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Existing equilibrium theories and simulations uni-
formly suggest that confinement should dramatically
affect the location of the liquid—liquid-phase transition
temperature of polymer blends.1=3 In apparent agree-
ment with these ideas previous light scattering mea-
surements*® suggest that |Tcp — Tepuk] ~ 50 K can be
obtained for D ~ 100 nm. These conclusions are not in
agreement with scattering measurements on filled
polymer blends,®~8 which show that the binodal tem-
perature is hardly shifted on confinement. These newer
findings on filled systems receive indirect support from
measurements of the temperature, Tr, at which the air
surface of a blend film roughens.® This temperature has
been conjectured to be the thin film binodal. Limited
data on Tg’s for films of seven different polymer blends
are roughly equal to their respective bulk binodals,
consistent with results on the filled systems.19-15 While
a number of recent experiments appear to be reaching
a consensus that the binodal temperature is hardly
affected on confinement, there are two separate issues
here. First, the experiments, in each case, are indirect
measures of confined phase behavior. Second, it is clear
that the existing equilibrium theory and the new
experiments are in qualitative disagreement.

To obtain direct estimates of phase behavior here we
present small-angle neutron scattering (SANS) mea-
surements of thin film phase diagrams of two model
blends (Table 1). SANS, which typically utilizes neu-
trons with wavelengths in the 5—15 A range, is par-
ticularly advantageous over light scattering since it is
sensitive to the onset of phase separation. Our results
assert the disagreement between theory and experi-
ments and show that, even though the critical composi-
tion is shifted from its bulk value for films as thick as
600 nm, the thin film binodal temperatures are always
within 8 K of their bulk values. We have carefully
considered and ruled out all equilibrium possibilities
that we could imagine to explain this discrepancy
between existing theories and experiments.'® Conse-
quently, we are forced to conclude that the experiments
are dominated by the well documented fact that polymer
chains placed on wettable substrates are effectively ir-
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reversibly adsorbed, e.g., refs 17—27. In the filled rubber
community, these slowly relaxing, effectively irrevers-
ibly adsorbed, chains are termed as a “bound” polymer
layer.282% Supported by computer simulations, we sug-
gest that, at adsorbing boundaries, the blends create
their own “surfaces” comprised of bound chains. We
therefore propose that since such bound layers can be
wetting autophobic,3031 polymer blends in their vicinity
act as though they were next to a weakly attractive
boundary and phase separate near their bulk binodal.

A series of films of the deuterated poly(butadiene)/
poly(1,4-isoprene) [dPB/hPI] blend of thickness
60 nm < D < 1 um were spin-cast from toluene solution
onto polished silicon wafers which were precleaned
using a boiling bath of H,O/NH3/H,0, (5:1:1 by volume),
followed by a heated bath of 70% H»S04/30% H,0,.
This procedure preserves the native silicon oxide layer.
For the deuterated poly(methylbutylene)/poly(ethylbu-
tylene) [dPMB/hPEB] blend, we etched the substrate
with 2 wt % HF to remove the native oxide layer. We
used these different surfaces since they, respectively,
were the ones that were wet by both blend components
in each case. Film thicknesses were measured by
ellipsometry. Bulk samples (D ~ 1 mm) were cast from
toluene and pressed between quartz plates. The trans-
mission SANS experiments were conducted in a vacuum,
after annealing for 2—8 h at each temperature, using
A = 8 A neutrons. (For more details on the scattering
experiments, see ref 32.) The resulting data were first
analyzed using the Ornstein—Zernike form, and this
interpretation was confirmed by using the random
phase approximation (RPA). The Flory interaction
parameter, y, and the Rg's of the two species are the
unknowns obtained by fitting the RPA to the experi-
mental data.3334 It is important to note that, although
the RPA was developed for three-dimensional systems,
past work has shown that it can be reliably used to
interpret SANS data on films as thin as D = 2Rg3°3¢ at
least over the limited range gRg =< 5.

