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Laser-induced structures in a polymer blend in the vicinity of the phase boundary
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We have determined the diffusion, thermal diffusion, and Soret coefficients of a poly(dimethyl siloxane)/
poly(ethyl-methyl siloxane) (PDMS/PEMS) polymer blend as a function of composition and temperature
within the homogeneous phase. The critical slowing down of the diffusion and the corresponding critical
divergence of the Soret coefficient are described within the pseudospinodal concept both for critical and
off-critical compositions. These data are used to model in detail the channel-like structures that form due to the
Soret effect when a focused laser beam is scanned across a polymer film of 100 um thickness. A moderate
vertical asymmetry is attributed to solutal convection. Although heat rapidly diffuses away from the laser
focus, the composition distribution in the early stage resembles the sharp profile of the laser beam. PDMS
accumulates within the center of the structures, whereas a thin PEMS-rich layer is formed that isolates the
central core from the windows. Experimentally, the structures are analyzed by means of phase contrast mi-
croscopy. Possible applications as rewritable optical waveguides or tunable phase plates are briefly discussed.
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I. INTRODUCTION

Much work has been devoted to the development of tech-
niques for the structuring of thin polymer films. Most promi-
nent examples are photoresists that undergo a crosslinking
reaction upon irradiation with visible or ultraviolet light, x
ray, or electron beams. Direct electron beam writing can be
employed for the fabrication of optical waveguides [1]. Bol-
tau er al. [2] have demonstrated that an incompatible poly-
mer blend can translate the two-dimensional surface energy
structure of a prepatterned substrate into a composition pat-
tern, if the characteristic wavelength of the prepatterning is
compatible with the intrinsic length scale of the free spinodal
demixing morphology. A variation of the morphology of thin
PMMA/SAN films has been achieved by Chung et al. by
changing the PMMA content [3]. Naturally, such an ap-
proach is not suitable for the formation of, e.g., a single
linear structure within an otherwise homogeneous film. Fytas
and co-workers have observed pattern formation in homoge-
neous polymer solutions after laser irradiation [4,5], but the
underlying mechanism is not yet understood.

In a previous work we have demonstrated that local heat-
ing of a polymer blend close to its critical point by a focused
laser beam creates localized pointlike perturbations of the
composition both in the homogeneous and in the demixed
phase [6]. These local composition shifts are caused by the
Soret effect, which accounts for a concentration gradient that
develops in a multicomponent mixture subjected to an inho-
mogeneous temperature field. The Soret coefficient Sy, which
is a measure for the stationary concentration change pro-
duced by a given temperature difference, can be very large
near the critical temperature 7, of spinodal decomposition
and diverges like (T—7,)7% in the asymptotic critical and
like (T—T,)~" in the classical mean field regime [7,8]. Duhr
and Braun have used this effect to write patterns into aque-
ous solutions of fluorescently tagged DNA [9].
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In the present work we show that this mechanism can be
utilized to create almost arbitrary two-dimensional structures
in a thin polymer layer. We are not aware of any other exist-
ing technique that would allow for the reversible formation
of such patterns, which are characterized by a continuous
variation of the local polymer composition. Writing is easily
accomplished by scanning the laser by means of a simple
galvano scanner. The excursions along the composition axis
can be significant and have reached up to 20% in either di-
rection in our experiments. This can lead to rather complex
scenarios where equilibrium phase diagrams no longer yield
an adequate description. As an example, even UCST systems
may be quenched into phase separation by local heating [10].

The channel-like structures written by the focused laser
are transient, however, with a rather long lifetime of typically
10° s. Though the PDMS/PEMS system is not suitable for
waveguide applications, since the channels have a lower in-
stead of a higher refractive index than the surrounding ma-
terial, such structures might be useful as erasable and dy-
namically reconfigurable waveguides. There is no physical
reason that would prevent, in another system, the higher re-
fractive index material from migrating towards the hotter
central regions. Interestingly, a cladding layer that shields the
channel from the substrate is automatically formed. By varia-
tion of the writing speed and/or the laser intensity, continu-
ous variations of the contrast can easily be achieved. Another
type of reconfigurable liquid waveguides, which are based on
microfluidic technology, has recently been proposed by
Wolfe et al. [11]. We have undertaken a substantial modeling
effort in order to obtain a quantitative description of the
three-dimensional temperature and composition field within
the polymer layer. Since the transport coefficients strongly
vary in the vicinity of the critical point, a realistic parametri-
zation of all material parameters, especially of the diffusion
and thermal diffusion coefficients as a function of both com-
position and temperature, was required. Consequently, the
first part of the paper is about the measurement of these
transport coefficients within the entire one-phase regime.
These data provide the input for the fit of a two-dimensional
model based on the so-called pseudospinodal concept. Fi-

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevE.76.011808

VOIT, KREKHOV, AND KOHLER

TABLE 1. Properties of pure components. M molar mass, N
degree of polymerization, polydispersity M,,/M,, and n refractive
index.

M

(kg/mol) N M, /M, n

PDMS 164 219 1.10
PEMS 48.1 545 1.19

1.4116-3.7 X 107%%(T/K-273)
1.4347-3.3 X 107%%(T/K-273)

nally, this parametrization serves as a basis for the numerical
simulations of the patterning experiments presented in this
paper. We have also included solutal convection [12] which
turns out to be the relevant mechanism for a slight vertical
asymmetry. As far as we know, thermal diffusion and Soret
coefficients are not known for any other polymer blend. We
have chosen the PDMS/PEMS system for these first experi-
ments since it is rather well characterized in terms of phase
behavior [13], diagonal transport coefficients [13,14] and, at
least for the critical composition, off-diagonal transport co-
efficients [7,15].

