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Surface-Directed Spinodal Decomposition
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The spinodal decomposition of mixtures of poly(ethylenepropylene) (PEP) and perdeuterated
poly(ethylenepropylene) (d-PEP) has been studied near the surface using forward-recoil spectrometry.
Instead of the composition waves with randomly oriented wave vectors (and random phases) found in the
bulk, we observe composition waves with wave vectors normal to, and which propagate inwards from, the
surface, maintaining coherence for several wavelengths. We argue that these surface-directed spinodal
decomposition waves are caused by the preferential attraction of the d-PEP to the surface.

PACS numbers: 68.10.—m, 05.70.Fh, 61.25.Hq, 64.75.+g

The spinodal decomposition of a binary mixture fol-
lowing a rapid quench to an unstable state from a homo-
geneous solution has been extensively investigated. ' In
the bulk fluids, of which polymer melt blends are a par-
ticularly convenient special case, ' the unstable state
decays by the growth of long-wavelength fluctuations
with randomly directed wave vectors leading to a charac-
teristic interconnected phase morphology and a structure
factor which is isotropic with a broad peak at a wave
number q . As time proceeds after the quench, the
magnitude of this peak grows and q shifts toward zero
as the structure coarsens, but the structure factor re-
mains isotropic.

The presence of a surface, however, may alter the
course of this spinodal decomposition, by breaking the
translational and rotational symmetry. Within a certain
coherence length of the surface, such broken symmetry
may cause the spinodal waves to grow with a dominant
wave vector directed normal to the surface and a definite
phase relative to it. Recent theoretical work'' predicts
such surface-directed spinodal decomposition when the
symmetry is broken by the attraction of one of the com-
ponents to the surface. In this paper we give the first ex-
perimental evidence for such surface-directed spinodal
decomposition.

We investigate a mixture of the isotopic polymers
poly(ethylenepropylene) (PEP) and perdeuterated poly-
(ethylenepropylene) (d-PEP). These polymers have
essentially identical polymerization indices N H =N D
=N =2286, and were synthesized and characterized by
standard methods. ' Mixtures of deuterated and pro-
tonated polymers are not ideal, ' but have a small posi-

tive segment-segment interaction parameter g, which is
almost entirely enthalpic in origin, due to the C-D bond
having a smaller length and polarizability than the C-H
bond; e.g. , for symmetric isotopic polymer mixtures,
@=AT ', where A is a constant. ' For large enough
N's therefore the mixture will separate into two phases
on cooling below a critical temperature T„ that was
determined to be 92.4'C (+' 1.5 'C) for these d-
PEP/PEP mixtures. Over all but a narrow temperature
range around the critical point polymer-polymer thermo-
dynamics can be described by mean-field theory ' so that
the mean-field critical value of g, MF is the appropriate
parameter for defining quench depth. ' The same
difference in bond length and polarizability that leads to
phase separation also causes the surface energy of the
deuterated hydrocarbon to be slightly less than its pro-
tonated counterpart, thus providing a driving force for
preferential segregation of the deuterated polymer to the
surface. '

Uniform, 9000-A-thick films with d-PEP volume frac-
tion p=0.5 (the critical composition) were spun cast
from toluene on silicon wafers. These films were then
annealed in vacuum at temperatures between room tem-
perature and T, for various times t to initiate spinodal
decomposition. A major advantage of the polymer mix-
ture for these experiments is that the diffusion coe%cient
is small enough («10 ' cm js) that the spinodal
decomposition is very sluggish and the film does not be-
gin to decompose until the annealing temperature has
been reached.

We measure the volume fraction versus depth pro-
file of the mixture using forward-recoil spectrometry
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(FRES), which gives a lateral average over several
square millimeters of the surface. ' ' If the spinodal
decomposition near the surface were to proceed with an
isotropic wave vector q, because of this lateral averaging
FRES should reveal p to be constant with depth, except
for a surface layer that would be enriched in d-PEP be-
cause of its lower surface energy. To the contrary, at an-
nealing temperatures of 35 and 76'C, which correspond
to reduced quench depths s=(g —g, MF)/g, MF of 0.200
and 0.059, respectively, we observe wavelike composition
profiles; some of those at 35'C are shown in Fig. 1. The

surface of the polymer melt is indeed enriched in d-PEP
but &p(z) shows a damped oscillation with depth z from
the surface which grows with time and whose wavelength
increases with time. We believe this damped oscilla-
tion is the result of surface-directed spinodal decomposi-
tion.