We first consider bulk phase behavior. The dPB/hPI
blend phase separates on heating, while the
dPMB/hPEB blend phase separates on cooling. RPA
analysis of the SANS experiments yields estimates for
the forward scattering intensity, 1(0). Following stan-
dard practice the spinodal temperature, Ts, is estimated
by a linear extrapolation of 1/1(0) vs 1/T to 1/1(0) = 0.
For the critical composition, ¢;, we obtain linear plots
of 1/1(0) vs 1/T (Figure 1 insets). References 37 and 38
have shown that off-critical blends demonstrate a “kink”
in plots of 1/1(0) vs 1/T: this kink occurs at the point
where the sample actually phase separates through a
nucleation and growth mechanism (“cloud” point). The
break in 1/1(0) is thus identified as the cloud point, Tq.%8
Data for temperatures on the one-phase side of this
break are extrapolated to 1/1(0) = O to obtain the Ts.
Note that we do not find any “breaks” in the
dPMB/hPEB data because the bulk binodals, as pre-
dicted by the Flory—Huggins theory (see Figure 1b),
were not crossed in the experiment for any of the
compositions considered. The RPA also yields estimates
for the Flory y parameter?® in the miscible regime. We
find y to be independent of ¢ over the range
0.25 < ¢ < 0.75 for dPB/hPI and 0.2 < ¢ < 0.5 for
dPMB/hPEB. The bulk binodal and spinodal tempera-
tures calculated using the Flory—Huggins model with
these y values are consistent with the T¢q and the
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Table 1. Parameters for the Systems Studied

component Mn Mw/Mp source

T, °C [oN X

dpPB? 104 000 1.06

hPIP 144 000 1.03 Polymer Source
dPMB¢ 180 000 1.07 N. Balsara
hPEBd 48 000 1.07 N. Balsara

Polymer Source

50 ¢ape = 0.65 —1.25 x 1072/T + 5.2 x 107

7 ¢apve = 0.32 1.19 x 107%T — 3.0 x 105

a Deuterated poly(butadiene). P Poly(1,4-isoprene). ¢ Deuterated poly(methylbutylene). 9 Poly(ethylbutylene).
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Figure 1. Bulk phase diagram for both blends. Plotted are SANS data for the spinodal (solid circles) and the binodal (open
circles) temperatures as a function of ¢. The solid and dashed lines are the predictions for the binodal and spinodal, respectively,
from the Flory—Huggins theory. Insets: 1/1(0) plotted as a function of 1/T for (a) dPB/hPI blend and (b) dPMB/hPEB blend. The
inset in part a shows plots for the bulk critical composition, ¢sps = 0.60 (solid circles), and an off-critical composition, ¢gps = 0.40
(solid triangles). The inset in part b shows the plot for a near-critical composition of the bulk, ¢4sems = 0.316 (solid triangles).
Linear fits used to estimate the spinodal temperature are shown for both samples (line).

extrapolated Ts values at each ¢ (see Figure 1). Simi-
larly, our Ts estimates for the dPMB/hPEB blend match
the Flory predictions.

We now consider the thin film samples. While we
have examined three different compositions for each
blend, here we shall only consider films at the bulk
critical concentration in detail. Neutron reflectivity (NR)
experiments clearly show that the hPI from dPB/hPI
blends, and the dPMB from the dPMB/hPEB blends are
segregated to both the air and the Si surfaces (“sym-
metric” segregation).’®® The RPA analysis of SANS
data yields &7 = ¢21(0)/[18¢(1 — ¢)kn], where ky is the
neutron contrast, o is the average Kuhn segment
length3* of the chains, and ¢ is the bulk composition.
We denote the correlation length as &, since the SANS
experiments have a scattering vector, and hence sensi-
tivity, primarily parallel to the surfaces. Figure 2 shows
that &, is suppressed relative to its bulk value for D <
0.5 um, i.e., for D < 10&Puk for the dPB/hPI blend. For
D — 0, &/D ~ 0.1 at all temperatures. Similar results
are found for the dPMB/hPEB blend, although the range
of D values considered is much smaller (inset to Figure
2). The &, values for the dPB/hPI blend are compared
to results obtained from NR.4 NR is primarily sensitive
to composition profiles perpendicular to the surface (not
concentration fluctuations) and thus provides comple-
mentary information to the SANS. NR indicates that
the correlation length, &p, obtained from the equation:
[522(p(z) — ¢m) dz = 2E:2, where ¢ is the composition
in the middle, is strongly dependent on thickness.
The equality results from assuming a form
¢(z) O exp(—z/&n) for the z-dependent concentration
profile ¢(z), and experimentally derived values of & are
listed in refs 14 and 15. Figure 2 shows that the &7 track
the & obtained from SANS, to within a factor of 2 in all
cases.

