i li h I
For the present diffraction study we used a pIate-pIateeter of 30 mm. A certain shear rate was applied to the sample

. . . . i . to turn the cone has been measured.
shear device equipped with different silicon wafers WhIChand the torque necessary

had a diameter and a thickness of 200 mm and 11 mm, re‘l_'he cone as well as the plate were made from stainless steel.

spectively. Figure 1 shows schematically the scattering ge-
ometry for reflectivity measurements. For the shear device
the lower surfacénot shown in the sketghmoves in thex The reflectivity studies were carried out on the instrument
direction and the momentum transfer is always parallel to théADAM at the ILL. ADAM follows the principle of a two-
shear gradient. To minimize the gradient in the velocity ofcircle diffractometer with a fixed wavelength of 4.41 A. The
the rotating disk and the shear gradient and to use a largg#ata are collected by a two-dimensional position-sensitive
interface the neutron beam passes the cell tangential atdetector covering an angular range £8°. The scattering
radius of 70—90 mm. A rotating aluminum plate is posi- plane on this instrument is horizontal.
tioned at an adjustable distance of about 1 mm from the Thex,y, andz directions(Fig. 1) are defined with respect
silicon disk. to the surface of the sample, withbeing the normal of the
The shear device used for the spectroscopic studies wasterface x being in the plane of the interface and defined by
also equipped with different silicon wafers with a thicknessthe incident beam directiok, andy is in the plane of the
of 0.625 mm on the surface of the fixed and rotating disksinterface and perpendicular xoFor a momentum transfer of
Special attention has been given not to cover the neutrof@|=0.04 A* the resolutionAQ,=1x10°A™! is deter-
window with any glue containing hydrogen. Figure 3 showsmined by the pixel size of the detector and the scattering
the scattering geometry for the neutron spectroscopy meangle. The resolutionQ,=7.5x 10* A~ is given by verti-
surements. The presented data were taken at different scatal slits. The resolutiodQ,=7.5X 102 A-1is given by the
tering angles again with scattering from the outer partheight of the focusing monochromator and the distance of
(70—90 mm of the moving and static disks. In reflection the sample from the monochromator.
geometry(left pane) the vector of momentum transfé€y is The resolution used allows investigations of lattice con-
parallel to the shear gradient and in transmission geon@gtry stants of up to 100 nm in thedirection and Sum in thex
is parallel to the flow of the liquid. Thus it is possible to direction. The resolution in thg direction was relaxed and
distinguish the influence of shear on the microscopic dynamthe small-angle scattering from structures larger than about
ics in these two directions. In addition, in transmission ge-50 A could not be resolved. For the present samples the

D. Instruments

2. Reflectometry
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FIG. 4. Viscosity for a 33%in weight solution of P85 in water Cubic phase
measured at a shear ratepf1 s as a function of temperatures. - 0] e Hydrophilic
% 10 o Hydrophobic
. . 1 —Q*
polymer micelles have a diameter of about 60 A. Therefore ; 10
we had a strong contribution from small-angle scattering on g 10?
the specular line due to the smearing out of the structure > , s |
factor for low Q values. All reflectivity data have been cor- g N
rected for the calculated footprint of the shear device and for & 10 7 o e
the small-angle scattering by subtraction off the scattered = 10° 1 : : : : : .
intensity for an offset angle dda=a-a’'=0.2° («, incident 10 20 30 1Q1 50 60 70x10°
angle;a’, exit anglé in the scattering plane from the specu- Q,(A)
lar sighala=a'. H 1 oh
The height of the beam at the sample position was 2 cm, exagonal phase
resulting in a gradient of the shear rate and rotating disk @ 10° 333K ~ Hydrophiic
velocity of about 20%. S 4] o Hydrophobic
3_ 10 -
8 02 e
3. Spectroscopy 8 10 e
Different spectrometers were used to cover a large range %‘ 10° 1
of relaxation times from the ns to the ps region. S 10* -
The backscattering experiments with an energy resolution € . il
of about 1ueV [full width at half maximum(FWHM)] have 107 1— . T . T . 1 .
been made on the instrument INI&L). This instrument 10 20 30 Q (4}{’.1) 50 60 70x10
z

uses a wavelength of 6.271 A. The multidetector registered
the neutrons for the static measurements and one single he- g 5. specular reflected intensity for a 33 weigh solu-
lium tube for the measurements with the shear device. Th@yn of PS5 in deuterated water for 288 (Gpper pane| 313 K
out convolution of the narrow resolution function. To obtain hydrophobic-coated solid interfaces. For all temperatures the inten-
information on the temperature dependence of the diffusioRities taken at the hydrophobic interface drop faster than for the
coefficients we measured the elastic scattered intensity that k§/drophilic one. For temperatures above 290 K, a Bragg reflection
directly correlated to the quasielastic linewidth. from the crystalline phase becomes visibleQat= 0.055A°1,