II. MEASUREMENT OF TRANSPORT COEFFICIENTS
A. Experiment

The system under investigation was PDMS (M,
=16.4 kg/mol) and PEMS (M,,=48.1 kg/mol). The degree
of polymerization, polydispersity, and refractive index of the
pure components is listed in Table I. Mixtures with different
mass fractions ¢ of PDMS were prepared. A negligible
amount of an inert dye (quinizarin) was added which absorbs
at the laser wavelength and allows for optical heating. The
amount of dye has been chosen to result in an optical absorp-
tion coefficient of @=5 cm™!. The samples were stirred and
kept at temperatures high enough to ensure a perfect mixing
of the two components. The homogeneous mixture was then
filled in a quartz glass cuvette with a path length of 200 um.
The measurements of the transport coefficients were per-
formed by a transient holographic grating technique de-
scribed in detail elsewhere [16]. The typical fringe spacing of
the transient grating was about 4 um for off-critical, and
2 pm for critical compositions. The contrast factors of the
investigated samples, obtained with an Abbe refractometer,
are given in Table II. The cloud points (Fig. 4 below) of the
samples were determined by a turbidity experiment.

B. Results

In a previous work [7] we have investigated diffusion and
thermal diffusion of a critical PDMS/PEMS blend with mo-
lar masses of the two constituents of 16.4 kg/mol and
22.8 kg/mol, respectively. The critical temperature of this
system was 7,=311.75 K and its critical composition c,
=0.548. For the laser-patterning experiments discussed later
in this publication the molar masses (16.4 kg/mol and
159 kg/mol) and the locus of the critical point (7,
=290.15 K, ¢,=0.48) are comparable and the convenient 7,
allows experiments close to room temperature. For the deter-
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TABLE II. Fit results for T, and D(% and contrast factors for the
PDMS(16.4 kg/mol)/PEMS(48.1 kg/mol) blend.

c(PDMS) T, DY (n/dT)  (dnldc)
(g/g) (K)Y (107 cecm?K's™)  (10*K™) (1073
0.090 230.0 1.62 3.4 24
0.197 265.6 1.50 -33 24
0.300 313.4 1.70 -3.7 24
0.399 334.8 1.65 -3.6 24
0.499 350.2 132 -35 24
0.609 352.6 3.07 -3.7 24
0.690 353.5 1.87 -3.7 24
0.790 316.5 1.91 -3.8 24
0.900 244.8 2.35 -3.8 24

mination of the transport coefficients within the entire one-
phase region we were facing two problems. Firstly, the
amount of material needed to perform concentration depen-
dent measurements exceeded the available amount of PEMS
(15.9 kg/mol), and a new synthesis of exactly the same mo-
lar mass is virtually impossible. Secondly, the accessible
temperature range with our thermostated sample cell is lim-
ited to 0 °C<T<100 °C, which prohibits the measurement
of significantly off-critical compositions down to the binodal
if the critical temperature of an UCST system is already
close to room temperature. In order to shift 7. towards the
upper limit of the accessible temperature window, we em-
ployed a PDMS(16.4 kg/mol)/PEMS(48.1 kg/mol) blend
with a critical temperature of 7.~ 354 K and a critical com-
position of ¢.=~0.6. Below, we will show how the data ob-
tained for this system can be used for a reasonable param-
etrization of the transport coefficients in the laser-patterning
experiment.

Figure 1 shows the Soret and the diffusion coefficient of
various PDMS/PEMS blends of critical or almost critical
compositions as a function of the distance to the spinodal
temperature €=(7-T,,)/T. On this reduced temperature
scale the data points of all mixtures show a very similar
temperature dependence, and even their absolute values co-
incide at least within a factor of two. This behavior is already
a strong indication that the Soret, thermal diffusion, and dif-
fusion coefficients of a blend with a particular PEMS molar
mass can be estimated from the respective values obtained
for a different molar mass by shifting the temperature scales
such that the critical temperatures match. The dashed lines in
the plot of Sy in Fig. 1 correspond to scaling laws of Sy
o« e! within the classical mean field regime and S;o e %%’
within the asymptotic critical region [7].

The diffusion and thermal diffusion coefficients measured
for the PDMS(16.4 kg/mol)/PEMS(48.1 kg/mol) blend in
the entire one-phase regime above the binodal are plotted in
Fig. 2 and the Soret coefficients in Fig. 3. The critical com-
position of this system (c.=~ 0.6) and the critical temperature
(T,=~354 K) are inferred from the cloud point curve as ob-
tained from turbidity measurements.

The diffusion coefficient D shows the characteristic criti-
cal slowing down for concentrations close to c,., whereas Dy
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FIG. 1. Diffusion and Soret coefficient for critical and almost
critical blends of PDMS(16.4 kg/mol) with varying molar mass of
PEMS. The legends give the molar masses of PDMS and PEMS,
the concentrations ¢ and the critical temperature 7. T, is the tem-
perature of the spinodal (see text). Literature data (open circles) are
taken from Ref. [7]. The dashed lines show the scaling behavior of
Srxe” with y=1 for the mean field regime and y=0.67 for the
Ising regime.

does not show critical behavior and varies, for a given com-
position, only by thermal activation [7]. The concentration
dependence of Dy is only weak. As a consequence, the tem-
perature dependence of Sy=D7/D is moderate for off-critical
compositions and pronounced close to c,. |S;| reaches values
of almost 10 K=! for the near critical composition ¢=0.609
and the total experimentally observed variation of S; covers
almost two orders of magnitude. Directly at the critical point
a critical divergence is expected, which can, of course, never
be observed experimentally due to finite temperature modu-
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FIG. 2. Diffusion coefficient D and thermal diffusion coefficient
Dy of PDMS(16.4 kg/mol)/PEMS(48.1 kg/mol) for different mass
fractions of PDMS as indicated in the legend. For concentrations
close to the critical concentration diffusion slows down approaching
the phase boundary. The solid lines are fits of Eq. (1) for Dy and Eq.
(4) for D. The dashed lines show an extension of the fitted function
into the experimentally inaccessible range.
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FIG. 3. Soret coefficients for different concentrations of
PDMS(16.4 kg/mol)/PEMS(48.1 kg/mol). The solid lines are
plots of S;=D/D with Dy and D according to Egs. (1) and (4),
respectively. D(} and T, from Table IL

lation amplitudes in the holographic grating experiment and
due to finite size effects [17].

