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Real Space Observation of Dynamic Scaling in a Critical Polymer Mixture
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We have studied the growth of the wetting layer formed at the surface of a critical mixture of
poly(ethylene propylene) and perdeuterated poly(ethylene propylene) during spinodal decomposition.
The wavelength of the surface spinodal wave is found to grow as t ' over the entire range of times acces-
sible in the experiment. The composition profiles exhibit universal scaling behavior in the near-surface
region. These results are in excellent agreement with a recent numerical study on surface-directed spi-
nodal decomposition.

PACS numbers: 61.25.Hq, 05.70.Fh, 64.60.Ht, 68. 10.—m

%'hen a binary mixture is quenched from a single
homogeneous phase to a point inside the spinodal curve,
spontaneous phase separation takes place. For bulk sys-
tems, this process has been extensively studied in the past
both by theory and experiment [1-6]. Several distin-
guishable time regimes during the evolution of bulk spi-
nodal decomposition are now well established. The initial
stage is described by the linear theory of Cahn, Hillard,
and Cook, while at later times nonlinear eAects become
dominant and a scaling description is applicable, where
the average size of the domains R(t) is the only relevant
length scale in the system. In this regime, R(t) is found
to grow like R(t) t 'I . F—or fluid mixtures, however, hy-
drodynamic eA'ects become important at later times and
the growth law is found to change to R(t) —t in the so-
called final stage of spinodal decomposition.

Only recently, it has been recognized that in the vicini-

ty of a symmetry breaking surface the process of spinodal
decomposition may be severely altered as compared to the
bulk behavior [7]. If one of the two components of the
mixture is preferentially attracted to the surface, a quite
anisotropic evolution of the phase separation is expected
to occur in the near-surface region. This was first ob-
served experimentally by Jones et al. [8] who found an
oscillatory composition profile near the surface of an iso-
topic polymer mixture after a quench into the two-phase
region. Meanwhile, diAerent theoretical studies have fo-
cused on this effect [9-11],aiming toward a detailed un-

derstanding of the time dependence of the spinodal
decomposition close to an attractive wall. For sufficiently
deep quenches, both simple scaling arguments [10] and
coarse-grained order parameter simulations [10,11] pre-
dict a t ' growth of the wetting layer thickness at later
times, closely resembling the bulk behavior. In addition,
the composition profiles perpendicular to the wall are ex-
pected to show scaling behavior; i.e., they should collapse
onto a unique master curve when rescaled with the actual
wetting layer thickness. In contrast to these clear and
unanimous theoretical results, the experimental data on

surface-directed spinodal decomposition are still rare and
an unambiguous analysis of the time dependence of the
"surface spinodal wave" is still lacking. In this Letter,
we present the first experimental evidence for both a
power law growth of the wetting layer thickness l(t) dur-

ing spinodal decomposition and a scaling behavior of the
respective composition profiles. We find that the thick-
ness l(t) grows as l(t) =a+bt ' for all times accessible
in our experiments. Furthermore, the composition pro-
files fall onto a unique master curve when rescaled with
respect to!(t). These results are in excellent agreement
with the theoretical predictions of surface-directed spino-
dal decomposition quoted above.

The system under consideration is a symmetric binary
mixture of poly(ethylene propylene) (PEP) and its deu-
terated analog (dPEP) with nearly equal index of poly-
merization (NpEp =Ndppp =2286). The polymers were
synthesized and characterized following standard pro-
cedures [12]. The substitution of hydrogen by deuterium
results in a small positive interaction parameter g,
rejecting the diA'erences in bond length and polarizability
between the C-H and the C-D bonds, respectively
[13,14]. For sufficiently long chains, this leads to a misci-
bility gap in the phase diagram, characterized by an
upper critical solution temperature T, =365(2) K, below
which phase separation may occur. The deuteration as
well leads to a small diA'erence in surface energy between
the two isotopic species; the deuterated component there-
fore tends to segregate to the polymer/vacuum interface
[151.