The time-of-flight experiments with the unsheared sample
have been carried out at the NEAT spectrometer at the HMI
(Germany with a wavelength of 5.1 A, resulting in a reso-
lution of 93 ueV (FWHM).
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1.8

temperatures.
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o 1.4 g FIG. 7. Structure factor(left
5 1217 + = pane) and Q dependence of the
= & e 290 K B linewidth for the broader quasi-
B ° FI3 K s elastic line at three different
c L] + 343 K
£
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5
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The triple-axis experiments were performed with IN3 the liquid phase, whereas at 313(Kiddle paneland 333 K
(ILL) with a resolution of 16QueV (FWHM). (lower panel it is in the crystalline phase. All data have been

The quasielastic spectra taken without the shear deviceorrected for the footprint and small-angle scattering. ®or
were corrected for the detector efficiency and the emptywalues>0.02 A%, the intensity is dominated by small-angle
sample container. Afterwards they were fitted by a convoluscattering of the polymer micelles.
tion of two Lorentzian lines with the measured resolution Nevertheless, the data clearly reveal a faster drop of the
function. The width of the more narrow Lorentzian line wasreflected intensity for the sample in contact with the hydro-
fixed at the value determined from the backscattering data.phobic surface than with the hydrophilic one. The steeper

For the shear device a subtraction of the empty cell igdrop-off signals an increased surface roughness as already
rather difficult. Alternatively the elastic scattering from the found for pure deuterated water. This can be explained in
cell was fitted separately and added to the quasielastic linvo ways. First, there might exist air bubbles close to the

fitted to the spectra shown in Fig. 12, below. hydrophobic interface as found for the same interface in con-
tact with water. Second, the polymer micelles with a hydro-
V. RESULTS philic shell try to avoid being close to the hydrophobic sur-

face and may not be able to arrange themselves into a

A. Rheology crystalline phase. Recently it has been shown that the ad-

Figure 4 shows the result of a temperature sweep with th&0rption and crystallization of Pluronic micelles is sup-
33%(in weigh solution of P85 in water for an applied shear pressed at a hydrophobm .|nterface whereas it is favoreq p_lose
rate of 1 s¥. The discontinuities in the viscosity can readily ©© @ hydrophilic one, which supports the latter possibility
be correlated with the structural phase transitions found eal 9], o )
lier in SANS studieg40]. For low temperatures the sample The secon_d feature revealeqlby the reflectivity data is the
is in the micelle phase with weak correlations between thérgg reflection aQ,~0.055 A™* for temperatures above
micelles. This results in a low viscosity of about 0.1 Pas. The?90 K. This peak shifts towards small@rvalues for higher
scatter of the data points are caused by the instrumentimperatures, which shows an increased layer sequence in
setup, optimized for the high viscosity in the crystalline 900d agreement with earlier SANS studies.
phase. At a temperature of 295 K the micelles organize in a C. Diffraction
cubic lattice and as consequence the viscosity increases by
about four orders of magnitude. For the rod micelle phase the Figure 6 shows rocking scans alo@g of the Bragg re-
viscosity decrease is explained by weaker connections bdlection atQ,~0.055 At for the sample in the crystalline
tween the micelles and their anisotropic shape. For the morghase at 313 K(left pane) and 333 K (right pane). The
organized hexagonal and lamellar phases the viscosity #tensity is plotted versus the offset anglee=a-a’. Ao
again high but because of the high temperature does natO defines the Bragg peak at the specular-reflected intensity.
reach the value of the cubic phase. Thus the viscosity iéll data sets show a line shape with two components: a
directly correlated to the structural state of the sample. ~ nearly equally distributed off-specular scattering and a nar-

In the micellar phase, there are no long-range correlationdOW peak at the specular position. The narrow component
From the viscosity ofy~0.1 Pas and a micellar radius of reflects long-range orientational correlations as found, e.g.,
R~ 60 A [44] the diffusion constant of the micelles can be for epitaxial niobium on sapphire substrafég)]. It can be

calculated to 3.%10°cm?s ! according to the Stokes- concluded that the lattice planes are on average flat over
Einstein-Debye relatiofEq. (6)]. more than 1Qum. 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

To investigate the influence of different interfaces with reflection. The asymmetry of the diffuse scattering is a result
different chemical terminations on the structural phases, wef the accessible angular range for this particular measure-
studied reflectivity profiles using the instrument ADAM ment and contains no physical information. The broad com-
(ILL). Figure 5 shows the specular-reflected intensity for goonent is wider than the accessible angular range, defined by
33% solution of P85 in deuterated water, plotted as a functhe sample horizon, and indicates correlations on all length
tion of Q,. At 288 K (upper panel in Fig. bthe sample is in  scales bigger than severam.

