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Observation of a low-viscosity interface between immiscible polymer layers
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X-ray photon correlation spectroscopy was employed in a surface standing wave geometry in order to
resolve the thermally driven in-plane dynamics at both the surface/vacuum (top) and polymer/polymer (bot-
tom) interfaces of a thin polystyrene (PS) film on top of Poly(4-bromo styrene) (PBrS) and supported on a Si
substrate. The top vacuum interface shows two relaxation modes: one fast and one slow, while the buried
polymer-polymer interface shows a single slow mode. The slow mode of the top interface is similar in
magnitude and wave vector dependence to the single mode of the buried interface. The dynamics are consistent
with a low-viscosity mixed layer between the PS and PBrS and coupling of the capillary wave fluctuations

between this layer and the PS.
DOI: 10.1103/PhysRevE.74.010602

Polymer/polymer interfaces play an important role in the
mechanical toughness of polymer blends, adhesion proper-
ties in coatings, and co-extrusion of polymers. It has been
reported that immiscible polymer blends can have viscosities
lower than either of their components [1] and recent
multilayer co-extrusion experiments indicate that the lower
viscosity is due to interfacial slip [2]. Normally, interfaces
between immiscible polymers exhibit poor adhesion [3] and
this is attributed to weak entanglements between dissimilar
polymers at an interface [4]. Dissipation within the interfa-
cial regions can only be indirectly studied with bulk rheo-
logical measurements. Most results are in qualitative agree-
ment with theories [4-7] that predict fewer chain
entanglements near the interface between two immiscible
polymers and thus a small interface width with lower viscos-
ity. The lower viscosity at the interface explains slip on ap-
plication of shear; however, existing theories overpredict the
slip effect [2].

Here we report on the development of a technique, em-
ploying x-ray photon correlation spectroscopy [8] in a sur-
face standing wave geometry [9], which provides a way to
resolve the dynamics at buried polymer-polymer interface at
nanoscale resolution both parallel and perpendicular to the
interface. The position of the maxima of an x-ray standing
wave incident on the surface of a polymer is moved to dif-
ferent positions in a film by changing the incident angle. This
allows scattering to be selectively obtained from either the
surface or buried interface of a polymer film in a single bi-
layer. If the exciting wave is partially coherent, one can then
selectively measure dynamics from each region using x-ray
photon correlation spectroscopy (XPCS). The nanometer
scale spatial resolution provides a significant advance in
knowledge over multilayer coextrusion methods, and can
provide tests of theoretical models which address hydrody-
namic modes of viscoelastic polymer films and interface slip
[10,11]. This method should also find wide applicability to
the emerging field of microfluidics [12-14]. The XPCS tech-
nique described here can be refined to study driven flows of
complex fluids in nanofluidic and microfluidic devices where
one could manipulate fluids exploiting boundary effects if
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they were understood better on microscopic scales [15].

The samples consist of a bilayer of polystyrene (PS) on
top of poly(4-bromo styrene) (PBrS) supported on a single
crystal silicon wafer (PS/PBrS/Si). The silicon wafers were
cleaved into 15 mm squares, cleaned in sulfuric acid, and
then stripped of their oxide layer using HF. The polystyrene
(Myw=200 k, My/M,=1.06) was obtained from Polymer
Source. The PBrS was obtained by brominating PS
(Myw=350 k, Myw/M,=1.06) [16] resulting in a bromination
fraction of x=89%. PBrS was spun cast from toluene solu-
tion directly onto the silicon wafers. PS was spun cast onto a
glass slide and floated from deionized water onto the PBrS
layer. Samples were annealed at 180 °C in an oil-trapped
vacuum of 107> Torr for 12 h. For a high degree of bromi-
nation, the Flory-Huggins interaction parameter y=0.064 for
PS/PBrS at 180 °C and x> . =1.04 X 1073 indicates strong
incompatibility of our polymers [4,17]. Strongly incompat-
ible polymers only intermix on a segmental scale, hence their
interface widths are several nm wide, but remain finite
[4,17]. Two bilayer geometries were prepared: 100 nm PS on
100 nm PBrS, and 100 nm PS on 200 nm with PBrS layer.
These geometries yielded essentially identical results, so we
focus here on the 100 nm PS on 200 nm PBrS system.

