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Evidence for Capillary Waves at Immiscible PolymeryyyPolymer Interfaces
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The width of the interface between two immiscible polymers, deuterated polystyrene and poly(me
methacrylate), has been measured using neutron reflectivity as a function of the thickness o
deuterated polystyrene layer. A logarithmic dependence of interface width on film thickness is obse
characteristic of an interface broadened by thermal induced capillary waves, whose spectrum is c
by dispersive interactions across the polymer layer. Reasonable agreement is obtained with the r
of self-consistent field theory when suitably modified to account for capillary waves, resolving a lo
standing discrepancy between theory and experiment. [S0031-9007(97)03096-2]
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The interface between two immiscible polymers
not atomically sharp, even for cases when the deg
of immiscibility is quite strong. This is because th
unfavorable enthalpy of mixing that occurs at a diffus
interface is offset by a gain in chain entropy. An analyt
solution of the Edwards self-consistent field equations [
due to Helfand and Tagami [2] predicts the width an
the interfacial tension of an immiscible polymer interfac
The volume fraction profile of one component throug
the interface,FAszd, is predicted to take the hyperbolic
tangent function form,

FAszd ­
1
2

∑
1 1 tanh

µ
z

wI

∂∏
, (1)

where the intrinsic interface widthwI is given in terms
of the statistical segment lengtha and the Flory-Huggins
interaction parameterx as

wI ­
a

p
6x

. (2)

However, when the technique of neutron reflectivity wa
used to measure the interfacial width directly for the pa
ticularly well-characterized polymer pair of polystyren
(PS) and poly(methyl methacrylate) (PMMA), indepen
dent measurements by two groups [3,4] produced a res
about 70% in excess of the predicted value.

An appealing and plausible explanation for the discre
ancy is that what is observed in the neutron reflectivity e
periment is not the bare, mean field interface as predic
by self-consistent field theory, but an interface roughen
by thermally excited capillary waves [5,6]. The additiona
contribution to the interfacial width made by these ca
illary waves involves a logarithmic divergence, which,
is suggested, is cut off at short wave vectors by an u
per length scale related to the in-plane coherence len
of the reflected neutron beam. This explanation accou
well for the order of magnitude of the discrepancy betwe
theory and experiment. However, recent computer sim
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lation results [7] produce interfacial widths with a simil
discrepancy from the simple theory, but whose lack of
pendence on system size seems to rule out capillary w
as an explanation. Moreover, more recent measurem
of interfacial width between PS and PMMA [8] have be
interpreted as being consistent with the self-consistent fi
result without a capillary wave correction.

In this Letter we provide decisive evidence in favor
the capillary wave explanation of the observed appar
extra broadening of immiscible polymer-polymer inte
faces. By measuring the interface between poly(met
methacrylate) and rather thin films of deuterated polys
rene (d-PS), we enter a regime in which the short wa
vector cutoff of the logarithmic divergence is provide
not by the coherence length of the neutrons but by
effect of dispersion forces acting across the film. This
sults in the prediction of a logarithmic dependence of
interfacial width on film thickness. We have measur
the interfacial widths between relatively thicks.4000 Åd
PMMA layers andd-PS films of thickness ranging from
,50 to ,20 000 Å, and we find just such a logarithmi
dependence on thed-PS film thickness, providing stron
evidence for the capillary wave hypothesis.

An intuitive approach to the broadening of fluid inte
faces due to thermal fluctuations was initiated by Bu
Lovett, and Stillinger [9,10]. Essentially, we imagine th
interface as if it were a membrane in a state of tens
characterized by the bare interfacial energys0; it sustains
a spectrum of capillary waves, each of whose average
ergy is determined by equipartition of energy. By integ
tion over the spectrum of capillary waves, one finds
average mean square displacement of the interfacekDz 2l
as

kDz 2l ­
kBT

4ps0
ln

µ
k2

M 1 k2
y

k2
m 1 k2

y

∂
. (3)

HerekM andkm are, respectively, the largest and small
wave vectors of capillary waves that can be sustained
© 1997 The American Physical Society 3693
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the interface. The lower cutoffkm is related to the total
system sizeL or, alternatively, the length over which an
experiment averages the interfacial width—for exampl
the in-plane coherence length of neutrons in a reflectivi
experiment. The upper cutoffkM must be related to the
intrinsic width of the bare, mean field, interfacial profile
w1. The capillary waves will be modified if the interface
is in an external potential such as gravity; writing th
external potential asyszd, one finds

k2
y ­

1
s0

µ
≠yszd

≠z

∂
. (4)

Thus, for gravity, we find an additional cutoff character
ized by a gravitational capillary lengthagrav , given by

a2
grav ­

2s0

gDr
, (5)

whereDr is the difference in the mass density betwee
the two phases.