B. Reflectivity
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At rest(shear ratey=0) we find that the broad component ~ TABLE II. Diffusion constants found for the deuterated water
is more intense for the hydrophobic interface whereas théor different temperatures.
narrow one is more intense for the hydrophilic one. This
polymer micelles s more pronounced at the hyarophile in- T 290 213 3
terface, whereas close to the hydrophobic interface a struc- D [10°° cr®/s] 4.03£0.5 7.27x0.4 10.7+06
ture with defects is formed. This is in good agreement with
the conclusions drawn from the specular-reflected intensitylocated at 2 Al [61,62. Data points at abou=1 A are

For a shear rate of 50°5the data sets taken at the differ- missing as a consequence of the shadow of the sample con-
ent interfaces become more distinct. For the hydrophobiéainer in this direction.
interface the intensity of the narrow as well as of the broad The linewidth (right pane] shows aQ? dependence re-
intensity component of the rocking curve becomes clearly€aling a translational diffusion. By assuming a random

decreased, showing a melting of the crystalline structure. Fd#MP diffusion from the slope of the linewidth the diffusion
the hydrophilic interface both components are hardly af.constant can be calculatgdq. (5)]. The results for the three

. different temperatures are summarized in Table Il. The dif-
fected by the shear. At 313 K the narrow component in sion constant at 313 K is found to be 72705 e s-L.

creases while the broad component decreases, indicating his is lower than the literature value for the diffusion con-

enhanced ordering under shear. For both temperatures [ant of 2.94¢ 105 cn? st of deuterated water found at a
turns out that the narrow component becomes predom'naréemperatu.re of 318 K63]. The reduced diffusion constant

implying more pronounced long-range orientational correlaypqeryed in our study is attributed to a restricted mobility of

tions for the hydrophilic interface. This clequy demonstrateSe \water molecules bound to the hydration shell of the poly-
that shear enhances the structural correlations close to a hiier micelles.

drophilic interface whereas it destroys the correlations close Figure 8 reproduces the linewidth taken at INBL ) with

to a hydrophobic one. the shear device fo values between 0.3 and 1.7 Rand
for a temperature of 313 K. Only one orientation of the shear
D. Spectroscopy device with Q either perpendicular or parallel to the flow

) ] ) provides useful information. For this reason triple-axis spec-
To characterize the dynamic properties of the sample Weoscopy is better suited for this kind of experiments than
need to distinguish between the mobility on different timetime of flight. The left panel displays data taken with the
scales. We seperate between the motion of the water mosample in reflection geometry and the right panel data taken
ecules, which act as solvent, and that of the polymer molwith the sample in transmission geometry at rest and with an
ecules. applied shear rate of 6000%s The quasielastic linewidths
are plotted versu®?. In addition theQ? fit to the NEAT data
1. Solvent is shown for comparison as solid line. Due to the shadow of
. . . the shear device in reflection geometry, only a restri€@ed
The dynamics of the sample in the ps range was investizange \as accessible. All data show for higievalues the
gated with the time-of-flight neetron spectrometer NEAT atsameQ dependence as found in the time-of-flight experi-
the HMI (Germany and the triple-axis spectrometer IN3 ment, The reason for the discrepancy of the time-of-flight
(ILL). Figure 7 shows the result of a measurement with aand triple-axis data results from the worse resolution for the
0.6 mm(10% scatteringthick sample of the 33% solution of triple-axis measurements. The data reveal that the diffusion
P85 in deuterated water. All data were fitted by two Lorent-of the water molecules in the sample is not affected by the
zian lines, cqnvoluted with the measured instrumental réSOapplied shear and stays isotropic in the two directions that
lution. The width of the narrow component was determinechayve been addressed. The inelastic Doppler-scattered inten-
from the fit of the neutron backscattering data described ity from the flowing liquid is not visible in this experiment.
the next Sec. IV D 2. The left panel shows the structure faCThe expected energy transfer is of the order ofm and

tor of the wider component plotted agair@tand the right  thys much smaller than the instrumental resolution.
panel shows the linewidth plotted as a function@# The

FWHM was determined with an error of 10%. The structure 2. Polymer
factor has a peak at 1.87A From the literature it is known The dynamics in the.eV energy range have been inves-
that the maximum of the structure factor for heavy water istigated using the neutron backscattering spectrometer IN16

0.30

e 05" e 05"
025 |5 6000 s 925716 60005 o

— Fit NEAT > — Fit NEAT FIG. 8. Linewidth for the
0.20+ £ 0.20

faster mode with the sample in re-
—————————————————— Coisf 3" e e e e flection (left pane) and transmis-