The interpolating curves in Figs. 2 and 3 are terminated at
their low-temperature end by their intersection with the bin-
odal line, which defines the phase boundary. These binodal
points are marked with open circles. Below the binodal fol-
lows, except for the critical composition, the metastable re-
gime, where measurements on a short time scale should still
be possible. In practice, however, experiments are hampered
by increasing background scattering due to nucleation and
growth processes and we have restricted our experiments to
the stable one-phase regime.

C. Parametrization of the transport coefficients

For the modeling of the laser-patterning experiments a
parametrization of the transport coefficients within the one-
phase regime is needed. In principle, this could be achieved
by fitting suitable functions of the variables ¢ and T with a
sufficient number of free parameters to the measurements of
Figs. 2 and 3. In order to derive simple model functions,
which are based on a meaningful physical picture, we resort
to the so-called pseudospinodal concept [18,19]. Within this
framework, power laws with the same exponents as for the
critical composition are assumed to hold also for off-critical
samples. The divergence of the susceptibility and the vanish-
ing of the diffusion coefficient do not occur at the critical
temperature T, but rather at the spinodal temperature T,
which is, for an UCST system, below the temperature of the
binodal.

1. Thermal diffusion coefficient

The lower part of Fig. 2 shows the thermal diffusion co-
efficient Dy as a function of temperature within the homoge-
neous phase above the binodal. There is no sign of critical
slowing down of Dy, and its temperature dependence follows
thermal activation [7,8] as follows:
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D= DY exp(- T,/T). (1)

The activation temperature 7,,=1460 K has been determined
in Ref. [7] for a PDMS(16.4 kg/mol)/PEMS(22.8 kg/mol)
blend. With the same activation temperature, Eq. (1) also
yields a good description for the
PDMS(16.4 kg/mol)/PEMS(48.1 kg/mol) blend in Fig. 2.
A fit of Eq. (1) to the measured data with a common 7, as
adjustable parameter yields an almost identical value of T,
=1395 K. The D(} values hardly change over the entire com-
position range (Table II). This observation is a strong indi-
cation that the local friction experienced by the polymer seg-
ments, which strongly influences Dy in polymer solutions
[20,21], remains almost constant. D(} appears to be somewhat
higher for the almost critical concentration c=0.609, but, be-
cause of the high T.=354 K, only a very limited tempera-
ture range could be measured for this composition, and the
critical slowing down of mass diffusion unavoidably in-
creases the experimental error of Dy We take an average
value for DY from Table (2), which finally yields a param-
etrization of

Dy=[-1.88 X 1077 cm?(s K)'Jexp(- 1460 K/T). (2)

2. Diffusion coefficient

The diffusion coefficient of a critical mixture has been
discussed in the comprehensive review of Luettmer-
Strathmann [8] as follows:

B o’ + Aa
()

3)

o’ and A« are the background contribution and the critical
enhancement of the Onsager coefficient, respectively [22].
Since most measurements have been carried out at least a
few K above the spinodal, we neglect A« and assume ther-
mal activation for a;, with the same activation temperature of
T,=1460 K as for D [7]. The classical mean-field scaling
exponent of the structure factor S(0)xe ¥ is y=1, where €
=(T-T.)/T is the reduced distance to the critical tempera-
ture. Occasionally, (T-T,)/T, is used in the literature to
measure the distance to the critical temperature. For small e
the difference is hardly noticeable and vanishes close to 7.
Because of the following arguments, we prefer € as defined
above.

Within the pseudospinodal concept it is assumed that the
diffusion coefficient of an off-critical mixture can still be
described according to Eq. (3), provided that the critical tem-
perature T is replaced by the temperature of the spinodal T,
at the respective concentration. Combining above arguments
we end up with a temperature dependence of the diffusion
coefficient of

T-T
D= aO—TSE exp(—T/T). (4)

The proportionality constant can be determined from the dif-
fusion  coefficients measured  for  the  critical
PDMS(16.4 kg/mol)/PEMS(22.8 kg/mol) mixture of Ref.

[7] with T,=1460 K to ay=24.7X 1077 cm?*s~!. T, is the
A 0 sp
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only free parameter and is obtained from a fit of Eq. (4) to
the measured D(T) for every individual concentration c. The
solid lines in the upper part of Fig. 2 show these fits, which,
obviously, give an excellent parametrization of the measured
data within the one-phase regime. The adjusted parameters
T, are summarized in Table II for all concentrations.

Employing this a, value as a crude approximation also for
off-critical compositions and for a different molar mass re-
quires some justification. Below, we will present a simple
physical picture that gives some insight into the structure of
Eq. (4). In order to keep it simple, only symmetric mixtures
are considered and a composition dependence of local fric-
tion, which could be dramatic for mixtures with one compo-
nent close to its glass transition temperature [23], is not taken
into account. Based on Eq. (4), an excellent parametrization
of the experimental data is obtained as input for the numeri-
cal simulations. Because of the simplified physical model,
the calculated spinodal line should, however, not be taken
too literally.