The SANS data also suggest that the magnitude of
concentration fluctuations, as reflected in 1(0), are
suppressed over the same D values (Figure 3). We
extrapolate the 1/1(0) data to the limit of 1/1(0) = 0 to
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Figure 2. dPB/hPI blend (¢srs = 0.60). Correlation length
derived from SANS, &, as a function of D at T = 49 °C (solid
circles). Also shown are data for &y reported by Gruall at the
same temperature (open diamonds). Inset: corresponding
information for the &, from SANS for the dPMB/hPEB blend
(papme = 0.316) at T = 10 °C. In both cases the dashed
horizontal line corresponds to the bulk correlation length, gbulk,

obtain the extrapolated spinodal temperature, Ts. Self-
consistent mean-field calculations on thin films using
the Landau-Ginzburg free energy functional suggest
that such an extrapolation does yield a proper estimate
of the spinodal temperature even for thin films. At each
D, the 1/1(0) vs 1/T plots have a minimum, for example
at 1/T = 3.18 x 1073 K™1 for D = 480 nm (see Figure
3a). These blends, which correspond to the bulk critical
composition, are thus off-critical even for films as thick
as D = 600 nm for the dPB/hPI blend. This is a direct
consequence of surface segregation effects as shown
recently by Budkowski et al.*0 We extrapolate the 1/1(0)
data on the one phase side of this kink to the limit 1/1(0)
= 0 to obtain Ts. Our extrapolations consistently show
Tsp = T¢, puik £ 3 Kfor D = 250 nm, i.e., no change in
Ts within experimental uncertainty. For D < 250 nm
(dPB/hPI), we linearly extrapolate only the five lowest
temperature points due to strong curvature in the data.
Consistent with the significant decrease in scattering
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Figure 3. 1/1(0) is plotted vs 1/T for both blends. Also shown are the linear extrapolations to the spinodal temperatures (dashed
lines). (a) dPB/hPI blend. For the two thicker films the cloud points were obtained by locating kinks in the curve. For the thinnest
film the cloud point was determined by fitting a parabola to the data (solid line) and identifying the temperature corresponding
to the maximum intensity (shown by the solid arrow). (b) dPMB/hPEB blend. The cloud points were identified by locating kinks
in the curves. The solid arrow represents the bulk binodal/spinodal temperature.

with decreasing D, the T values for thinner films are
substantially higher than T¢puk. For D = 123 nm, the
Ts = 453 K (Ts — Tepuk ~ 130 K; see Figure 4a).
Interestingly, the apparent shifts in Ts for the
dPMB/hPEB blend are much smaller, ~20—50 K for all
thicknesses and compositions considered. The expected
statistical error in Ts is 10—15 K, as obtained from the
Ornstein—Zernike fits. Note that the shifts in Ts are
larger for ¢apms < @cpuik, Where ¢¢ puik is the bulk critical
composition of the dPMB/hPEB blend. Also, for ¢4pms
= 0.414 and 0.203, the Ts shifts become stronger as D
decreases. These results are consistent with the theo-
retical predictions for the phase boundary as a function
of film thickness and composition.*? In combination,
these results show conclusively that concentration
fluctuations are suppressed on confinement over a broad
range of D and that the extrapolated spinodals are
predicted to be shifted outside error on confinement.