The experiments were performed in a grazing incidence
geometry [18-22]. The scattering vector defined by
q=k,,—k;, relative to the incident and outgoing x-ray wave
vectors, can be decomposed relative to the surface normal,
g.=q-n and ¢,=|qX1|. The critical angle (a,=0.164° at
E="7.7 keV) for total external reflection for the top layer (PS)
is smaller than that for the bottom layer (PBrS, a,=0.191 °).
Data were measured at two incident angles. X-ray incident at
6;,=0.14 ° are below the critical angle of the top layer and
the intensity of the electric field decays to zero before it
reaches the buried polymer—polymer interface. In this case
all scattering originates from the vacuum—polymer interface
on the top layer. X-ray incident at #,,=0.18 ° are above the
critical angle of the top layer but below that of the bottom
layer. A standing wave is set up within the film with a node
at the top interface, yielding scattering only from the
polymer—polymer interface as shown in Fig. 1 [23].
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FIG. 1. (Color online) Calculated electric field intensity as a
function of depth and incident angle for 100 nm PS/200 nm
PBrS/Si at 195 °C.

The diffuse x-ray scattering in this geometry results from
capillary wave fluctuations of the interfaces, and the magni-
tude of the scattering agrees quantitatively with the capillary
wave theory [23]. Dynamical properties of the interfaces
were characterized via autocorrelation of the surface diffuse
x-ray scattering patterns obtained from illuminating the
sample with a partially coherent x-ray beam. The scattering
was collected on a CCD camera whose pixel size was com-
parable to the speckle size of the incident x-ray beam [24].
The normalized intensity—intensity autocorrelation function
8-(qy,1) is related to the normalized intermediate scattering
function f(q;,1)=S(q,,t)/S(g,0) via

g(qt) =1+ A (qy). (1)

Here A is a geometry-dependent optical contrast factor and
S(gy,1) is the dynamic structure factor. For a viscous fluid
that exhibits overdamped modes, the intermediate scattering

function can often be expressed as a sum over exponentials
[25],
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flgpn) =2 apxp(-1/7). )

Here the 7, are relaxation times and a; their amplitudes, with
2a;=1.

Autocorrelation  functions, g,(r), measured at g
=4.3X 1072 nm™! from a 100 nm PS/200 nm PBrS/Si bi-
layer are shown at 176 °C and 206 °C in Figs. 2(b) and 2(d).
For comparison, autocorrelation functions measured from an
equivalent thickness homolayer film of PS is shown in Figs.
2(a) and 2(c). The PS homolayer is well described by an
exponential relaxation of the form f(g;,#)=exp(~¢/7). In the
bilayer film, the PS/vacuum (top) interface shows two dis-
tinct decay modes, while the PS/PBrS (bottom) interface
shows only a single clearly resolved mode. The autocorrela-
tion function of the bottom interface was fit to a single ex-
ponential form, while the top interface was fit to the form
flgy,t)=aexp(-t/ 7))+ (1-a)exp(-t/7,). These fits are
shown as the solid lines on top of the data in Fig. 2. The
presence of two modes demonstrates that there is coupling
between the top and bottom interface due to hydrodynamic
flows throughout the film. It is possible to observe this cou-
pling since the thickness, &, of the bilayer is much smaller
than the inverse in-plane wave vector q[l of the measure-
ment. In Fig. 3 the relaxation times extracted from the mea-
sured data are displayed as a function of the wave vector,
along with models for the dependence of the relaxation times
on the wave vector which will be described in detail below.
The corresponding relaxation times for a PS homolayer is
also shown for reference. The bilayer 7;’s are faster than the
relaxation times for the corresponding PS homolayer and the
q, dependence is weaker. The bilayer relaxation times 7, and
7 are nearly identical and exhibit a flat ¢, dependence.