Width (meV)
a

; 3 Resolution sion (right pane) geometry at rest
010+ = °1°'|l (solid circles and for a shear rate
: : : : : . : : : : : . of 6000 s (open circles
0.5 1.0 5 20 25 3.0 0.5 1.0 1.5 20 25 3.0
Q’ (A% Q’ (A%
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a 25 e hydrophilic, 290 K
14 p o hydrophobic, 290 K
-‘é e o Hydrophilic wafer S - = hydrophilic, 313 K
o] . :
5 7 + Hydrophobic wafer 3 45 ° Ezg:ggﬂﬁiglcégg'f( K
o 1 £ 101 a hydrophobic, 343 K
GRS S 5
>
= 0.1 T T T T T
7] 63 05 10, 15 20 25
g 6 Q° (A%
-— 4
= T T T T T FIG. 11. Linewidth for the narrow quasielastic line.
260 280 300 320 340 360
Temperature (K) a Q? dependence is found, from which we infer a transla-

tional jump diffusion however 10 times slower than for the
FIG. 9. Elastic scattering of a sample of a 33 weigh? solvent. The intensity exhibits a more or less equal distribu-
solution of P85 in deuterated water plotted over the temperature fotion for the differentQ values as expected for a dominantly
Q=14 A1 incoherent scatterer like the polymer monomers. From the
slope of the linewidth versu@? the diffusion constant can be
(ILL). For these measurements hydrophilic and hydrophobicealculated and is listed in Table Il for the different tempera-
coated silicon wafers have been mounted as wall material itures. For a 10% solution of similar pluronics P104, P123,
the shear device. The aluminum and stainless steel interfacasd F128 a diffusion constant of210°7 cn? s has been
used in the triple-axis and rheological studies show a hydrofound from light scattering at a temperature of 298 K for the
philic property. monomer[49]. The slightly higher diffusion constant de-
To investigate the diffusion of the sample at rest, we preduced from our investigations may be correlated to the
pared two samples in a flat geometry contaitrectangular  higher polymer concentration or the different monomer mol-
gap of 0.6 mm with 30- and 50-mm edgedgth hydrophilic/  ecules.
hydrophobic silicon interfaces in a cryostat. Figure 9 shows Figure 12 shows quasielastic spectra taken with a 0.6
the elastically scattered intensity@t1.4 A1 as a function -mm-thick sample(10% scatteringin the shear device at a
of temperature between 250 and 360 K. The drop in the detemperature of 291 K and fa@=1.4 AL At this Q value
tected intensity at 273 K is a signature of the melting of thethe quasielastic linewidth, found in the static measurement,
deuterated water acting as solvent. is well visible and analyzible. In addition optimizing the en-
Figure 10 shows a zoom into the flat decreasing regiorergy resolution enforces retaining the backscattering condi-
between temperatures of 275 and 360 K overlayed with th&ion at the analyzer and thus a compact mounting of the shear
phase diagram obtained from rheology. In this representatiodevice and the detector in reflection as well as in transmis-
one can distinguish different slopes that can be related to th&ion geometry. These geometrical restrictions are best ful-
different phases. It is visible that the intensity is not in-filled for a scattering angle of 90°, meanir@=1.4 A™%,
creased for the more viscous phases as would be expectétgvertheless, the instrumental resolution determined to be
from the Stokes-Einstein-Debye model even if the diffusivity 1.4 ueV was slightly reduced with respect to the optimal
is affected by the phase transitions. The two different intervalue of less than LeV. For the measurements under shear
faces have no influence on this phase transition. This is ithe velocity of the moving surface was 1.3 m/s. The left
good agreement with the diffraction study where only minorpanels show data taken with the hydrophilic interface as wall
differences in the structure were found for the static samplematerial of the moving and fixed disks and the right panels
Figure 11 shows th® dependence of the linewidth of the show data taken with the hydrophobic interface. The two
Lorentzian line fitted to the data and plotted ver@isAgain  upper panels correspond to data taken with the sample at
rest. The elastic line for the upper panels in reflection geom-
etry (first line) as well as in transmission geometisecond

=
Y

2 o
2 | pm=m==ta  Viscosity line) is quasielastically broadened. All spectra have been fit-
s Q. . N ) meos q . y d. All spec en |
S0 - Rggs -1----- R e o ted by a Gaussian and a Lorentzian line. First the elastic line
= ] = ", - I . .
5 s i 3 of the empty cell was determined and then used as a fixed
:;, 3 ' § parameter. The two spectra on the left side show a similar
- - N R __mi_ line width of 2A'=115+1ueV (FWHM) and I
;;3 T r‘ 9 TS - =11.6+1ueV. From Fick's lawD=I"/(2Q? the diffusion
= 0.02 2 =g

T T T T 1 TABLE Ill. Diffusion constants for the polymer monomers for

280 300 320 340 360 different temperatures.
Temperature (K)