Thin PEP/dPEP films with nearly critical composition
(N=@, =0.5) were prepared by spin casting from to-
luene solution. The thickness of the films was kept well
above 2000 nm. The samples were annealed under vacu-
um for various times at 296(l) K and 321(1) K, respec-
tively. These annealing temperatures correspond to re-
duced quench depths of 0.81T, and 0.87T, . The volume
fractions of the two components were determined as a
function of depth perpendicular to the film surface by
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FIG. l. Volume fraction vs depth profiles for both dPEP (Q)
and hPEP (0) as determined by TOF-FRES. The film was an-
nealed for 4 h at 321 K. The dashed line corresponds to the
thickness l(t) (see text). The data are cut at about 370 nm in

order to avoid any overlap of the deuterium and hydrogen sig-
nals in the energy spectra.

time-of-flight forward recoil spectrometry (TOF-FRES).
TOF-FRES is based on conventional forward elastic
scattering, where hydrogen and deuterium nuclei are
elastically scattered from an incident He beam imping-

ing on the sample at a small angle. The energy of the
scattered particles is recorded and readily converted into
a depth scale using tabulated values for the specific ener-

gy loss of the particles on their path through the sample.
In addition to the energy we determine the flight time of
the scattered particles; this enables us to distinguish be-
tween the different hydrogen isotopes and the large flux

of elastically scattered He and circumvents the need for
a stopper foil conventionally used in FRES experiments
[16]. Since straggling in the stopper foil is avoided, the
depth resolution of TOF-FRES is limited only by the
finite energy resolution of the solid state detector; with

the present setup, we achieve a depth resolution of about
23 nm (full width at half maximum) at the film surface.
In addition, we use the Aight time information to gate the
data acquisition system such that any overlap between
the energy spectra of deuterium and hydrogen is avoided.
While this arrangement restricts the accessible depth
range of the technique to some 400 nm, it enables us to
monitor unambiguously both hydrogen and deuterium in

the near-surface region even in very thick samples. This
feature shall be crucial for the present study.

In Fig. I we show composition vs depth profiles for
both dPEP and PEP near the surface of a sample
quenched for 5 h at 321 K. A dPEP-rich layer is formed
at the surface followed by a damped oscillatory composi-
tion profile extending into the film. For both quench
depths investigated in the present study, the evolution of
the composition waves has been monitored as a function
of time after the quench. While the amplitude of the os-
cillation is found to saturate quite rapidly, the wavelength
of the oscillations continuously increases with time,
reflecting a coarsening of the phase morphology similar to
the bulk behavior. In order to quantify this eAect, we

FIG. 2. Thickness of the wetting layer as determined from
the point where both @dpEp and @pEp are equal to the average
composition for the first time (see Fig. 1). The dashed lines are
least-squares fits to the data assuming l(t) =a(T)+b(T)t '/.

determine the thickness l(t) of the dPEP-rich surface
layer as a function of time. We define l(t) as the depth
where the volume fractions of the two species are equal
for the first time, i.e., +dpEp =@pEp =0.5. The additional
requirement that at l(t) both @pEp and @dppp match the
average composition of the sample serves as an indepen-
dent test of the proper correction for diAerences in cross
section and detection eSciency between hydrogen and
deuterium, thereby minimizing possible ambiguities in

the determination of l(t) [17]. In Fig. 2 the results of
this analysis are shown. For both quench depths studied,
the data are well represented by l(t) =a(T)+b(T). t'
over the whole time range accessible in the experiment.
From least-squares fits we find exponents a=0.32(1)
(T=296 K) and a =0.30(2) (T =321 K), respectively.
These values strongly indicate a t' growth law for the
wetting layer thickness. The dashed lines in Fig. 2 corre-
spond to linear least-squares fits assuming a fixed value of
a = Ii3.