Measurements were also made on a bilayer with 100 nm
PS/100 nm PBrS/Si. The dynamics of the thinner bilayers
was identical to the thicker ones. The temperature and thick-
ness dependence of the bottom interface 7’s are shown in
Fig. 4. The dynamics speed up systematically with tempera-

FIG. 2. Autocorrelation functions from single
and bilayer films measured at gy=4 X 1073 nm™".
(a) Single layers films at 176 °C; (O) PS. (b)
Bilayer films at 176 °C; (A) top (4 ) bottom. (c)
and (d) Single and bilayer films at 205 °C. The
solid lines indicate the single and double expo-
nential fits described in the text.
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OBSERVATION OF A LOW-VISCOSITY INTERFACE...
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FIG. 3. Measured relaxation times at 195 °C. Bilayer (100 nm
PS/200 nm PBrS): (A) 71, (O) 7, (¢) 7. Corresponding homo-
layer: ((J) 100 nm PS. Theoretical models: (Solid) single layer fit,
(dash) low viscosity interface model, (dash-dot-dot) slip model for
top PS layer.

ture, as expected, since the viscosity decreases. The time
constant is nearly independent of ¢, and PBrS thickness. This
indicates 7’s indeed show dynamics of the interfacial region,
as it is insensitive to thickness changes of the bottom PBrS
layer.

The dynamics of the homolayer PS film are well de-
scribed by the relaxation of thermally excited capillary
waves [8,26]. In this model, the fluid motion within the PS
layer is calculated using the linearized Navier-Stokes equa-
tion subject to appropriate boundary conditions. The bound-
ary condition at the bottom of the film is zero velocity rela-
tive to the substrate (stick), while the top interface boundary
condition is that the viscous stress within the fluid is bal-
anced by the surface tension. The susceptibility of the film to
an external force field is then calculated and f(g,t) is ob-
tained through the fluctuation dissipation theorem [26]. For
overdamped waves on a supported film of height 4, fluctua-
tions in height relax with time constants given by

7= (475h/y)[1 +x*/2 + cosh(x))/[x sinh(x) = x*].  (3)

Here x=2¢,h, g, is the wave vector of the fluctuation, 7 is the
viscosity, and vy is the surface tension. This relation has been

600 , : .
500 - o) ]
S
400 - A ¢ 1
Fmm—— =
@ 3001 - .
[33
— D @T
200 _5_.‘:'?_.5_@_?_._
2x10°2 4x10° 6x10°  Bx10°
g,(nm’)

FIG. 4. Temperature and thickness dependence of the relaxation
time of the bottom layer: 195 °C: (O) 100 nm PS/100 nm PBrS,
(A) 100 nm PS/200 nm PBrS, 225 °C: (V) 100 nm PS/100 nm
PBrS, (CJ) 100 nm PS/200 nm PBrS.
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shown to accurately describe the wave vector dependence of
capillary waves on PS films over a wide range of wave vec-
tor, thickness, and temperature [8]. Equation (3) adequately
describes the homolayer PS films measured in the present
study, using values close to the expected surface tension
[23], viscosity [27], and film thickness.

When the PS film is placed on PBrS instead of Si the fast
mode (7;) becomes faster than the homolayer relaxation
times, as shown in Fig. 3. The change in dynamics is
of the same magnitude as would be expected from changing
the lower surface boundary condition of the PS film
from stick to slip [28], which would change Eq. 3 to
7=(475h/ y)[x+sinh(x)]/[x cosh(x)—x]. This is shown as the
dash-dot-dot line in Fig. 3. The actual data falls intermediate
between stick and slip conditions.

We were unable to observe the capillary wave dynamics
for the pure PB1S film of thickness 100 nm using XPCS in
this experiment as the dynamics of this film were too slow on
the time scales for these experiments, presumably owing to
its high viscosity. This is also consistent with the known
higher value of glass transition temperature T, for PBrS [29].
Thus in the analysis of the data, the PBrS was considered to
be an immobile substrate for the purposes of the boundary
conditions applied. This assumption is also justified by the
data represented by Fig. 4, where it is seen that the relaxation
times are dependent on temperature but not on the thickness
of the PBrS layer.

