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An aqueous solution of poly�isoprene55-block-ethylene oxide170� was investigated at different
temperatures combining rheometry in plate/plate-geometry and microbeam grazing incidence
small-angle x-ray scattering. In the vicinity of the rotator plate, we were able to separate the bulk
scattering of the solution from the grazing incident signal stemming of the interface and to
determine a thickness of an interface layer at the liquid-solid interface. We followed the thickness
of the interface layer in situ as a function of shear rate. This kind of measurements can be important
to decide if the first micellar layer sicks or slips at the surface under shear. © 2007 American
Institute of Physics. �DOI: 10.1063/1.2815929�

Amphiphilic block copolymers are able to form various
structures in a mixture with a selective solvent.1 These are,
for example, micelles, wormlike micelles, and vesicles. At
moderate and higher concentrations, the form face centered
cubic �fcc� phases, hexagonal �hex� packed cylinders, or
lamellas �lam�. The structures have length scales from sev-
eral nanometers up to several hundred nanometers. Applying
external fields such as shear fields can dramatically change
the overall structure of the sample. A well suited method that
monitors these changes are small-angle neutron scattering
�SANS� and small-angle x-ray scattering �SAXS�. Except for
some recent grazing incidence SANS measurements under
shear,2,3 only transmission experiments were conducted on in
situ combination of rheology and small-angle measure-
ments.4–9 Because the interface of the colloidal solution in-
side a shear geometry is sometimes of special interest, we
conducted an in situ combination of rheology with micro-
beam gracing incidence SAXS ��-GISAXS�.10

For our investigations, we used a 13 wt. % solution of
poly�isoprene55-block-ethylene oxide170� in water. The com-
position was determined by nuclear magnetic resonance and
a narrow molecular weight distribution Mw /Mn=1.004 was
determined by gel permeation chromatography based on po-
ly�butadiene� calibrants.11 The block copolymer was synthe-
sized by subsequent anionic polymerization of isoprene and
ethylene oxide in tetrahydrofurane using a phosphazene base
as initiator and water as termination agent.12 The solution
was prepared by directly dissolving the polymer in water and
stirring the mixture with a disperser, followed by one day
storage at 45 °C. After that, the solution was kept in a re-
frigerator. The resulting solution was a slightly turbid, ge-
lated liquid.

The scattering experiments were performed at the
ultrasmall-angle scattering beamline BW4 at the Hamburger
Synchrotronstrahlungslabor using the moderate micro-
focus.13 The monochromatic x-ray beam ��=0.1382 nm�

was collimated and focused using a beryllium compound re-
fractive lens to a cross section 40�20 �m2 �W�H� at
sample position. The scattering patterns were recorded with a
mar-CCD165 camera on a sample to detector distance of
2170 mm.
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FIG. 1. �Color online� �a� Scheme of the experimental setup. X denotes the
incoming x-ray beam and �i the incidence angle. �b� Change of the scatter-
ing pattern at T=15.4 °C with increasing shear rate ��̇=0, 5, 12, 55, 164,
208, 258, 360, and 475 s−1�. The dotted lines indicate the detector cuts
shown in Fig. 2.
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The sample was sheared with a standard plate-plate ge-
ometry of a Bohlin CVO rheometer equipped with a water-
based thermostat. The upper plate, on which the GISAXS
measurements were taken, was made of polished stainless
steel with a diameter of 20 mm. Due to the high absorption
of the water-based solution at the used wavelength, the mea-
surements were taken at a distance of 0.4 mm �� beamsize�
from the rim inside the sample. The direction of incident
beam was perpendicular to the shear field. The incident angle
was �i=0.5° �see Fig. 1�a��. The measurements were con-
ducted at temperatures of 20.0, 15.4, 12.8, and 11.0 °C. The
shear rates were about �̇=0, 5, 12, 55, 165, 200, 300, 400,
and 510 s−1. Deviations from these shear rates at the differ-
ent temperatures are due to the equipment that was used in
the experiments.

Figure 1�b� shows a series of measurements with an in-
creasing shear rate at 15.4 °C. In our measurements, we de-
tect the scattering of the bulk as well as the scattering of the
liquid-steel interface. In contrast to the interface scattering,
the signal from the bulk is isotropic and centered around the
primary beam position. Because the positions of both signals
are well separated and the bulk scattering is weaker, it is easy
to distinguish between them and analyze them independently.
The change in the scattering pattern of the bulk signal is
different from the interface signal.