FIG. 10. Flat decreasing region of the elastic scattering of a T(EK] 290 313 343
sample of a 33%in weighy solution of P85 in deuterated water D [10° cr/s] 0.4+0.05 0.9+0.1 1.8+0.2
plotted over the temperature fQ=1.4 AL,
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Hydrophilic wafer Hydrophobic wafer

) 0
AIIETITE -
Reﬂectlon 3_ 006 3.0.08 FWHM = 107 peV
g Lo.0s
geometry 004 1‘;0.0 .
without shear %’ 0.02 5002
£ 0.00 + So.00 +
[} T T T T T T - T T T T T T 1
T 5 0 5 0 5 10 S 45 10 5 0 5 10 15
Energy transfer (peV) Energy transfer (peV)
0 + 0
Z 1 FWHM =115 peV| E°
Transmission 3
ol
geometry s
without shear % '
c go
9 T T T T T T 1 *g' ! ! ! ! ! !
£ 45 a0 5 0 5 10 15 = 110 5 0 5 10
Energy transfer (peV) Energy transfer (peV)
gmz— 7
. S o.10- FWHM=70peV| Zo
Reflection 3,
geometry '*g .
under shear 20
]
g A T T T T T
£

10 5 0 5 10 15 10 5 0 5 10
— Energy transfer (peV)-- Energy transfer (peV)

FWHM = 11 peV
linear

Transmission
geometry S 0041

under shear =

15 10 5 0 5 10 15
Energy transfer (peV)

FIG. 12. Quasielastic spectra taken with a sample of a @8%veight solution of P85 in deuterated water at a hydropHileft panel$
and a hydrophobic interfadgight panel$. 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 0f 2200 s

constant isD=4.4+0.5x 107 cn?s™%. For the sample in velocity profile was not possiblgs4]. A fit with a linear
contact with the hydrophilic interface the line narrows undervelocity profile was assumed; different profiles will not
shear (2200s!) to 7.0+0.7ueV  (D=2.7+0.4 change appreciably the fit to the linewidth.

X107 cn?s™?) in reflection geometry but remains un-  For the hydrophobic interface shear has no influence on
changed 11+lueV (D=4.2+0.3x10"cn?s™?) in trans- the quasi elastic linewidth in reflection geometry. All data are
mission geometry. This shows that under shear the diffusiovell described with a linewidth of 10.7+4eV and are
constant becomes reduced in the direction of the shear gra\lithin the error bars similar to that obtained from the data
dient and changes from being isotropic without shear to antaken for the hydrophilic interface.

isotropy under shear on a length scale of 4.5 A, 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 In the following sections the results obtained by the dif-
linewidth and the statistics, a fit of the inelastic Doppler-ferent experimental methods will be discussed and brought
scattered part of the spectrum and therefore the macroscopitto context.

V. DISCUSSION
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P85 solution J with the sample at rest, first defects are formed close to the
L ezl 1.9 ————Air bubb solid-liquid interface. On the other hand, for the hydrophilic
Hydrophilic inferface /_;y drophobi @ . interface the first layers of micelles form a crystalline struc-
B ture. The structure of Pluronic F127 micelles close to a hy-
drophilic and a hydrophobic interface has recently been ex-
Shear Shear plored in more detail59] supporting the above statement. As
the sample becomes sheared the crystalline planes rearrange
. O o themselves for the hydrophilic interface and the crystalline
185 solution > Oom%fm?nsif bubbles structure stretches throughout the whole sample. In contrast,
Hydrophilic interface Hydrophobic interface at the hydrophobic interface there are no crystalline planes to

arrange and the number of defects increases with increasing
FIG. 13. Effect of air bubbles formed at the solid-liquid inter- shear in the bulk sample. At this time defects formed at the

face for the formation of structure in liquids under shear. interface get dissolved and disturb the structure in the bulk.
Both of the effects discussed above superimpose and en-
A. Properties of the micelles: Microscopic structure hance each other.

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. ~ The phase transitions found in the measurements of the
From this we infer an increased interfacial roughness at theiscosity seem to have influence on the microscopic diffu-
hydrophobic interface. The reason for this is twofold. sion investigated. According to the Stokes-Einstein-Debye

First, as the polymer micelles as well as the water tries tanodel[Eq. (6)] the diffusion constant should change propor-
avoid coming close to the interface air bubbles may bdional to the changes of the viscosity and the particle radius.
formed close to the solid interface. Figure 13 elucidates thidt is known that the size of the micelles increases continu-
effect. By applying shear the interface region becomes disously with temperature. For the present experimental param-
turbed and the bubbles may move away from the interfacegters we can assume less than a doubling of the radius which
This implies an increase in defect density in the bulk meds negligible in comparison to the jumps in the viscosity at
dium and with increasing shear the bubbles tend to destrothe phase transitions. The increase in viscosity implies a de-
the crystalline structure. On the other hand most of the apcrease of the diffusion constant by several orders of magni-
plied stress will be relaxed in the air bubbles as their modutude for the cubic phase with respect to the micelle phase.
lus is much lower than that of the solution. This results in a As there are only short-range micelle-micelle correlations
reduced stress on the sample. in the liquid phase the diffusion constant of the micelles can

