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Quenching a UCST Polymer Blend into Phase D andDr are the collective and the thermal diffusion coefficient,
Separation by Local Heating respectively. Their ratioSr = Dt/D is a measure for the
amplitude of the concentration change induced by the temper-
ature gradient in the stationary state. Close to the critical point,

A. Voit, A. Krekhov, and W. Kd'hler* diffusion slows down by orders of magnitud#.diverges, and

Physikalisches Institut, Upersitd Bayreuth, the coupling between temperature gradient and composition
D-95440 Bayreuth, Germany becomes very stron@® Sr values up to 20 K' have been

. reported for poly(dimethylsiloxane)/poly(ethylmethylsiloxane)
Receied September 22, 2006 (PDMS/PEMS) blend&20 The coexistence line in a ternary

Phase separation of polymer blends, especially spinodalsystem, a solution of a polymer blend, can be shifted by 20 K
decomposition, has fascinated researchers for a long time, andn the presence of a temperature gradiéntalaud et at? and
a large body of both experimental and theoretical papers canDelville et al1314have demonstrated that micellar microemul-
be found in the literature. Almost all authors describe the phase sions can be driven into phase separation in confined geometries
behavior of the blend by means of an equilibrium phase diagram, by utilizing electrostriction and the Soret effect. Platten éfal.
where the locus of the mixture is fully characterized by its and Assenheimer et #.studied the interplay between phase
average composition and a constant temperature. separation and convection of a binary mixture exposed to a
Comparatively little work has been done on the phase temperature gradient.
behavior of polymer blends subject to nonuniform temperature 1o gramatic influence of an inhomogeneous temperature
fields. Lee et al. studied spinodal decomposition in the presencegaq on the phase behavior of a PDM&( = 16.4 kg/mol)/

_of a temperatqre_gradiehf—i and Tanaka et _al. studied the PEMSM,, = 48 kg/mol) blend, the only comparable system
influence of periodically driving the polymer mixture above and \here the thermal diffusion and Soret coefficients are known

below the ins}ability point. . . so far (Figure 1), is demonstrated in the following. The samples
An interesting approach based on combinatorial methods has, o 10Qum thick layers of the polymer mixture with off-critical

recently been presented by Meredith et Bloth for scientific PDMS equilibrium weight fractions af, = 0.3 andco = 0.9

investigations and technological applications the precise knowl- ' Ty

. ) ~ " The polymer is slightly colored with quinizarin, and a galvano
edge of the phase behavior of polymer blends is a prerequisite. ;o griven by a sawtooth voltage is used to scan a focused
Establishing the phase diagram is, however, a tedious task

- o . T ‘laser ¢ = 515 nm) across the sample. The absorbed energy
requiring significant amounts_ of r_naterlal and several _|nd|V|duaI thermalizes and heats the sample along the line written by the
experiments for the determination of the cloud point curve. | qer nitially, the compositions and the temperatures are such

A.CCOF‘?‘”Q to these .authors, the task can.significantly be that the two samples are in the one-phase region. The two filled
simplified by employing a continuous combinatorial library - cjrcjes mark the initial positions to the left and to the right of
which should allow for the determination of the entire cloud o pinodal (Figure 2).

point curve in a single-shot experiment. The library consists of ) . o .
a thin film of the blend with a constant composition gradient  Since the phase diagram shows a lower miscibility gap with
on a flat substrate. Perpendicular to this composition gradient & critical composition o€erir = 0.61, heating alone would never
a constant temperature gradient is applied across the film,2€ @blé to quench the polymer blend into phase separation.
pointing along the lines of constant composition. After a few Because of the _Soret effect, howeyer, local heating is unavoid-
hours of annealing, the phase diagram can be directly read from2Ply accompanied by concentration changes, and a volume
the polymer film. elemqnt within the. center of the line written by the laser
In the following we will demonstrate that the basic assumption €XPeriences an enrichment of the thermophilic PDMS. Conse-
of all experiments and simulations in refs-4, the assumption ~ duently, this volume element will be displaced not only
that equilibrium phase diagrams can be applied to nonequilib- vertlcally_ in the phase dlagr_am toward a higher temperature but
rium situations, is generally not true. In the presence of an &/S0 horizontally toward highec. Provided the coupling is
inhomogeneous temperature field, the position of a small volume Sfong enough, the volume element to the left of the binodal
element of the sample within the equilibrium phase diagram is (t¢ = 0.3) will eventually cross the phase boundary, and phase
no longer determined by its local temperature and the averageSeParation by nucleation and growth will set in. This is shown
composition of the blend. Temperature gradients lead to a N the upper part of Figure 3. The phase contrast micrograph is
change of the local composition of multicomponent systems due SUch that a lower refractive index appears brighter and vice
to the Soret effect (thermal diffusioR)As a consequence, Versa. Since PDMSn(= 1.402 atT = 293 K) has a lower

composition and temperature cannot be viewed as orthogonal €fractive index than PEMSn(= 1.429 atT = 293 K), the
coordinates. The position within the phase diagram on the diffuse line with an increased PDMS concentration and the

composition axis becomes a function both of the spatial phase-separated PDMS-rich droplets appear brighter. Since these

wavelengths contained in the temperature field and of the time droplets are of lower refractive index than the surrounding
elapsed. medium, optical tweezing cannot occur. Around the bright line