Meier et al. [13,24,25] have investigated interdiffusion in
a PDMS/PEMS blend. These authors start from the expres-
sion

a  P1- W,
= omat 5)
5(0) 5(0)

for the classical mean-field part of Eq. (3). Here, ¢ is the
volume fraction of component A and (1 — ¢) the one of com-
ponent B. W, is a local diffusion coefficient related to a
Rouse diffusion coefficient D% by W():ND% for unentangled
chains of N segments.

Within the Flory-Huggins model the static structure factor
of a critical system is expressed by the interaction parameter
x at the respective temperature and its value Y, at the critical
point [26],

1

S(0) = X

(1= x/x.)™" (6)

¢

The pseudospinodal concept is introduced by replacing .
for off-critical concentrations by the interaction parameter at
the spinodal, x;, as follows:

D= ¢(1 - ¢)W02XY[7(1 - X/va) (7)

We can get rid of the factor ¢(1—¢) by remembering that for

symmetric mixtures of equal degrees of polymerization N,
the spinodal is given by [27]

-

2N@(1-¢)

With the assumption of a purely enthalpic interaction param-
eter y=a/T the diffusion coefficient finally becomes

Xsp (®)

WoT-T
. 9)

N T

Equation (9) is equivalent to Eq. (4) with a thermally acti-
vated Wy/N=ay exp(=T4/T).

Meier et al. have measured the concentration dependence
of W, for a PDMS/PEMS blend for different temperatures
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FIG. 4. (Color online) Phase diagram of polymer blend

PDMS(16.4 kg/mol)/PEMS(48.1 kg/mol). The cloud points (filled
squares) are obtained from turbidity measurements. The pseudos-
pinodal points (filled circles) are only approximate and result from
a fit of Eq. (4). The polynomial, describing T,, shown in the plot is
used for parametrization. The color coding gives the absolute value
of S7 in the one-phase region.

and found only a moderate concentration dependence of ap-
proximately a factor of 2 [24]. Somewhat more complicated
expressions are obtained for asymmetric blends, but the gen-
eral structure remains unchanged. The N~ dependence in Eq.
(9) introduces a molar mass dependence. Again, we expect
the correction to be of the order of a factor of 2, since only
the molar mass of the PEMS changes noticeably between the
different samples discussed in this contribution. Another
source of error comes from the neglect of the entropic part of
the interaction parameter Y.

Nevertheless, since we do not intend to determine the true
spinodal, Eq. (4) provides a simple two-dimensional model
function for D(c,T), which is based on a reasonable physical
picture. There is only a single free fit parameter T,(c) for
every concentration c.

3. Soret coefficient

The Soret coefficients Sy=D/D, which are experimen-
tally obtained from the stationary amplitude of the concen-
tration signal, are plotted in Fig. 3. The parametrizing solid
lines are obtained from Egs. (1) and (4) as

Dy DY(T-T,\"
T sp
D ag ( ) '

T (10)

Compared to the critical scaling in the vicinity of the spin-
odal, thermal activation only weakly contributes to the tem-
perature dependence of D and completely cancels out for S;.
Since the absolute variation of 7" is only moderate, the main
contribution to the temperature dependence in Egs. (1) and
(10) arises from the term T—-T,,. Because the prefactors a;
and D0 are also almost concentratlon independent, both D
and S7 fall on master curves when plotted as a function of e,
as shown in Fig. 1.

The phase diagram with the binodal, as obtained from
turbidity measurements, and the approximate spinodal from
the fit of Eq. (4) are plotted in Fig. 4. The lines are polyno-
mial fits to the data points. The fit to the spinodal
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FIG. 5. Principle of experimental setup with schematic sketch of
light paths of laser (solid line) and halogen lamp (dashed line).

mirror

T,, = (-423.0c* + 356.8¢ +200.3) K (11)

provides Ty,(c) for the parametrization of D and S accord-
ing to Egs. (4) and (10), respectively. Similar phase diagrams
have been reported for PDMS/PEMS of different molar
masses by Alig er al. [14,28]. The color coding shows the
Soret coefficient, which diverges at the spinodal but, except
for the critical composition, remains finite at the phase
boundary.

III. PATTERN WRITING

Especially the large Soret coefficients near a critical point
can be utilized to write almost arbitrary composition patterns
into a layer of the polymer blend by localized heating [6,10].
To demonstrate this, we have employed a phase contrast mi-
croscope setup in combination with a focused laser and a
galvano scanner.

A. Setup

A sketch of the setup is shown in Fig. 5. It consists of an
inverted phase contrast microscope with a laser port. Two
mirrors mounted on magnet closed loop galvano scanners are
situated in a conjugate (confocal) plane with a scanning point
in the sample. The conjugate planes are formed with the help
of two lenses (telecentric system) and an objective. The
lenses expand the beam to ensure a complete illumination of
the back focal plane of the objective. Objectives suitable for
phase contrast and bright-field microscopy with various mag-
nifications were applied for focusing a laser beam (A
=515 nm) onto the sample. The laser focus in the middle of
the cell is typically ry=0.8 um and its power can be tuned
from 0.1 up to 100 mW.

The cell is mounted horizontally in a temperature-
controlled xyz stage and hosts a polymer layer of thickness
L,=100 pum, confined between two sapphire plates of thick-
ness L,=1 mm. The sapphire cells are self-built, using a
glass fiber as spacer and a two component epoxy (Torr Seal)
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z=50pm T
[ ! 1laser 100 um

=M FIG. 6. (Color online) (a)
b) Three-dimensional model of the
30 mm cell. The laser beam propagates
v along the z axis and is scanned
section plane 15 mm l_> ____scan path _ al.ong .the y axis.. "Fhe two-
ZR laser X dimensional simulation is carried
v out in the (x-z) plane as indicated
X a) c) by the section plane and sketch

(b). Micrographs (Fig. 7) in the
experiment are taken in the (x-y)
plane as shown in (c). In (a) the
spatial variation of the concentra-
tion in the (x-z) plane is color
coded [see also Fig. 9(d)]. The
word Bayreuth and the circle have
been written by repeatedly scan-
ning the laser across the surface.

