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Evidence for Capillary Waves at Immiscible Polymer/Polymer Interfaces
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The width of the interface between two immiscible polymers, deuterated polystyrene and poly(methyl
methacrylate), has been measured using neutron reflectivity as a function of the thickness of the
deuterated polystyrene layer. A logarithmic dependence of interface width on film thickness is observed,
characteristic of an interface broadened by thermal induced capillary waves, whose spectrum is cut off
by dispersive interactions across the polymer layer. Reasonable agreement is obtained with the results
of self-consistent field theory when suitably modified to account for capillary waves, resolving a long-
standing discrepancy between theory and experiment. [S0031-9007(97)03096-2]

PACS numbers: 61.41.+e, 61.12.Ha

The interface between two immiscible polymers islation results [7] produce interfacial widths with a similar
not atomically sharp, even for cases when the degrediscrepancy from the simple theory, but whose lack of de-
of immiscibility is quite strong. This is because the pendence on system size seems to rule out capillary waves
unfavorable enthalpy of mixing that occurs at a diffuseas an explanation. Moreover, more recent measurements
interface is offset by a gain in chain entropy. An analyticof interfacial width between PS and PMMA [8] have been
solution of the Edwards self-consistent field equations [1]jnterpreted as being consistent with the self-consistent field
due to Helfand and Tagami [2] predicts the width andresult without a capillary wave correction.
the interfacial tension of an immiscible polymer interface. In this Letter we provide decisive evidence in favor of
The volume fraction profile of one component throughthe capillary wave explanation of the observed apparent
the interface,®4(z), is predicted to take the hyperbolic extra broadening of immiscible polymer-polymer inter-

tangent function form, faces. By measuring the interface between poly(methyl
1 ; methacrylate) and rather thin films of deuterated polysty-
Dy(z) = 2 [1 + tan?(w—'ﬂ, (1) rene ¢@-PS), we enter a regime in which the short wave

1

vector cutoff of the logarithmic divergence is provided
where the intrinsic interface width; is given in terms not by the coherence length of the neutrons but by the
of the statistical segment lengthand the Flory-Huggins effect of dispersion forces acting across the film. This re-
interaction parametey as sults in the prediction of a logarithmic dependence of the
interfacial width on film thickness. We have measured
Jox (2)  the interfacial widths between relatively thi¢k4000 A)

X PMMA layers andd-PS films of thickness ranging from
However, when the technique of neutron reflectivity was~50 to ~20000 A, and we find just such a logarithmic
used to measure the interfacial width directly for the par-dependence on thé-PS film thickness, providing strong
ticularly well-characterized polymer pair of polystyrene evidence for the capillary wave hypothesis.

(PS) and poly(methyl methacrylate) (PMMA), indepen- An intuitive approach to the broadening of fluid inter-
dent measurements by two groups [3,4] produced a resuices due to thermal fluctuations was initiated by Bulff,
about 70% in excess of the predicted value. Lovett, and Stillinger [9,10]. Essentially, we imagine the

An appealing and plausible explanation for the discrepinterface as if it were a membrane in a state of tension
ancy is that what is observed in the neutron reflectivity excharacterized by the bare interfacial enetgy it sustains
periment is not the bare, mean field interface as predicted spectrum of capillary waves, each of whose average en-
by self-consistent field theory, but an interface roughenee@rgy is determined by equipartition of energy. By integra-
by thermally excited capillary waves [5,6]. The additionaltion over the spectrum of capillary waves, one finds the
contribution to the interfacial width made by these cap-average mean square displacement of the intexfa¢é)
illary waves involves a logarithmic divergence, which, it as
is suggested, is cut off at short wave vectors by an up- kT 2+ K2
per length scale related to the in-plane coherence length (ALY = B In( 1;4 ;) 3
of the reflected neutron beam. This explanation accounts 4 kin + k3
well for the order of magnitude of the discrepancy betweerHerek,, andk,, are, respectively, the largest and smallest
theory and experiment. However, recent computer simuwave vectors of capillary waves that can be sustained by