Second, the polymer micelles, with their hydrophilic be calculated directly from the Stokes-Einstein-Debye
shell, cannot arrange themselves close to the hydrophobi@odel. For a micelle radius of 60 A one finds a diffusion
interface because of the electrostatic repulsion. As clearlgonstant of 3.6 10°° cn? s™. With the technique of neutron
seen from the reflectivity data, no surface micelles arédbackscattering, diffusion constants of about”1€n?s™ are
formed. Surface micelles should show up as thickness oscigccessible. The translational mode found in this work is on
lations in the reflectivity, as their size would be on the orderthe order of 10° cn?s™ and for the time-of-flight and
of 100 A. Figure 14 elucidates the effect of defects formed atriple-axis experiment I8 cn?s™’. The length scale on
the solid-liquid interface. As discussed for the air bubbleswhich the diffusion constants were probed is on the order of
2-10 A. 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-
Hydrophilic interface | [ Hydrophobic interface | celles and correlates well with our observations made for the
Shear sheared sample, when an effect of shear on the local dynam-
ics was found for strong structural correlations. The explana-

B. Viscosity: Microscopic dynamics

;\;’@;‘;’@i‘.‘»};’o tion for this effect is tha; the micelles are strongly intercon-
J}S\ﬁ;&i{;&%, nected and the sample is in a percolated state.
X

if\{\\'?);‘qx" 2 NFIANT
e NN N

0
Y, »\\\’/\_
S 0

C. Macroscopic flow: Microscopic dynamics

AL Calculations predict that the self-diffusion tensor on both
the short- and long-time scales becomes anisotropic for shear
rates greater than 10s™! [26,27,69. It was found that the
FIG. 14. Effect of defects formed close to the solid-liquid inter- diffusion constant in the direction of the flow becomes in-

face for the formation of structure in liquids under shear. creased for about 10%, whereas it becomes decreased in the
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TABLE IV. Experimental parameters.

Particles 7 [Pag rn [A] m [u] v[s1] D [cn?/s]
D,0 molecule 0.1 3 20 2200 41076

P85 monomer 0.1 15 4522 2200 X807

P85 micelle 0.1 60 226000 2200 X509
Particles ms[s] 7 [s] Re Pe

D,0O molecule 5.x10Y 3x 10710 8x 10 6.6x 1077

P85 monomer 2.%10°716 4.5%x10°8 8x 10 1x10*

P85 micelle 3.%x10715 1x10% 8x 10 0.22

two other directions for about 20%. To further confirm this to be considered and for the long axis 4 times bigger than the
effect higher shear rates are desirable. However, they amadius one will obtain a Peclet number increased by a factor
experimentally hardly achievable. of about 65. In addition, the monomers are highly entangled
Experimentally a different behavior was found for a col- and thus cannot be treated as independent particles interact-
loidal system. On the time scale of seconds the diffusion ofng via a simple potential, as assumed in the model. This
particles with a diameter of about 1Q0m has been investi- statment is confirmed by our backscattering data that show
gated[34]. For a Peclet number Pel an anisotropic diffu-  that the monomer diffusion is coupled to the structural ar-
sion is induced from the shear field. The authors show thaltangements of the polymer micelles. Considering this, an
the component in the direction of the shear gradient is i”‘lmpact of shear on the microscopic local diffusion of the
creased with respect to that perpendicular to the flow. IMonomers may be expected. Due to the shear gradient, the

addition, the shear-induced diffusion heavily depends on thf“ocal environment of the monomers, for the highly structured

concentration of the particles in the solution and a maximum : . : o
: ._Sample, becomes anisotropic even if the monomers are inside
of the effect was found for a concentration of about 50% in . . )
the micelles. From the pronounced Bragg reflection found in

volume. For similar systems additional nonequilibrium . . S : o .
molecular-dynamic simulations have been performed anothe diffraction data it is clear that while building up a highly

qualitatively, the same behavior was found as in the experi(—)rde"':'d structure the sample becomes more and more phase

ment over a large range of Peclet numb&r§2—10%) and separated_and the difference in the §cattering length Qensity
for concentrations up to 60965). becomes mcreased._ Be_cause Qf this 'phase separation, the
The micelle concentration in our sample is close to 509gMonomer concentration in the mlc_elles increases. This means
in volume as we are working close to the critical micelle & décrease in the mobility of the single monomers and there-
fore a smaller diffusion constant along the direction of the

concentration for crystallization. As the micelles can be de-

scribed as “core and gown” particles consisting out of monoShear gradient. The reduction found in the present experi-

mers our sample should show properties similar to a colloiMeNt is 63% and thus bigger than expected for a simple

dal as well as to a molecular system. molecular system. Because of the short length scale, which