In the one-phase region the coupling between temperaturethere is a faint dark halo indicating PEMS enrichment in this
and concentratior (weight fractions) is accounted for by an  "€gion. In order to get insight into concentration and temperature

extension of Fick’s second law of diffusién: distribution, 3-d simulations of eqs 1 and 2 for the polymer
layer of thickness 10@m and lateral dimensions 1 mm 1
3¢ = V[DVc + c(1 — ¢)D;VT] 1) mm confined between 1 mm thick sapphire plates have been

performed using finite differences with adaptive mesh refine-
ment technique. It has been found that PEMS accumulation does
* Corresponding author. E-mail: werner.koehler@uni-bayreuth.de. not occur in the center of the cuvette, but rather on the sapphire
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T/K . . . .
Figure 1. S, D, andDs of a PDMS/PEMS (16.4/48 kg/mol) blend thermal diffusion sets in and locally drives the sample toward

for two PDMS weight fractionsq = 0.3, ¢ = 0.9) investigated as  higherc along a line of constank. The question as to whether
functions of temperature in the one-phase region. The dashed lines ardhe binodal lineT,n(c) can be reached at all, and if so, what is
extrapolated into the two-phase region. The open symbols mark the the time required for that, depends on the initial distance to the
Eg‘lgd?;' r;l_’he n:_eas;;reﬂm_ants ga"e.t?e:”l perg)%rmed by a transientyinggalgc, along the concentration axis, the thermal diffusion
graphic graling technique described elsewhere. coefficient Dy, and the slope of the binodal,Tgh/dc. The

Cooms minimum time required can be estimated as follows.
020 03 031 032 033 034 The stationary solution of the heat equation
341 / a
3,T = DyAT + —1 (2)
PCy
340+
gives
x339-
< AT=-% ©)
338 k
1(F) is the laser intensityy the optical absorption coefficieng,
337+ the densityg, the specific heat the thermal conductivity, and
Din = «(pCp)~* the thermal diffusivity.
336 360 Inserting eq 3 into eq 1 yields for short times, where the
concentration change is smali¢ ~ 0) andD ~ constant
o
340 e = —-" D11 — ¢yl 4)
x K
a If the sample temperature within the center of the line rises by
320 oT, the distance to the binodal before thermal diffusion sets in
is
dT,.\ !
T oc=0c,+ 6T(—dz'”) (5)
0 7
Crpms 0T = 2.5 K has been determined from a full 3d simulation of

Figure 2. Phase diagram of the PDMS/PEMS blend. The binodal has the thermal problem, since boundary conditions have to be taken
been obtained by a fit to turbidity measurements. The spinodal is only properly into account for the stationary temperature distribution.
a guess. The initial positions of the two samples are marked by filled As saturation effects will always slow down the evolution of
circles. The field of view of the micrographs is 20 70 um?. They the concentration profile, the minimum tindg to reach the

show characteristic binodal and spinodal demixing patterns after , . - . .
homogeneous quenches. binodal can be estimated from the linear growth in the short

time limit:
cell windows where the temperature is kept constant, represent- 1
ing the “cold side”. The displacement of a volume element St=dcloc=— 0Co + OT(dTy;/dc) (6)
within the PEMS accumulation region is indicated witi in ! D1co(1 — cp)lalk
Figure 2.

Since heat diffuses much faster than mass, the temperaturelThe laser power was 5 mW, which was distributed oversa 2
distribution reaches its stationary state very rapidly, and the 200um? area in the focus of the laser, thereby averaging over
distance to the binodal first increases. This corresponds to athe fast modulation from the repetitive (20 Hz) scanning of the
shift in the vertical direction along a line of constantThen, line. This corresponds to an average intensityl ef 1.25 x
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10’ W m~2 The other parameters atg= 0.3,¢o = 0.012,a
=500 M k=016 W(Km)y?L Dr=—-25x 1013 nm? (s
K)~1, and d,i/dc = 166 K. Since PDMS is thermophilic, its
thermal diffusion coefficient is negative. Inserting the above
numbers into eq 6 yields a lower limit for the minimum time

of the phase diagram, the behavior in the vicinity of the phase
boundary, especially near the critical point, is of utmost
importance. It is exactly there, however, where the Soret
coefficient diverges, and already small temperature differences
can lead to large concentration shifts. Additional complications
until the two-phase region can be reachedbf 13 s. If the will arise from a competition between diffusion and phase-
starting point is chosen directly on the binodét{ = 0), ot separation time scales. It may be possible to identify parameters
reduces to 7.3 s and becomes independent of the laser powewhere these time scales are sufficiently separated and thermal
within linear approximation. Once the binodal has been crossed, diffusion is slow enough to be negligible compared to phase
additional time is needed for nucleation and growth of the separation. This would provide a window where such a
droplets until they are sufficiently large to become visible in technique can safely be applied. The comparison with cloud
the microscopé’18In the experiment, first droplets appeared point data measured by laser light scattering in ref 4 indicates
after 7 min, which is significantly longer than the minimum that the measurements have been carried out within this
time estimated. experimental window, although thermal diffusion had not been
As expected, no phase separation could be induced in thetaken into consideration for the design and analysis of the
center of the heated line far= 0.9, since thermal diffusion  experiment. For a serious estimation, the thermal diffusion and
here drives the heated regions deeper into the homogeneousoret coefficients of the blend are required within the entire
phase. Again, PEMS enrichment occurs close to the windows phase diagram. To our knowledge, however, PDMS/PEMS is
in the region around the heated line and leads to an excursionthe only polymer blend where these numbers are known so far.
toward lowerc without noticeable temperature rise. As can be
seen from the lower part of Figure 3, this is sufficient to cross ~ Acknowledgment. We thank G. Meier for providing the
the phase boundary now within the halo. samples. This work was supported by the Deutsche Forschungs-
Note that PDMS-rich phases show up as bright and PEMS- gemeinschaft (SFB481/A8).
rich phases as dark regions in the phase contrast micrographs.
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