a

wrp =

0o

0031-900797/78(19)/3693(4)$10.00  © 1997 The American Physical Society 3693



VOLUME 78, NUMBER 19 PHYSICAL REVIEW LETTERS 12 My 1997

the interface. The lower cutoff,, is related to the total capillary wave contribution to the measured interfacial
system sizel or, alternatively, the length over which an width to vary logarithmically with the film thickness.
experiment averages the interfacial width—for example, Bilayers ofd-PS on PMMA were prepared by spin cast-
the in-plane coherence length of neutrons in a reflectivitytng PMMA from the toluene solution onto the surface of a
experiment. The upper cutokfy, must be related to the silicon wafer to produce a film between 4000 and 9000 A
intrinsic width of the bare, mean field, interfacial profile thick. d-PS was spun from the toluene solution onto a
wi. The capillary waves will be modified if the interface glass slide and floated onto the PMMA substrate, produc-
is in an external potential such as gravity; writing theing layers of thickness ranging from30 to ~20000 A.

external potential as(z), one finds Film thicknesses were measured using ellipsometry. Af-
5 1 [ov(z) ter drying at 60C in a vacuum oven, the samples were
k, = 0_0<T> (4)  then annealed at 12@ for 6 h, which, neutron re-

. i - flectivity experiments as a function of annealing time
Thus, for gravity, we find an additional cutoff character- showed, is sufficient time for equilibrium to be reached.

ized by a gravitational capillary lengr.y, given by Various combinations of molecular weights were uséd:
. = 209 5) PS of molecular weight 244 000 with PMMA of molecu-
gy eAp’ lar weight 365000 (pair A)d-PS of molecular weight

where Ap is the difference in the mass density between387 000 with PMMA of molecular weight 365000 (pair
the two phases. B), d-PS of molecular weight 641000 with PMMA of

For a polymer interface we can estimate the value ofnolecular weight 365000 (pair C}-PS of molecu-
dgray @S being 2 mm, which compares with a neutron colar_weight 400000 with PMMA of molecular weight
herence length of the order of microns. Thus the gravita365 000 (pair D), and/-PS of molecular weight 400 000
tional cutoff will not be relevant for a determination of an With PMMA of molecular weight 333000 (pair E). All
interface width by neutron reflectivity. However, if one the polymers were obtained from Polymer Laboratories
or both of the polymer phases is rather thin, then an adtUK), and were prepared by anionic polymerizations with
ditional potential comes into play—the dispersive or VanMw/My of 1.1 or less. We note that corrections to the in-

der Waals forces across the film. This leads to a disperterfacial width and interfacial tension due to finite molecu-
sive capillary lengthugis, lar weight are expected to be of ordgrN) ™! [13]. This

4 allows us to estimate that the upper limit on the discrep-
) 4m ool . . . :
ag, = , (6) ancy introduced by using these different molecular weight
A combinations is about one-half of one percent.
where [ is the film thickness andi is the Hamaker Neutron reflectivity measurements were carried out on
constant for the interaction between the substrate anthe reflectometers SURF and CRISP at the Rutherford
the air across the film [11]. This Hamaker constantAppleton Laboratory. Figure 1 shows, as an example,
may be estimated from refractive index and dielectric
constant data using an approximation based on Lifshitz
theory [12]; we obtain a value of X 10% J for PMMA |
interacting with air across d-PS film, though it should 107 4
be recognized that this estimate is not likely to be wholly 10
reliable. For films in the thickness range 50 to 500 A, 10
the dispersive capillary length may then be estimated
as falling between 300 A and @m. Thus, for films in
this range of thicknesses, this dispersive capillary length,
rather than the neutron coherence length, may be the 02 |
origin of the lower wave-vector cutoff on the capillary 0™ L .
waves. In these circumstances, we expect the average ;-
mean square displacement of the interface to take the
form,

eflectivity
O\

R

10—18 L

2 0.01 0.1
(ALY = kT |, @m/Ao) , (D Momentum Transfer Q. [A™]
477'0-0 (277//\coeh)2 + (277'/adis)2 . .