In Table IV the Peclet number, Reynolds number, and"aS invetigated, no influence of shear on the diffusivity as
other important experimental parameters are summarized f&*Pected for a colloidal system was found. For the hydro-

the present measurements. The Reynolds numbers are smiloPiC interface most of the shear is taken up by the defects
and no turbulence should develop. and therefore no effect of shear on the diffusivity of the

The motion on the short-time scale is in the fs regime andn°nemers was found.
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 VI. CONCLUSION
number. For the water molecules this number is aboaf 10
and shear does not affect the microscopic diffusion as found In summary we have characterized the microscopic diffu-
in the triple-axis experiment. The Peclet number for the mi-sion in a polymer solution under shear over several orders of
celles is about 0.2, and therefore one would expect an effe¢hagnitude in time on the molecular length scale. The diffu-
of shear on the diffusion. On the other hand, the relaxatiorsivity of the solvent molecules as well as that of the polymer
time of the micelles is in theus-to-ms regime and therefore monomers has been addressed. By the use of different
too slow for neutron backscattering. The Peclet number ofhemical terminations at the solid-liquid interface we were
the monomer is about I and thus too small to expect a able to induce different degrees of structural order to the
direct influence of shear on the diffusion. Nevertheless, fosample under shear. The results of our measurements are
the calculations spherical particles have been assumed. Tisemmed up in the following points.
monomers are highly stretched in the micelles, and the as- (i) We find the local monomer dynamics due to the per-
sumption of spherical particles might not be correct. For acolated state of the sample coupled to the structural arrange-
stretched chain the different lengths of the different axes haments of the micelles.
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(ii) For strong micelle-micelle correlations we find the

PHYSICAL REVIEW E 71, 011509(2005

ACKNOWLEDGMENTS

diffusivity to become reduced in the direction of the shear
gradient but unchanged in the direction of the flow meaning We acknowledge financial support of the DRGrant

an anisotropy under shear.

Nos. MA801/17 and ZAl61Mand the BMBF(Grant No.

(iii) For weak correlations we find no influence of shearADAM 04ZAE8BO). We also acknowledge the help of F.

on the diffusivity.

Demmel during the experiment on IN3, that of J. Pieper, R.

(iv) We find the structural arrangements of the micellesLechner, and A. Desmedt during the experiment on NEAT,
under shear to depend on the chemical termination of thand that of V. Leiner and R. Siebrecht during the experiment

solid-liquid interface.

on ADAM.

[1] A. Keller, E. Pedemonte, and F. M. Willmouth, Natuiteon-
don 225 538(1970.

[2] J. B. Hayter and J. Penfold, J. Phys. Che88, 4589(1984).

[3] Ch. Thurn, J. Kalus, and H. Hoffmann, J. Chem. Phg§,
3440(1984.

[4] K. A. Koppi et al, J. Phys. 112, 1941(1992.

(1998.

[29] P. T. Cummingst al., J. Chem. Phys94, 2149(1991).

[30] D. M. Heyeset al., J. Chem. Phys73, 3987(1980.

[31] J. D. Mooreet al, J. Non-Newtonian Fluid Mech93, 83
(2000.

[32] X. Qiu et al, Phys. Rev. Lett.61, 2554(1988.

[5] P. Lindner and Th. Zemi$teady-State SANS Experiments un-[33] D. Rusuet al,, Polymer 40, 1353(1999.

der External Constrainsedited by (Elsevier, Amsterdam,
1991).
[6] O. Diat, D. Roux, and F. Nallet, J. Phys. 8, 1427(1993.
[7] D. Roux, F. Nallet, and O. Diat, Europhys. Le#4, 53(1993.
[8] O. Diat and D. Roux, J. Phys. I8, 9 (1993.

[34] V. Breedveldet al, Phys. Rev. E63, 021403(2001).

[35] W. Xue and G. S. Grest, Phys. Rev.40, 1709(1989.

[36] L. Van Hove, Phys. Rev95, 249 (1954).

[37] M. Bee,Quasielastic Neutron Scatteringst ed.(Hilger, Bris-
tol, 1988.

[9] V. S. J. Craig, C. Neto, and D. R. M. Williams, Phys. Rev. Lett. [38] L. D. Landau and E. M. Lifschitz,.ehrbuch der theoretischen

87, 054504(2001).