35 Lm

to seal the two glass plates. The lateral dimensions of the cell
are 30 X 16 mm (Fig. 6). A halogen lamp is used as a white
light source and illuminates the sample with a Kohler illumi-
nation [29,30]. The same objective used for focusing the la-
ser beam then maps the sample onto a CCD camera. Placing
a phase ring in the back focal plane of the condenser lens
turns this bright-field microscope into a phase contrast mi-
croscope. For taking a micrograph, a shutter in front of the
laser is closed for 500 ms to avoid laser and fluorescence
light in the observed image. The setup allows us to write
arbitrary patterns in the xy plane of the sample with repeat
frequencies up to 30 Hz on a micron scale. This is demon-
strated in Fig. 6, where the word Bayreuth has been written
as a composition pattern into the polymer slab.

B. Results

For the patterning experiments an almost symmetric
PDMS(16.4 kg/mol)/PEMS(15.9 kg/mol) blend with a
critical composition c=c;;=0.48 g/g and a convenient criti-
cal temperature 7.=290.15 K has been chosen. Some dye
was added as described previously. Figure 1 shows D and Sy
of this system.

Micrographs of the time evolution of the pattern at two
different temperatures (A7=1 K and AT=11.5 K) above T,
are shown in Fig. 7. Until 100 s there is hardly a difference
in the amplitudes of the concentration modulations, indicat-
ing an almost constant thermal diffusion coefficient Dy,
which governs the early stage of the formation of the con-
centration pattern. At such short times, back diffusion as a
competing process is still irrelevant. After 300 s this is no
longer the case for the higher temperature. The growth of the
structure becomes progressively limited by Fickian diffusion
and solutal convection of the polymer, which aims at restor-
ing the homogeneous state and, eventually, the Soret coeffi-
cient S;=Dy/D determines the maximum modulation depth.

Close to T, the structure is still within the initial linear
growth regime after 300 s. After 2000 s the line for AT
=1 K becomes even more intense, whereas the line for AT
=11.5 K remains almost unchanged.

Due to the positive phase contrast technique, dark regions
in the picture represent a higher refractive index compared to
the bright regions. On the edge of the bright line a dark
fringe can be seen, meaning that PEMS (n=1.428 at T
=20 °C) migrates to the cold side, whereas PDMS (n
=1.404 at T=20 °C) accumulates in the heated central re-
gion of the line. It should be pointed out, that the dark fringe
around the line results not only from the accumulation of
PEMS, but also due to a Halo effect in the applied phase
contrast technique. We will discuss this point in more detail
later. For now, we can state that the general behavior is in
agreement with the measured sign of the Soret coefficient.

100 2000 time[s]

300
| ——m—
|IIIII|H|HHHHI!|IIIIIIIIIII!!
115
AT[K]y

FIG. 7. Spatial modulation of concentration by scanning a laser
along the y axis with a scanning frequency of 20 Hz and a laser
power of 1 mW at two different temperatures above the critical
temperature (see also Fig. 6). Pictures (A)—(C) taken at AT=1 K
after 1=100 s, t=300 s, and r=2000 s. Pictures (D)—(F) taken at the
same time intervals but at AT=11.5 K. The intensity is normalized
to the one of the undisturbed sample (picture at =0 s). To display
positive and negative changes, 127 is added to the 8-bit gray values.
Gray values greater than 127 represent an increase of intensity,
values smaller than 127 represent a decrease.
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FIG. 8. (a) Intensity profile along the x axis, averaged over the
length of the written line, taken from images (Fig. 7) at t=300 s and
t=30s for AT=1 K. The open symbols show the result from the
experimental pictures. The dashed lines show the numerical simu-
lation (for details see Sec. IV). An increase of intensity (positive
values) represents accumulation of PDMS. Far away from the writ-
ten line the sample remains unchanged and the measured change of
intensity equals zero. (b) Maximum intensity change obtained from
averaged images plotted versus time at a laser power of 1 mW
(open symbols) for different temperatures AT above the critical
temperature. The vertical solid line indicates the switch-off time of
the laser. The solid lines show numerical simulations with convec-
tion; the dashed lines show numerical simulations without
convection.

Two intensity profiles along the x axis, averaged over the
length of the written line, at =30 s and =300 s are shown
in Fig. 8(a). With time proceeding, the profile becomes more
pronounced. The intensity in the center (x=0 um) grows by
a factor of 5, but the linewidth (FWHM) remains at Ax
~8 um. The intensity at the line fringe decreases with on-
going time. For distances from the center larger than
+15 pum the intensity does not change at all, which means
that the sample stays at the initial concentration far away
from the heated region.

A plot of the maximum intensity change at different tem-
peratures as a function of time is shown in Fig. 8(b). The
intensity grows with time and reaches a maximum. As ex-
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pected from the behavior of the Soret coefficient Sy, ap-
proaching the critical temperature increases the maximum
achievable modulation depth. Due to the critical slowing
down of the diffusion coefficient D, the time required for
reaching the maximum modulation depth increases ap-
proaching T,. The writing laser was switched off at a certain
time as indicated in Fig. 8(b). Then, the profile slowly decays
by Fickian diffusion. For clarity we only show the first points
after the switchoff.