These results are in good agreement with a recent nu-
merical study of the growth of the wetting layer during
the process of spinodal decomposition. In a two-
dimensional model, Brown and Chakrabarti [11] deter-
mined the order parameter profile parallel and perpendic-
ular to the surface of an incompatible binary mixture
after a quench into the two-phase region. Assuming that
one of the components is preferentially attracted to the
surface, they find characteristic oscillations of the order
parameter, which eventually decay as one moves from the
surface into the bulk. Taking the first zero of the order
parameter as a characteristic measure of the wetting lay-
er thickness, the authors find a t ' growth law for both
deep and shallow quenches. The lateral growth of the
surface domains follows the same power law, yet with a
different prefactor. Quench depths of 0.85T, and 0.5T,
were studied, the former being quite close to the situation
realized in the present experiments. Based on their
finding that all relevant lengths in their study grow as
t ', Brown and Chakrabarti could show that the density
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FIG. 3. Deviation of the dPEP volume fraction from its aver-

age value, rescaled by the wetting layer thickness l(t) according
to Eq. (2) for quenches at 296 K at diAerent times: 308 min

(%), 594 min (x), 1168 min (A), 1898 min (a), 2752 min (0).

where n is the order parameter and z is the distance per-
pendicular to the surface. In order to test this hypothesis
with the present experimental data, we may plot the devi-
ation of the dPEP volume fraction from its average value
and rescale the depth by the values for l(t) obtained
above (Fig. 2); i.e., we determine an experimental order
parameter

n(z) =@z[ll(t)] —0.5 . (2)

The result of this procedure is shown in Fig. 3. For either
quench depth, the data fall nicely onto a universal curve
in the near-surface region; however, deviations are ob-
served farther away in the bulk. This behavior again is in

agreement with the results of Ref. [11], where scaling
was found to work less well at depths farther than about
one wavelength away from the surface. As one proceeds
into the bulk, the growth of bulk domains becomes in-

creasingly important, and l(r) may no longer be regarded
as the dominant length scale of the system. This finding
is corroborated by the fact that, given the particular
strength of the surface fields and the respective tempera-
tures, the oscillatory composition profiles decay over
about one wavelength.

We may compare the above findings to earlier investi-
gations of surface-directed spinodal decomposition. The
first experimental evidence for the occurrence of a "sur-
face wave" during the process of spinodal decomposition
in thin films was given by 3ones er al. [81, who investigat-
ed the identical polymer mixture with conventional for-
ward recoil scattering. However, the poor spatial resolu-
tion of this technique together with the fact that rather
thin films were studied did not allow an unambiguous in-

vestigation of the surface layer growth. As a matter of

profiles exhibit scaling behavior and fall on a single mas-
ter curve when rescaled by the actual thickness of the
wetting layer at a given time t, i.e.,

n(z) =n[z/l(r)1,

fact, in a recent study on the thickness dependence of the
spinodal decomposition in thin films we were able to ob-
serve interference eAects of the two spinodal waves origi-
nating from the film surface and the film/substrate inter-
face [18]. As a result of this interference, the phase mor-

phology of the entire film is found to be severely
inAuenced by the presence of the substrate surface.
Bruder and Brenn [19] reported a study on surface-
directed spinodal decomposition in blends of poly(sty-
rene) and partially brominated poly(styrene); their study,
however, aimed at understanding the equilibrium struc-
ture after suSciently long annealing times and no de-
tailed investigation of the time dependence was carried
out. Finally, we shall mention a recent study by Cum-
ming et al. [20], who investigated the spinodal decompo-
sition in critical mixtures of low molecular weight
poly(isoprene) and poly(ethylene propylene) by both light
scattering and optical microscopy. Besides the t '

growth of bulk domains the authors observed a "fast
mode" with a characteristic length following a t behav-
ior, which was attributed to the lateral growth of surface
domains. However, only very shallow quenches were
studied and the final temperature was always well within
the fluctuation regime. In contrast, both in our experi-
ments and in the theoretical study mentioned above,
much deeper quenches were investigated where mean
field behavior can be expected.

In summary, we have investigated the growth of the
wetting layer during the process of spinodal decomposi-
tion of a binary polymer mixture. The use of rather thick
films together with the particular advantages of the
TOF-FRES technique enabled us to unambiguously es-
tablish a power law dependence; i.e., the thickness of the
wetting layer was found to grow as t ' for all times and
temperatures studied. Furthermore, the growth of the
surface layer exhibits dynamic scaling behavior with the
composition profiles collapsing onto a single master curve
when rescaled with respect to the actual wetting layer
thickness. This finding can be attributed to the existence
of a unique length scale characterizing the process of
surface-directed spinodal decomposition. The experimen-
tal findings are in excellent agreement with recent
theoretical predictions.
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