For a polymer interface we can estimate the value
agrav as being 2 mm, which compares with a neutron c
herence length of the order of microns. Thus the gravit
tional cutoff will not be relevant for a determination of an
interface width by neutron reflectivity. However, if one
or both of the polymer phases is rather thin, then an a
ditional potential comes into play—the dispersive or Va
der Waals forces across the film. This leads to a disp
sive capillary lengthadis,

a2
dis ­

4ps0l4

A
, (6)

where l is the film thickness andA is the Hamaker
constant for the interaction between the substrate a
the air across the film [11]. This Hamaker constan
may be estimated from refractive index and dielectr
constant data using an approximation based on Lifsh
theory [12]; we obtain a value of2 3 1020 J for PMMA
interacting with air across ad-PS film, though it should
be recognized that this estimate is not likely to be whol
reliable. For films in the thickness range 50 to 500 Å
the dispersive capillary length may then be estimate
as falling between 300 Å and 3mm. Thus, for films in
this range of thicknesses, this dispersive capillary leng
rather than the neutron coherence length, may be
origin of the lower wave-vector cutoff on the capillary
waves. In these circumstances, we expect the avera
mean square displacement of the interface to take t
form,

kDz 2l ­
kBT

4ps0
ln

s2pyD0d2

s2pylcoehd2 1 s2pyadisd2 , (7)

whereD
2
0 is the mean squared roughness of the intrins

(unbroadened by capillary waves) interface, which
related to the interfacial width parameterwI by D0 ­p

2wIp
p , s0 is the interfacial tension,lcoeh is the in-plane

coherence length of neutrons, andadis is the dispersive
capillary length given by (6). Thus we expect th
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capillary wave contribution to the measured interfaci
width to vary logarithmically with the film thickness.

Bilayers ofd-PS on PMMA were prepared by spin cas
ing PMMA from the toluene solution onto the surface of
silicon wafer to produce a film between 4000 and 9000
thick. d-PS was spun from the toluene solution onto
glass slide and floated onto the PMMA substrate, produ
ing layers of thickness ranging from,50 to ,20 000 Å.
Film thicknesses were measured using ellipsometry. A
ter drying at 60±C in a vacuum oven, the samples wer
then annealed at 120±C for 6 h, which, neutron re-
flectivity experiments as a function of annealing tim
showed, is sufficient time for equilibrium to be reache
Various combinations of molecular weights were used:d-
PS of molecular weight 244 000 with PMMA of molecu
lar weight 365 000 (pair A),d-PS of molecular weight
387 000 with PMMA of molecular weight 365 000 (pai
B), d-PS of molecular weight 641 000 with PMMA of
molecular weight 365 000 (pair C),d-PS of molecu-
lar weight 400 000 with PMMA of molecular weight
365 000 (pair D), andd-PS of molecular weight 400 000
with PMMA of molecular weight 333 000 (pair E). All
the polymers were obtained from Polymer Laboratori
(UK), and were prepared by anionic polymerizations wi
MwyMN of 1.1 or less. We note that corrections to the in
terfacial width and interfacial tension due to finite molecu
lar weight are expected to be of ordersxNd21 [13]. This
allows us to estimate that the upper limit on the discre
ancy introduced by using these different molecular weig
combinations is about one-half of one percent.

Neutron reflectivity measurements were carried out
the reflectometers SURF and CRISP at the Rutherfo
Appleton Laboratory. Figure 1 shows, as an examp

FIG. 1. Neutron reflectivity curves as a function of th
neutron momentum transfer,Qz , for bilayers consisting of
films of deuterated polystyrene (molecular weight 244 000) wi
thicknesses varying from 60 Å (top curve) to 4800 Å (bottom
curve), on thicker films of poly(methylmethacrylate) (molecula
weight 365 000). The fits (solid lines) to the data are describ
in the text. The curves are shifted down by a factor of 10
with respect to each other for clarity.
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reflectivity curves obtained for the samples of pair A
where the film thickness of the topd-PS layer has
been varied, showing interference fringes characteris
of the d-PS layer thickness. The solid lines are fit
obtained by a least-squares fit to a multilayer model wi
Gaussian roughness introduced at the surface and fi
interfaces. Apart from the interfacial width betweend-
PS and PMMA layers, all the parameters in this fit a
measured independently; the silicon oxide layer thickne
PMMA layer thickness, andd-PS layer thickness by
spectroscopic ellipsometry. The surface roughness of
d-PS layer is assumed to take a constant value of 7
independent of thed-PS layer thickness, an assumptio
which is born out by reflectivity measurements ofd-
PS films of varying thicknesses on a silicon substra
Standard errors in the interfacial width values are obtain
from the fitting procedure and are typically 15%–25% o
the actual values, depending on theq range and counting
statistic of each data set.