The phase contrast images provide sufficient information
to identify PDMS as the component that enriches within the
regions heated by the laser. Since the refractive index is in-
tegrated approximately along the optical path—the z direc-
tion in Fig. 6—no information about the true three-
dimensional structure can be obtained. As heat not only
diffuses horizontally within the image plane but also along
the z direction into the sapphire windows, a complex three-
dimensional structure develops. We will see below that a
rather localized PDMS-rich channel develops along the line
described by the laser focus. This channel is laterally con-
fined by a polymer blend of average composition, and it is
also shielded from the windows by a PEMS-rich layer.

IV. SIMULATIONS

In order to obtain a detailed picture of the three-
dimensional structure we resort to numerical modeling. As
input for the model the transport coefficients are needed as a
function of both temperature and composition. Figure 1
clearly demonstrates that diffusion and Soret coefficients of
different PDMS/PEMS blends are almost identical when
plotted over e for the respective critical compositions. This
allows us to use the parametrizations of D and Dy deter-
mined for the PDMS(16.4 kg/mol)/PEMS(48.1 kg/mol)
blend for the simulation of the patterning experiments on the
PDMS(16.4 kg/mol)/PEMS(15.9 kg/mol). We determine
T, and c,. from the parametrized values and consider only
temperature differences AT=T-T. to simulate the behavior
of the critical PDMS/PEMS sample used for thermal pattern-
ing.

A. Governing equations

Let us choose the Cartesian coordinates with the origin
placed in the middle of the polymer layer and the z axis
perpendicular to the confining plates [z=+L,/2 for the upper
(lower) plate] as shown in Fig. 6. The local heating of the
sample is performed by the laser beam along the z axis mov-
ing back and forth parallel to the y axis. A typical length of a
written line is about L;,,~70 wum, the incident laser power
Py is 1 mW, and the scanning frequency is about f=20 Hz.
The description of an incompressible binary mixture in the
one-phase regime under inhomogeneous temperature field
produced by light absorption is based on the heat equation
for the temperature T(r,7) and the diffusion equation for the
concentration ¢(r, ). The Navier-Stokes equation for the ve-
locity v(r,z) is included to account for convection due to
local heating. Thus, we start with the following set of equa-
tions.

011808-7



VOIT, KREKHOV, AND KOHLER

The evolution of the temperature profile T(r,7) is de-
scribed by the heat equation

IT+(V-V)T=V-[D,VT]+—I, (12)
PCp

where Dy, is the thermal diffusivity. The heat source term
is proportional to the light intensity / that corresponds to
the local illumination of the polymer film, « is the optical
absorption coefficient, p is the mass density, and c, is the
specific heat at constant pressure. The intensity of the heating
Gaussian laser beam that enters the polymer layer at
z=—L,/2 is given by

_Po A2+ (y-9)% (5 )
I—AeXp - 2 exp| —a| 2 +z) |,

2 2{ ( Az )2}
A =mr/2, rZ:rO 1+ —] | (13)
g
where A=515 nm is the laser wavelength, and s=s(r) de-
scribes the periodic scanning of the laser beam; in the ex-
periments s(7) changes from -Lj,,/2 to L, /2 linearly in
time.
The time evolution of the concentration profile c¢(r,?)
(weight fractions of PDMS) is governed by the diffusion
equation

dc+(v-V)e=V-[DVc+Drc(1-c)VT], (14)

where D and D7 are the mass and the thermal diffusion co-
efficient, respectively.

Finally, one has the Navier-Stokes equation in the Bouss-
inesq approximation

poldy+(v-V)V]==Vp+ Vv —-pge,  (15)
and incompressibility condition
V.v=0. (16)

In Eq. (15) the density of the mixture p depends on the
temperature only in the buoyant term

p=poll = BT -Ty) + B.c—cp)l. (17)

po is the mean density at temperature 7, (ambient tempera-
ture), Br=—(1/p)(dp/dT), is the thermal expansion coeffi-
cient, and B,.=(1/p)(dp/dc)y is the solutal expansion coeffi-
cient.

B. Two-dimensional model

To describe the temperature and concentration distribu-
tions in the cross section of the polymer layer (x-z plane)
located in the middle of the written line, we consider a two-
dimensional model supposing the line to be infinitely ex-
tended in the y direction. Consequently, 7, ¢, and v are in-
dependent on y. This is a good approximation if the length of
the line is larger than the temperature decay length from the
written line along the x axis. Under experimental conditions
the temperature decay length is about 25—50 wm. The inten-
sity of the heating laser beam is given by averaging over the
scan period of Eq. (13) taken at y=0,
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2x? L,
I=(Py/A)exp| - — |exp| —a| = +z] |,
r 2
A= \/E rLline S

2 erf(L;,/\2r)

Az \2
r2=r3[1+<—z2) } (18)

r

Since the thermal conductivity of the sapphire plates [k,
=42 W/(m K)] confining the polymer layer is about 250
times larger than the one of PDMS/PEMS, we use the ap-
proximation of perfectly conducting plates with fixed tem-
perature boundary conditions

T= TO (19)

for the polymer layer at the boundaries of the rectangular
region z=+L /2 and x=+L /2. In order to avoid the influ-
ence of lateral boundaries we choose in our simulations the
width of the layer L,=400 um, which allows us to monitor
the concentration dynamics for time < 10*s.

The boundary conditions for the diffusion equation (14)
correspond to zero mass flux

v-[DVc+Dyc(1 -c)VT]=0, (20)

where v is a normal to the boundary. For the velocity one has
no slip boundary conditions v=0 at z=+L/2 and x
==+/[ /2. Initial conditions at t=0 are T=T,, c=cy, and v
=0. Numerical simulations of Egs. (12)—(16) in 2D have
been performed using finite differences with an adaptive
mesh refinement technique.