To test this hypothesis we have computed the Fourier
transforms of the &p(z) profiles, that should be the ana-
log for the film of the structure factors measured by light
or x-ray scattering for bulk specimens. Each of these
also shows a broad maximum at a wave number q
(=2m/X, where X is the wavelength along z), similar to
the maximum observed in the isotropic scattering pattern
from the bulk samples.

The value of q decreases with annealing time, as
shown in Fig. 2, corresponding to the coarsening of the
structure noted qualitatively above. These values can be
compared directly with measurements of q on bulk
samples of the same blend of d-PEP/PEP derived from
light-scattering data at the same temperatures. The
dotted lines represent the values q [=q (t=0)l ex-
trapolated to zero time after the quench. At short times
the values of q of the oscillation approach those of the
(isotropic) spinodal decomposition in the bulk; at short
times the q for the more shallow quench (76 C) is less
than that for the deeper quench (35'C) and the ratio of
the short-time q 's at the two temperatures is —1.6, ap-
proximately the same ratio as that for the bulk (1.85).
This correspondence is predicted by the analytical mod-
eling and numerical simulations of Ball and Essery and
is thus strong evidence that the volume-fraction oscilla-
tions in Fig. 1 are caused by surface-directed spinodal
decomposition. However, as is clear from the direct
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FIG. 1. Volume fraction vs depth profiles of d-PEP in an in-

itially uniform mixture with a d-PEP volume fraction of 0.5
after aging at 35 C for (a) 19200 s, (b) 64440 s, and (c)
172800 s.
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FIG. 2. Wave number of the peak in the Fourier transform
of profiles like those in Fig. 1 after various aging times at 35 'C
(squares) and 76'C (open circles). The dashed and dotted
lines correspond to the values of q at these temperatures from
light-scattering measurements on bulk samples extrapolated to
t =0. The solid circles show the time-dependent value of q at
76 C from the light-scattering measurements on bulk samples.
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comparison between the bulk and surface data in Fig. 2,
the composition waves of the bulk mixture seem to
coarsen more rapidly with time. At any given q there
appears to be a shift to longer times for the surface
values by about a factor of 4.

It is of interest to see if reducing the wave numbers
lq /q (t=0)l and time (r=riDi[q (t=0)l ) to scal-
ing variables ' results in superposition of the data since
we can determine the mutual diffusion coefficient D from
our measurements of the tracer diffusion coefficient D*
and the quench depth s of the blends. (Inside the spino-
dal D is negative corresponding to diffusion against the
concentration gradient and its magnitude at p=0.5 is
given by D=D*e. FRES was used to measure D* at
several different temperatures from concentration versus
depth profiles of thin films of partially deuterated PEP
diffused for various times into PEP; the values were con-
sistent with the time-temperature superposition shift fac-
tor aT of PEP, measured by dynamic mechanical spec-
trometry. ) Figure 3 shows that a plot of these scaling
variables fails to quantitatively collapse these data onto a
master curve, mimicking the corresponding lack of bulk
superposeability, also documented for another symmetric
isotopic mixture.

Finally, we can give a simple physical picture for how
the surface-directed spinodal decomposition waves devel-
op. It has been observed that at compositions outside
the coexistence curve, the growth of a surface enrich-
ment layer is diffusion limited with the layer near the
surface staying in local equilibrium with a region further
below the surface that is depleted in the segregating
component (in this case d-PEP). The kinetics of the

segregation are controlled by diffusion of the d-polymer
down the diffusion gradient from the bulk composition to
that in the depleted layer. As the enriched layer nears
equilibrium, the diffusion gradient becomes smaller and
smaller as the composition in the depleted layer ap-
proaches the bulk composition.

Now imagine what happens inside the spinodal. The
initial results are rather similar as the enrichment of d-
PEP at the surface inevitably leads to a layer below the
surface depleted in d-PEP and a gradient from the bulk
composition (p =0.5) into this depleted layer. However,
inside the spinodal the mutual diffusion coefficient is
negative, so that rather than gradually being erased as
time proceeds, this gradient is consistent with recent op-
tical observations of the layering of wetting and nonwet-
ting phases of a small molecule Auid mixture at much
later reduced times i.