The dynamics of the bilayer was modeled as follows. The
viscosity of the PS layer is assumed to be uniform through-
out the film, and the PBrS layer is assumed immobile at the
time scales of the experiment. A thin mixed layer is placed
between the PS and PBrS films to account for the interface.
Its viscosity is approximated as uniform. A value of
2.6 1073 J/m? was used for the interface tension between
the mixed layer and the PS film. This was obtained from the
magnitude of the surface roughness due to thermally excited,
long wavelength capillary modes as measured by static-
diffuse x-ray scattering [23]. Static scattering also provides
the value of 6.6 nm for the thickness of the mixed layer
(assuming the width is 2.350, with o being the Gaussian
roughness measured by neutron reflectivity). The linearized
Navier-Stokes equation was used to solve for the fluid flow
throughout two coupled layers. A stick boundary condition is
assumed at the boundary between the mixed layer and the
PBrS. At the PS/vacuum interface the surface tension bal-
ances the viscous stress. At the interface between the PS and
the mixed layer the velocity is continuous and the difference
in viscous stress between the two fluids is balanced by the
interface tension. The viscoelastic properties of the polymer
are taken into account by using a Maxwell-Debye model to
represent the viscosity: n(w)= n+iu/w. Here w is a shear
modulus and  is the frequency. For the thick polystyrene
film, the effect of the shear modulus is negligible and was
ignored. For the thin mixed layer, the addition of shear
modulus significantly changes the dynamics [30]. The relax-
ation times as a function of ¢, can be obtained from suscep-
tibility as was done for the PS homolayer. An analytic ex-
pression for 7(g;) was found using the MATHEMATICA
symbolic algebra program, although the explicit form is too
long to be reproduced here. The magnitude of the viscosity
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and shear modulus of the mixed layer in the resulting equa-
tion was then varied using nonlinear least-squares regression
to obtain a best fit to the measured experimental relaxation
times. This model provides a good fit, shown as the dashed
line in Fig. 3, yielding x~ 18 N/m? and %~ 327 Ns/m? for
the mixed layer. The best fit viscosity is only around 2% of
that of the PS layer. Thus, if one only considers the dynamics
of the PS fast mode, the mixed layer imbues a finite slip
length to the PS/PBrS interface. The dynamics of the slow
mode of the top surface, which is nearly identical to the
dynamics of the mixed layer, shows almost no dependence
on the wave vector. This wave vector dependence cannot be
explained by a thin viscous layer, since simple scaling argu-
ments predict a ¢;* dependence for a thin film [31]. How-
ever, the inclusion of the shear modulus term produces a
flattening of the spectrum. The value of u obtained from the
fits was of the same magnitude of the shear modulus for bulk
PS at comparable time scales [32]. Indeed, it has also been
found that elasticity effects are required to explain the large g
cutoff static roughness due to capillary waves as determined
from x-ray scattering [33,34].

While the model described above does give a good fit to
the data, it is clear that it approximates the actual interfacial
region, since the mixed layer is unlikely to have a uniform
viscosity. A surface tension is not applicable over length
scales comparable to the thickness of the interface. Never-
theless, the present results provide a significant improvement
over previous rheological results. Here we not only imply the
existence of slip between PS and PBrS, but we have esti-
mates for the thickness, viscosity, surface tension, and shear
modulus of the mixed region. It seems reasonable to specu-
late that the origin of the low viscosity in the mixed region is
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similar to the causes of the reduced glass transition at the
free surface of PS first observed by Keddie [35], since one
might expect that the viscosity above T, should decrease if
T, decreases. It is significant that PS on silicon does not
show a lower viscosity region at the PS/Si interface, indicat-
ing that the polymer-polymer interface has a very different
character than the polymer-silicon interface. It would be in-
teresting to investigate if thin PS films on top of PBrS show
a reduced glass transition temperature, unlike those sup-
ported on silicon substrates directly. Finally, we note that
experiments on the mobility of gold nanoparticles at the
polymer-polymer interface in a bilayer system of
PtBA/PtBA [36] have also shown anomalously high mobil-
ity. This may be similarly related to a region of reduced
viscosity as we have found here.

In summary, using an application of x-ray photon corre-
lation spectroscopy which has been used to identify sepa-
rately the relaxation modes associated with each interface of
a bilayer, together with a viscoelastic theory for the dynam-
ics of a coupled bilayer system, it has been shown that it is
not the dynamics of the PBrS underlayer which is relevant,
but rather that of a thin low-viscosity interface layer. This
somewhat unexpected result is the only model that explains
the complete set of g-dependent relaxation times measured
here, and provides insights into the rheology of immiscible
polymer blends.
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