Interfacial widths for all the polymer pairs studied
are plotted as a function of thed-PS film thickness
in Fig. 2. The width parameterD that is plotted is
related to the hyperbolic tangent profile width2wI by
D ­ 2wIy

p
2p, so the value ofD of 20.3 Å corresponds

to a hyperbolic tangent width2wI ­ 51 Å, in satisfactory
agreement with values obtained by other workers [3,4
For thinner films, it is immediately apparent that there is
dependence of interfacial width on film thickness, whic
is at least approximately logarithmic. The logarithmi
dependence persists up to a thickness of about 1000
after which the data levels off. This is as we expect wh
the dispersive capillary length becomes larger than t
neutron coherence length, and it allows us to estimate
in-plane coherence length of about 20mm. This value is

FIG. 2. The interfacial width parameterD for an inter-
face between deuterated polystyrene (d-PS) and poly-
(methylmethacrylate) (PMMA), as a function of thed-PS film
thickness, as measured by neutron reflectivity. The symb
(≤) are for polymer pair A, (h) are for polymer pair B, (b) are
for pair C, (n) are for polymer pair D, and (p) for polymer pair
E, as described in the text. The solid line is a fit to Eq. (8).
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consistent with the results of a direct measurement of t
coherence length on the CRISP reflectometer in a simi
experimental configuration to that used by us on CRIS
and SURF [14].

To analyze this result more quantitatively, we assum
that the contributions to the interfacial width, due to th
intrinsic interface and due to capillary wave broadening
add in Gaussian quadrature; thus we write the observ
interfacial widthD as

D2 ­ D2
0 1 kDz 2l , (8)

wherekDz 2l is given by Eq. (7).
The solid line in Fig. 2 is a fit to Eq. (8) in which we

vary the intrinsic interface widthD0 and the interfacial
tension s0; lcoeh is the in-plane coherence length o
neutrons and has been fixed to 20mm.

Very good agreement is achieved for parameter valu
D0 ­ 9.3 6 1.4 Å and s0 ­ 2.7 6 0.3 mJ m22. The
error bars here are derived from the random error
the determination of the interface width; however, w
should recognize that our value for the Hamaker consta
A is extremely uncertain. Indeed, over the range o
thicknesses used, retardation effects are likely to becom
important so the effective Hamaker constant will depen
on thickness. Luckily, asA appears inside a logarithm,
our results are rather insensitive to the value chosen
50% variation in the value ofA results in a change in
the best fit value ofD0 of about 10%, and has even less
effect on the best fit value ofs0. The value of the Flory-
Huggins interaction parameterx has been determined by
small angle scattering from a block copolymer [15], an
for our temperature takes the valuex ­ 0.037 6 0.002.
Using this and the average statistical segment leng
a ­ 7 Å, we can use Eq. (2) to evaluateD0 as predicted
by self-consistent field theory as11.8 6 0.6 Å. Similarly,
the interfacial tensions0 may be calculated from the
expression [2]

s0 ­ arkBT

r
x

6
, (9)

where r21 is the volume of the monomer repeat unit
which takes the value 174 Å3. Thus we find s0, as
predicted from the self-consistent field theory, to b
1.7 6 0.05 mJ m22.

Thus the comparison of our deduced bare interface wid
D0 with theory is excellent, while our deduced interfacia
energy is somewhat larger than predicted. We mu
however, bear in mind the approximation implicit in the
use of Eq. (8). For instance, we have assumed that the f
surface of thed-PS film behaves like a rigid wall, whereas
it will have its own spectrum of capillary waves that will
be coupled to the waves at the interface. Since, howev
the surface energy ofd-PS is about an order of magnitude
bigger than thed-PSyPMMA interfacial energy, the rigid
wall assumption is a reasonable starting point.
3695
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The logarithmic dependence of interfacial width on film
thickness is characteristic of a situation in which the spe
trum of capillary waves is cut off by a long-range force
such as the dispersion force. This is in interesting co
trast to another recent study of interfacial widths betwee
coexisting polymer phases, in which a square-root depe
dence of interfacial width on film thickness was observe
[16]. In this case, the phases were rather close to the cr
cal point, and the intrinsic interface width is a significan
fraction of the total film width. In these circumstances
one expects an effective short-range force across the t
film which is due to the energy cost of truncating the equ
librium interface profile by the film boundary.