Without a shear field, the bulk shows isotropic Debye-
Scherrer rings. This scattering pattern was identified as that

of a fcc lattice. The broad inner ring originates from the
�111� and �200� planes. The second ring is identified as the
�220� and the third ring as �311� and �222� signals. From
model calculations, we determine the lattice parameter to
a=78 nm and the core radius of the micelles to
Rc=11.7 nm. Under an increasing shear rate the rings blur
because of the decreasing size of the domains.

The interface signal on the other hand undergoes only
one big change with the first application of shear. After that it
stays nearly constant for every shear rate. To evaluate this
change, detector cuts of the signal with and without shear
were made. Because the scattered intensity of the interface is
considerably larger than the intensity from the bulk, the de-
tector cuts show practically only the scattering signal of the
interface.

The detector cuts indicated in Fig. 1�b� by the dotted
white lines are shown in Fig. 2�a�. The small maxima at the
beginning of the detector cut without shear are overlaying
transmission signals. Therefore, they can be disregarded for
the following consideration. The position of the maximum in
the detector cut shifts from qz=0.477 nm−1 without shear to
qz=0.436 mm−1 under maximum shear. This last position un-
der shear is almost independent of the shear rate. In prin-
ciple, this behavior was found at all four temperatures.

We interpret this maximum as a maximum of the height
correlation function in the direction perpendicular to the
plate. Hence, we assume as first approximation a Bragg-like
behavior of the scattering from the interface, which leads us
to calculate the layer thickness as

d =
2�

qz
�1�

at the qz position of the maximum. These calculated d spac-
ings are shown in Fig. 2�b�. The values without shear stress
show a systematic change with temperature with a maximum
of 13.25 nm at T=15.4 °C. The values under shear are no-
ticeably larger than without shear. The d spacings under
shear are nearly constant at shear rates of �̇�10 s−1. The
inset in Fig. 2�b� shows the initial response of d for low shear
rates �̇	10 s−1. Clearly, the response is nonlinear and
strongly depends on the temperature. For T=20.0 °C the av-
erage d spacing is 14.85 nm. At the other temperatures, the d
spacings are considerably smaller. For T=15.4, 12.8, and
11.0 °C the average d spacings are 14.28, 14.36, and
14.43 nm, respectively.

We interpret the growth of the interface layer as a shear
induce detachment �see Fig. 3�. Without shear, the corona
blocks of the micelles are attached to the metal surface.
When the shear starts, the normal forces pull the micelles a

FIG. 2. �a� Detector cuts of the interface signal at T=15.4 °C. The arrows
show the position of the maximum. �b� Calculated d spacings vs shear rate
at different temperatures �inset: initial response for 0 s−1	�̇	10 s−1�.

FIG. 3. �Color online� Exaggerated sketch of the detachment �a� without
shear the corona blocks of the micelles get attached to the metal surface �b�
with shear the corona blocks are detached from the metal surface.
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little bit away from the metal surface. This effect is revers-
ible but retarded. The retardation times are in the order of
tenth of minutes.

The distance of nearest neighbors in this fcc lattice is
dn=a /�2=55.2 nm. This leads to a thickness of the micellar
shell of Rs=dn /2−Rc=15.8 nm. The thickness of the micel-
lar shell at the metal surface without and under shear flow
calculate to 1.4 and 2.7 nm, respectively. This means there is
a compressed adsorbate layer of polyethylene at the liquid-
solid interface. This kind of layers have been described ear-
lier by Wesemann et al.14 The dramatic growth of this layer
under shear by a factor of 2 is an indicaton that the first
micellar layer rather slips at the metal surface under shear
then sticks to it.

We have shown that it is possible to measure the scatter-
ing signal of an interface between a bulk solution and a sur-
face in reflection geometry. From the experiments mentioned
above it is clearly shown that the behavior of bulk and steel-
liquid interface in a rheometric cell are quite different from
each other. There is as strong indication, that the first micel-
lar layer slips at the metal surface under shear. This thin
interface layer will also be of special interest in applications
concerning nanofluidics of many kinds. In future it would be
interesting to measure with a higher shear rate resolution, to

evaluate the deviation at low shear rates. It also will be in-
teresting to do this kind of experiments with different rotator
plate materials of different hydrophilicities or roughnesses
such as polytetrafluoroethylene or silicon.
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