In summary, we have shown for the first time that the
preferential attraction of the surface for one of the com-
ponents in a binary polymer mixture can lead to spinodal
decomposition waves with a preferred wave vector nor-
mal to the surface and a phase such that the composition
of the mixture is enriched in the preferred component at
the surface. While many questions remain to be an-
swered (e.g. , How far do these coherent waves extend
into the bulk before they break up into an isotropic
structure?), the range of these waves is certainly large
enough that they will affect many surface and near-
surface properties. Nor does there seem to be any reason
why surface-directed spinodal decomposition waves
should be confined to polymer blends. One can imagine
that similar waves should exist as well at the surface of
metallic alloy crystals and inorganic glasses that undergo
spinodal decomposition. The presence of such waves in
solid systems may lead to interesting mechanical proper-
ties.
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FIG. 3. Reduced plot of the peak position vs time at 76 C
(circles) and 35'C (squares). The scaling variables q (I =0)
and D were determined from light-scattering measurements on
bulk samples and FRES measurements of diffusion, respective-
ly. The shaded area represents the behavior of the bulk mix-
ture from light scattering with the extreme lines showing the
data at 90 and 45 'C.

'J. W. Cahn, J. Chem. Phys. 42, 93 (1965).
2J. D. Gunton, M. San Miguel, and P. S. Sahni, in Phase

Transitions and Critical Phenomena, edited by C. Domb and
J. L. Lebowitz (Academic, Orlando, FL, 1983), Vol. 8.

1328



VOLUME 66, NUMBER 10 PHYSICAL REVIEW LETTERS 11 MARcH 1991

3P. G. de Gennes, J. Chem. Phys. 72, 4756 (1980).
4P. Pincus, J. Chem. Phys. 75, 1996 (1981).
sK. Binder, J. Chem. Phys. 79, 6387 (1983).
H. L. Snyder and P. Meakin, J. Chem. Phys. 79, 5588

(1983).
7T. Hashimoto, M. Itakura, and H. Hasegawa, J. Chem.

Phys. 85, 6118 (1986).
~T. Hashimoto, M. Itakura, and N. Shimidzu, J. Chem.

Phys. 85, 6773 (1986).
F. S. Bates, P. Wiltzius, and W. R. HeA'ner, Phys. Rev.

Lett. 60, 1538 (1988).
' F. S. Bates and P. Wiltzius, J. Chem. Phys. 91, 3258

(1989).
''R. C. Ball and R. L. H. Essery, J. Phys. Condens. Matter

(to be published). Their actual boundary condition leads to
surface-directed spinodal decomposition only at oA-critical
compositions.

' F. S. Bates, J. H. Rosedale, H. E. Bair, and T. P. Russell,
Macromolecules 22, 2557 (1989).

' F. S. Bates, G. D. Wignall, and W. C. Koehler, Phys. Rev.
Lett. 55, 2425 (1985).

' F. S. Bates, L. J. Fetters, and G. D. Wignall, Macro-
molecules 21, 1086 (1988).

'5F. S. Bates, J. H. Rosedale, P. Stepanek, T. P. Lodge, P.
Wiltzius, G. H. Fredrickson, and R. P. Hjelm, Phys. Rev. Lett.
65, 1893 (1990).

' g, Mp has been estimated by extrapolation of bulk spinodal
decomposition q (r =0) values as in Ref. 10.

' L. S. Bartell and R. R. Roskos, J. Chem. Phys. 44, 457
(1966).

' R. A. L. Jones, E. J. Kramer, M. H. Rafailovich, J. Soko-
lov, and S. A. Schwarz, Phys. Rev. Lett. 62, 280 (1989).

' R. A. L. Jones, L. J. Norton, E. J. Kramer, R. J. Composto,
R. S. Stein, T. P. Russell, A. Mansour, A. Karim, G. P. Felch-
er, M. H. Rafailovich, J. Sokolov, X. Zhao, and S. A. Schwarz,
Europhys. Lett. 12, 41 (1990).

B. L. Doyle and P. S. Peercy, Appl. Phys. Lett. 34, 811
(1979).

'P. J. Mills, P, F. Green, C. J. Palmstrpm, J. W. Mayer, and
E. J. Kramer, Appl. Phys. Lett. 45, 957 (1984).

The silicon interface attracts the more polarizable PEP so
that waves also originate from that interface. Here we focus
on the structure near the vacuum interface as it can be more
easily determined using FRES. To ensure this, the measured
profile is damped by a factor exp| —[z/(4000 A)] I before
Fourier transformation. The q thus computed compare well
with those estimated from the z values of the maxima and
minima of the wave near the surface.

z3P. Wiltzius and F. S. Bates (unpublished).
~4J. H. Rosedale and F. S. Bates (unpublished). The WLF

coefficients are Ci =6.48 C ', C2=173.1 C, and To=35 C
where lnar = —C i (T —To)/(C2+ T To).

25R. A. L. Jones and E. J. Kramer, Philos. Mag. 62, 129
(1990).

P. Guenoun, D. Beysens, and M. Robert, Phys. Rev. Lett.
65, 2406 (1990).

1329