To compare the results of simulations with experimental
phase contrast microscopy measurements we adopt the ex-
pression for transmitted light intensity in the ideal positive
phase contrast imaging [29,30]

Iy, =1+ p>+1>—2p(cos ¢p+1sin @),

2L, on
= *—(C-cy), (21)
)\hal dc

where p’=1 is the relative amplitude transmittance of the
polymer layer, >=0.4 is the relative transmittance of the mi-
croscope objective, ¢p=p(x) is the phase shift induced in the
layer due to the concentration change, \,,;=550 nm is the
wavelength of probing light, dn/dc=-2.3 X 107 is the con-
trast factor of the PDMS/PEMS mixture, and ¢ is the con-
centration averaged over the layer thickness.

Expression (21) is obtained under the assumption that the
phase object width (in the plane perpendicular to the light
propagation direction) is much larger than the phase object
thickness. In our case the width of the region with strong
concentration change is about 10-20 wm, whereas the thick-
ness of the layer is 100 um. This does not allow one to use
Eq. (21) directly for quantitative calculations. An analysis of
the quantitative phase contrast microscopy [31] shows that
decreasing of the phase object width effectively leads to the
reduction of the actual phase shift and consequently reduces
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the measured intensity compared to the one obtained from
Eq. (21). Thus, the relative change of the intensity can be
written as

I = I _ 1+p2+t2—2p(cos¢+tsin¢)_1
I 1+p2+t2—2p
(22)

where K=< is the parameter which depends on the ratio of
the width and thickness of the phase object. Since in our case
the sizes of the region with high concentration change are
nearly the same for different temperatures 7, we will use K
as a “fitting” parameter when comparing the results obtained
from Eq. (22) with experimental data.

C. Material parameters

Since PDMS and PEMS have comparable densities p,
specific  heats ¢, and thermal diffusivities Dy,
=«/(pc,) m?/s, we have used the following material param-
eters of PDMS at room temperature in the heat equation (12)
[32]: thermal conductivity k=0.16 W/(mK), specific heat at
constant pressure ¢,=1.6 X 10° J/(kg K), and a measured op-
tical absorption coefficient =5 cm™'. In addition, the tem-
perature variation due to local heating is small (does not
exceed 1 K for Py=1 mW) therefore we can consider the
parameters ¢, and « to be constant when studying the tem-
perature distribution within the polymer film. The critical
concentration ¢.=0.596 and temperature 7,=359.6 K for the
simulations are obtained from Eq. (11). In the diffusion equa-
tion (14) we have used for the mass diffusion coefficient D
=D(T,c) [Eq. (4)] with T, from Eq. (11). Dy is given by Eq.
(2). In the Navier-Stokes equation (15) we have used for the
mean viscosity 7, at the mean sample temperature T, [33],

T
=25 exp(— f) X 1073 [Pas]. (23)
0

The thermal and solutal expansion coefficients have been
calculated using the expression for the mass density of mix-

ture
1= -1
p=( <y C) : (24)

PpDMS  PPEMS

with [34]
proms = [0.990 — 7.3 X 1074(T/K — 273)] g/em?, (25)
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AT(K) ¢
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FIG. 9. (Color online) Tem-
perature profile (A), concentration
0.64 profile at t=100s (B), and con-
centration profile at t=2000 s for
AT=1K (D) and AT=11.5 K (C).
0.54 Sample  thickness (z  axis)
100 pm.

14

1.2

1.0 0.50

ppems = [0.986 — 5.4 X 1074(T/K — 273)] g/em®.  (26)

Let us now estimate the separation ratio for a PDMS/PEMS
mixture ¢=D;B./(DBy) at T=T,, c=c. at three different
temperatures above the critical temperature 7, as follows:

To=T.+1 K:y=499.5,
To=T.+ 11 K:y=55.6,

To=T.+41.4 K:p=223.

The above separation values are calculated with a constant
Soret coefficient, corresponding to the critical concentration.
Because of the strong concentration dependence of Sz, the
actual concentration changes are smaller than estimated from
equilibrium. Our simulations show that for 7-7,<10 K the
density change caused by the Soret effect exceeds the one
caused by the pure thermal expansion. For the fully devel-
oped convection the amplitude of the velocity can be roughly
estimated from above supposing that at x=0 the velocity has
only a z component v, =~vo[1- (2z/L,)%)],

L2
~ P8 B (T~ Tg) = Bule - ¢, @7
0

[20) 877

D. Results

The results of the simulations are shown in Fig. 9. The
temperature profile induced by the laser is shown in Fig.
9(a). Because of an almost constant D, the resulting concen-
tration profile is almost independent of the overall sample
temperature for short times (#<< 100 s). The surprisingly nar-
row and sharp concentration profile induced by the broad
temperature profile results from the fact that at the initial
stage only V2T=] drives the concentration change, and not
T.

Figure 9 also shows the concentration profile for AT
=11.5 K [picture (C)] and AT=1K [picture (D)] at ¢
=2000 s. For AT=1 K the concentration modulation is more
pronounced than for AT=11.5 K. Both profiles lost their
symmetry due to solutal convection. In the long time regime
this Soret driven convection limits the maximum achievable
concentration shifts. It should be noted that for the investi-
gated PDMS/PEMS system solutal expansion plays the
dominant role for convection. As tested by numerical simu-
lations, the effect of radiation pressure of the absorbed light
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FIG. 10. Temperature profile (dashed line) and concentration
profile (solid line) along the z axis for AT=1 K and #=2000 s. The
left axis shows the concentration change and the right axis belongs
to the temperature profile.

is approximately one order of magnitude smaller and, hence,
negligible.