Our interpretation is in disagreement with another rece
study of the PSyPMMA interface [8]. These authors con-
clude that capillary waves are not important for immiscibl
polymer interfaces on the basis that they measure a value
interfacial widthD ­ 13 Å (for relatively high molecular
weight samples), in close enough agreement with the se
consistent field result, with no need for a capillary wav
correction. However, these authors correct their raw me
sured interfacial width by subtracting, in quadrature, th
measured roughness of the sample as made, before ann
ing. For an equilibrium measurement it is difficult to se
why this procedure should be legitimate because, if th
samples are annealed above the glass transition temp
ture long enough, the interface should come to an equ
librium which is independent of the starting state of th
system. The uncorrected value measured wasD ­ 17 Å,
significantly bigger than the self-consistent field result.

Our major conclusion, then, is that the interfacia
width between two immiscible polymers has a logarith
mic dependence on film thickness, indicating that cap
lary waves contribute substantially to the interfacial widt
as measured by neutron reflectivity, confirming earlie
suggestions. When corrected for the effect of capillar
waves, there is reasonable quantitative agreement betw
the predictions of self-consistent field theory and exper
mental measurements of interfacial widths between im
miscible polymer pairs as a function of film thickness.

We thank the EPSRC for financial support via th
ROPA scheme.
3696
c-

n-
n
n-
d
iti-
t
,
hin
i-

nt

e
of

lf-
e
a-
e
eal-

e
e

era-
i-

e

l
-

il-
h
r
y
een
i-
-

e

*To whom correspondence should be addressed.
[1] S. Edwards, Proc. Phys. Soc. London85, 613 (1965).
[2] E. Helfand and Y. Tagami, J. Chem. Phys.56, 3592

(1972).
[3] M. L. Fernandezet al., Polymer29, 1923 (1988).
[4] S. P. Anastasiadiset al., J. Chem. Phys.92, 5677

(1990).
[5] K. R. Shull, A. M. Mayes, and T. P. Russell, Macro

molecules26, 3929 (1993).
[6] A. N. Semenov Macromolecules27, 2732 (1994).
[7] M. Müller, K. Binder, and W. Oed, J. Chem. Soc. Farada

Trans.91, 2369 (1995).
[8] D. W. Schubert and M. Stamm, Europhys. Lett.35, 419

(1996).
[9] F. P. Buff, R. A. Lovett, and F. H. Stillinger, Phys. Rev

Lett. 15, 621 (1965).
[10] J. S. Rowlinson and B. Widom,Molecular Theory of

Capillarity (Clarendon Press, Oxford, 1982).
[11] I. M. Tidswell et al., Phys. Rev. Lett.66, 2108 (1991).
[12] The nonretarded Hamaker constant between two mac

scopic phases 1 and 2 interacting across a medium
assumes the following expression:

A ­
3
4

kT

√
´1 2 ´2

´1 1 ´3

! √
´2 2 ´3

´2 1 ´3

!
1

3hne

8
p

2

3
sn2

2 2 n2
3d sn2

2 2 n2
3dq

n2
1 1 n2

3

q
n2

2 1 n2
3

≥q
n2

1 1 n2
3 1

q
n2

2 1 n2
3

¥ ,

where´i and ni are the dielectric constant and refractiv
index of the mediumi, respectively, andne is the main
electronic absorption frequency in the UV. For our cas
medium 1 is air, medium 2 is PMMA, and medium 3 i
the d-PS layer; J. Israelachvili,Intermolecular and Sur-
face Forces(Academic Press, San Diego, 1991), p. 18
2nd ed.

[13] D. Brosetaet al., Macromolecules23, 123 (1990).
[14] R. M. Richardson, J. R. P. Webster, and A. Zarbakh

J. Appl. Cryst. (to be published).
[15] T. P. Russell, R. P. Hjelm, and P. A. Seeger, Macr

molecules23, 890 (1990).
[16] T. Kerle, J. Klein, and K. Binder, Phys. Rev. Lett.77,

1318 (1996).