Following the past work of Schwahn3738 on bulk
polymer mixtures, we identify the kinks in the 1/1(0) vs
1/T plots (Figure 3) as the actual phase separation
temperatures, or cloud points, of these films, Tgyq.
Though not investigated systematically, previous AFM
and optical microscopy work on thin polymer films is
consistent with the fact that the air surfaces of these
films, which are smooth in the single phase state,
roughen when the thin film binodal is crossed.10-13.15.42
Our thin films also show similar roughening of the air
surface in the vicinity (&8 K) of the “kink” temperatures
in Figure 3. Moreover, close to the “kink” temperatures,
Kratky plots (g21(q) vs q) start showing an upturn at
very low g indicating the formation of sharp interfaces.
These facts, in combination, provide credence to our
assignment of T4 to the “kink” in the scattering curves.
Though there are errors involved in such an assignment,
they are less than the statistical errors in the 1(0) values
for various temperatures. While the Kink is clear for all
thick dPB/hPI films and for all the dPMB/hPEB films,
the data are much more rounded for dPB/hPI films with
D =< 250 nm. To be consistent with the thickest films,
the Tqq is estimated as the temperature with maximum
1(0) by using a parabolic fit to the data. Figure 4a shows
that Teig = Te, buik £ 8 Kfor 58 nm < D < 1 um for both
blends.

To summarize: our experimental results for the
extrapolated spinodals are consistent with theory in that
a significant stabilization of the single phase is pre-
dicted. However, the apparent thickness independence
of the binodal as obtained from thin film SANS, from
the AFM estimates of the roughening temperature of
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Figure 4. (a) Cloud point (solid symbols) and spinodal

temperatures (open symbols) as a function of film thickness,
D, for the dPB/hPI and dPMB/hPEB blends, respectively. The
detailed legend is provided in the figure. Note that the spinodal
shifts on confinement for both systems suggest a stabilization
of the single phase in agreement with theory. The absolute
signs of the shifts for the two systems take on opposite values
since one blend phase separates on heating, while the other
phase separates on cooling. (b) Phase diagrams as obtained
from Monte Carlo simulations of a binary polymer blend in
the bulk as well as in an 8Rg thick film confined between two
identical surfaces. Model parameters are mentioned in the
text. The nonequilibrium results for the 8Rg thick film are
obtained by including an immobile 0.5R¢ thick layer of the
preferred component at each surface.

seven different blends,07131542 and from scattering
measurements on filled polymer blends®-8 is in dis-
agreement with theory. Analytical approximations in
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theories appear to not be the source of these discrep-
ancies since computer simulations, which are exact for
any chosen model, do not reproduce the experimental
trends. It is clear that there is a critical aspect of the
experimental situations which has been missed in the
current analysis. After considering all equilibrium
scenarios we could imagine, we are forced to conclude
that this variable is the effectively irreversible adsorp-
tion of the polymer chains onto the substrate.1719-23

To understand the role of these adsorbed layers on
phase behavior we performed Monte Carlo simulations
for lattice polymer blends of chain length N = 100. We
considered a symmetric polymer blend with the follow-
ing nearest neighbor interaction parameters: eaa = €gs
= —1, ea = €nh = €na = €ng = 0, where h denotes an
empty lattice site and A and B are the two blend
components. The blend is sandwiched between two
identical surfaces separated by 8Rs (Rg ~ 5.3 lattice
units). The energetic interactions with the surface are
short-ranged and described by eas = —200, egs = — 100
and ens = 0. Temperature is defined as T* = kgT/|eaal.
For the nonequilibrium simulation, a 0.5R¢ thick layer
of the preferred component (A) is irreversibly (and
randomly) adsorbed at each surface. In the course of the
simulation, the segments in contact with the surfaces
are not allowed to move. Figure 4b shows the phase
diagram for the bulk system and the thin film with and
without (equilibrium) the grafted layers. We find that,
in the presence of irreversibly pinned layers, the blend
phase separates very close to the bulk binodal temper-
ature. Note also that the critical composition is altered
as in the experiments, primarily due to the presence of
the adsorbed layers. While we cannot be conclusive, we
speculate that these results are a consequence of the
fact that melt chains have a propensity to autophobi-
cally dewet the “pinned” polymer layers.3%43-45 Thus,
the matrix chains (i.e., all chains except the pinned
chains) act as though they were in the vicinity of a
weakly attractive surface and phase separate roughly
at their bulk values. We emphasize here that we have
had to evoke relatively new physics to allow us to
reconcile our experimental spinodals and binodals with
theory. We are currently focused on providing experi-
mental evidence for these ideas. Even without evoking
these conjectures, we conclude that new theories are
necessary to understand phase transitions in thin film
mixtures, a topic which continues to remain unsolved
inspite of over 30 years of theoretical study.
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