Due to the constant temperature at the cell windows, the
temperature gradient towards them is significant. The simu-
lations show that the maximum temperature gradient along
the x axis, which is close to the middle point in the cell, is
smaller than the gradient along the z axis at the cell win-
dows. This causes a strong decrease of PDMS at the cell
windows. The concentration and temperature profile is plot-
ted along the z axis in Fig. 10 for AT=1 K, a maximum
temperature rise of 0.6 K and a maximum concentration dif-
ference c—cy=0.1 is found.

To visualize what region the sample occupies in the phase
diagram, the temperature rise and concentration change are
plotted in Fig. 11 for every point along the z axis. At the cell
windows (z=+50 wm) only the concentration changes,

c

T-T [K]

IRV
N

Nase region 1
X 1 X 1 310

-0.1 0 0.1

C-C

FIG. 11. Concentration change and temperature change plotted
for each point on the z axis at t=2000 s. In the center of the sample
(z=0) the temperature increases and the composition changes to a
higher concentration of PDMS. At z=+50 um the cell is held at
constant temperature A7=1 K above T.; only the concentration
shifts. The maximum concentration change is found at the lower
cell window z=-50 um. The plot shows what complex area the
sample occupies in the phase diagram during thermal patterning.
The inset shows how the Soret coefficient varies along the z axis.
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whereas in the center of the sample (z=0 um) both the tem-
perature increases and the concentration changes. At the bot-
tom of the graph the parametrized experimental spinodal is
plotted and the inset shows the local Soret coefficient along
the z axis. The laser heating and the following concentration
shift always leads to a local decrease of the Soret coefficient
and also limits the achievable concentration modulations.

To compare the experimental results with the simulations
we calculated the phase shift of light passing along the z
axis. The phase shift is then, with Eq. (22), converted into an
intensity change. This intensity value is compared to the
maximum intensity change obtained from the micrographs.
Figure 8(b) shows both, experimental and theoretical results.
The scale factor K from Eq. (22) is chosen to K=1/6.54 for
all curves. The simulation can reproduce the characteristic
features of the experimental data. The plateau for long times
results only from solutal convection, since calculations with-
out convection show that no plateau can be reached within
this time.

A comparison of not only the maximum intensity change,
but also along the whole x axis is shown in the comparison
of the averaged cross section in Fig. 8(a). The simulated
intensity profiles agree with the experiments over the whole
linewidth. For distances exceeding the linewidth the experi-
ments show a stronger reduction of the intensity than the
simulations. The reason lies in K, which depends on the ge-
ometry of the phase object the light is passing through. K is
larger for objects with a larger aspect ratio (width/height),
which holds for the wings when compared to the center of
the structure. Thus, the concentration modulation, and there-
fore the phase object, away from the center is completely
different and K had to be chosen differently to find agree-
ment there. Additionally, Eq. (22) does not include Halo ef-
fects in phase contrast microscopy and especially towards the
edge of the line Halo effects become more important.

V. SUMMARY AND CONCLUSIONS

We have shown that almost arbitrary composition patterns
can be written into a thin layer of a polymer blend by means
of a focused laser beam. The underlying mechanism is ther-
mal diffusion, which becomes especially effective near the
critical point, where the Soret coefficient diverges. As heat
flows away from the heated regions, both temperature and
concentration and, as a consequence, also the transport coef-
ficients become rather complex space and time dependent
fields. This is best seen in Fig. 11, where the excursion in the
phase diagram and the corresponding variation of the Soret
coefficient is plotted for a cross section through the sample.
We have been able to obtain a quantitative description from a
numerical model which is based on the heat and the diffusion
equation with additional terms to include thermal diffusion.
An additional advection term, obtained from the Navier-
Stokes equation in the Boussinesq approximation, results
mainly from solutal convection caused by the concentration
changes. Besides trivial quantities such as density, the trans-
port coefficients both as a function of temperature and con-
centration were needed for the numerical analysis. Neither
the thermal diffusion nor the Soret coefficient were known
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for any polymer blend. As they also cannot reliably be pre-
dicted from other material properties, we performed exten-
sive transient holographic grating experiments to measure
these coefficients. For the parametrization of the data we
resorted to the pseudospinodal concept. Since different molar
masses have been involved in the experiments, the tempera-
tures have been shifted to match the critical temperatures,
which has been validated by comparing the transport coeffi-
cients of different near-critical mixtures. Due to the compli-
cated three-dimensional structures with different aspect ra-
tios, an empirical factor had to be introduced for the
quantitative interpretation of the phase contrast micrographs.

A detailed analysis of a cross section of the concentration
profiles (Fig. 9) reveals that sharp structures defined by the
width of the laser beam are formed in the early stage al-
though the driving temperature field has already reached its
broad stationary profile [Figs. 9(a) and 9(b)]. This follows as
a direct consequence from the structure of the governing heat
and diffusion equations.

Another unexpected property of these localized channels
with PDMS enrichment is the formation of thin PEMS-rich
layers that shield the channels from the window material.
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The color coding (hot-cold colormap) in Fig. 9(d) can di-
rectly be interpreted in terms of a refractive index map. Al-
though the sign of the refractive index change in the PDMS/
PEMS system is such that the channel has a lower refractive
index, one can envisage the opposite case, where the channel
can be viewed as a gradient index waveguide with additional
cladding layers [dark in Fig. 9(d)] of lower refractive index
that isolate the waveguide from the high refractive index
substrate. In such a material the written arbitrary lines could
serve as reconfigurable optical waveguides. Other possible
applications could be optically adjustable and tunable optical
phase plates, such as Fresnel zone plates [35]. Written struc-
tures are fully reversible and can be erased by heating. Long
term stability could be obtained with blends consisting of a
polymer with a low and one with a high glass transition
temperature, where the dynamics comes to arrest during de-
mixing [23].
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