[10] Y. Zhu and S. Granick, Phys. Rev. Le®7, 096105(200J.

[11] w. B. Black and M. D. Graham, Macromoleculest, 5731
(2001).

[12] M. Cieplak, J. Koplik, and J. R. Banavar, Phys. Rev. L&8,
803 (2001).

[13] R. Makhloufiet al, Europhys. Lett.32, 253 (1995.

[14] R. W. Mair and P. T. Callaghan, Europhys. Le6, 719
(1996.

[15] E. Fischer and P. T. Callaghan, Phys. Rev.6E 011501
(2001).

[16] M. M. Britton and P. T. Callaghan, Eur. Phys. J. B 237
(1999.

[17] M. M. Britton and P. T. Callaghan, Phys. Rev. Lef8, 4930
(1997).

[18] J.-F. Berret, G. Porte, and J.-P. Decruppe, Phys. Re%5E
1668(1997).

[19] L. Sandrin, S. Manneville, and M. Fink, Appl. Phys. Lef8,
1155(2001).

[20] J.-B. Salmoret al, Phys. Rev. Lett.90, 228303(2003.

[21] J.-B. Salmoret al, Eur. Phys. J. E10, 209 (2003.

[22] M. Wolff et al,, Mater. Sci. Eng., B34(6), 568 (2003.

[23] S. Sarman, D. J. Evans, and P. T. Cummings, Phys. B@§.
1(1998.

[24] J. W. Dufty, Phys. Rev. A30, 1465(1984).

[25] S. Sarman, P. J. Daivis, and D. J. Evans, Phys. Rel7,BL784
(1993.

[26] C. Marin and V. Garzo, Phys. Rev. &7, 507 (1998.

[27] S. Sarman, D. J. Evans, and A. Baranyai, Phys. Re46A893
(1992.

[28] D. L. Malandro and D. J. Lacks, Phys. Rev. Le&1, 5576

Physik(Akademie-Verlag, Berlin, 1966

[39] A. Einstein, Ann. Phys(Leipzig) 17, 549 (1905.

[40] K. Mortensen, J. Phys.: Condens. Mat&rA103 (1996.

[41] K. Mortensen and Y. Talmin, Macromoleculeg8, 8829
(1995.

[42] K. Mortensen, Macromolecule30, 503 (1997.

[43] K. Mortensen, W. Brown, and B. Norden, Phys. Rev. Lé8,
2340(1992.

[44] I. Goldmintset al,, Langmuir 15, 1651(1999.

[45] L. Fabbianet al, Phys. Rev. E59, R1347(1999.

[46] J. Bergenholtz and M. Fuchs, Phys. Rev5E, 5706(1999.

[47] L. Lobry et al, Phys. Rev. E60, 7076(1999.

[48] W.-R. Chen, S.-H. Chen, and F. Mallamace, Phys. Re%6E
021403(2002.

[49] G. Wanka, H. Hoffmann, and W. Ulbricht, Colloid Polym. Sci.
268 101 (1990.

[50] R. Siebrecht, Ph.D. thesis, Ruhr-Universitt-Bochum, 2000.

[51] K. Lum, D. Chandler, and J. D. Weeks, J. Phys. Chda®3
4507 (1999.

[52] A. J. Pertsin, T. Hayashi, and M. Grunze, J. Phys. Chem. B
106, 12 274(2002.

[53] J. W. G. Tyrrell and P. Attard, Phys. Rev. Le®7, 176104
(2002).

[54] D. Schwendekt al, Langmuir 19, 2284(2003.

[55] R. Steitzet al, Langmuir 19, 2409(2003.

[56] K. Mortensen, D. Schwahn, and S. Janssen, Phys. Rev. Lett.
71, 1728(1993.

[57] B. Frick, et al, Chem. Phys292 311(2003.

[58] M. Wolff et al, Appl. Phys. A: Mater. Sci. Proces874, A74
(2002.

[59] M. Wolff et al,, Phys. Rev. Lett.92, 255501(2004).

011509-12



DYNAMICS AND STRUCTURE IN COMPLEX LIQUIDS.. PHYSICAL REVIEW E 71, 011509(2005

[60] A. R. Wildes, J. Mayer, and K. Theis-Brohl, Thin Solid Films 134 (1976.

401, 7 (2002. [63] R. Mills, J. Phys. ChemZ77, 685 (1973.
[61] J. A. Polo and P. A. Egelstaff, Phys. Rev.2V, 1508(1983. [64] M. Wolff et al, J. Phys.: Condens. Mattelr5, S337(2003.
[62] F. Hajdu, S. Lengyel, and G. Palinkas, J. Appl. Crystall&®gr.  [65] D. R. Foss and J. F. Brady, J. Fluid Mec#01, 243(1999.

011509-13