. . .. . FIG. 1. Neutron reflectivity curves as a function of the
where Ag is the mean squared roughness of the intrinsiq,e;tron momentum transfer,, for bilayers consisting of
(unbroadened by capillary waves) interface, which isfims of deuterated polystyrene (molecular weight 244 000) with
related to the interfacial width parameter; by Ay = thickn)esseshvzil(ryir;glz fron; 60|/? (toE (I:urv?]) to TlSO;)(A (?ottcl)m
N , , . . , : curve), on thicker films of poly(methylmethacrylate) (molecular
77 » 00 is the interfacial tensiondcoen is the in-plane weight 365000). The fits (solid lines) to the data are described
coherence length of neutrons, angls is the dispersive n the text. The curves are shifted down by a factor of 100

capillary length given by (6). Thus we expect the with respect to each other for clarity.
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reflectivity curves obtained for the samples of pair A,consistent with the results of a direct measurement of the
where the film thickness of the tog-PS layer has coherence length on the CRISP reflectometer in a similar
been varied, showing interference fringes characteristiexperimental configuration to that used by us on CRISP
of the d-PS layer thickness. The solid lines are fitsand SURF [14].

obtained by a least-squares fit to a multilayer model with To analyze this result more quantitatively, we assume
Gaussian roughness introduced at the surface and filthhat the contributions to the interfacial width, due to the
interfaces. Apart from the interfacial width betweén intrinsic interface and due to capillary wave broadening,
PS and PMMA layers, all the parameters in this fit areadd in Gaussian quadrature; thus we write the observed
measured independently; the silicon oxide layer thicknessnterfacial widthA as

PMMA layer thickness, andi-PS layer thickness by 5 5 5

spectroscopic ellipsometry. The surface roughness of tRe A% = Aj + (ALY, 8
d-PS layer is assumed to take a constant value of 7 i
independent of the/-PS layer thickness, an assumptionWh_l?r:e<A§|.g 'ITQ‘ gl\_/enF_by Eq.' (7)];. Eq. (8) in which
which is born out by reflectivity measurements @&f e solid line in Fig. 2 is a fit to g ( )|n_ which we
PS films of varying thicknesses on a silicon substrate! 2. the ptnnsm |_nterfac_e widtido and the interfacial
Standard errors in the interfacial width values are obtaine&enSIon 70; Acoen IS the_ in-plane coherence length of
from the fitting procedure and are typically 15%—25% Ofneutrons and has been fixed to 24n.

the actual values, depending on theange and counting A VE% goi)dl 3g£‘eemznt 'S Ecr21|7evied0f§r pJara_Tete_IEhvalues
statistic of each data set. 0=7.5 = 1.4 A and oo = 2/ = 0.5 MJm = 1nhe

Interfacial widths for all the polymer pairs studied error bars 'herg are derlv_ed from the rf?mdom error in
are plotted as a function of thg-PS film thickness the determination of the interface width; however, we
in Fig. 2. The width parameteA that is plotted is should recognize that our value for the Hamaker constant

. ' : A is extremely uncertain. Indeed, over the range of
related to the hyperbolic tangent profile widdw,; by . . ' .
= 2uy/2m, o' value o of 203 A comesponds [POKiesses sed, feardalon effcts are kel o become
to a hyperbolic tangent widthw, = 51 A, in satisfactory onpthickness Luckily, ag\ appears inside a lo arithpm
agreement with values obtained by other workers [3,4] ' Y, PP 9 ’

. . o ) .’ ~our results are rather insensitive to the value chosen; a
For thinner films, it is immediately apparent that there is 8004 variation in the value oft results in a change in

dependence of interfacial width on film thickness, WhIChthe best fit value o\, of about 10%, and has even less

is at least approximately logarithmic. The logarithmic :
dependence persists up to a thickness of about 1000 &ﬁeCt on the best fit value afo. The value of the Flory-

after which the data levels off. This is as we expect Wherk|ngginS interaction parametar has been determined by
: a%)mall angle scattering from a block copolymer [15], and

the dispersive capillary length becomes larger than th -
neutron coherence length, and it allows us to estimate srir?;r t;eirsnp:r:gt%ee taabi?efg: \;?;%Z Ecgioilgi;ng.r?to 2Iéngth
in-plane coherence length of about 2@n. This value is a =7 A, we can use Eq. (2) to evaluats, as predicted

by self-consistent field theory d$.8 + 0.6 A. Similarly,
——————————————— the interfacial tensionosy may be calculated from the

expression [2]
70 = apksT X, ©

where p ! is the volume of the monomer repeat unit,
which takes the value 174°A Thus we find oy, as
predicted from the self-consistent field theory, to be
- 1.7 = 0.05 mIm 2.

Thus the comparison of our deduced bare interface width
Ay with theory is excellent, while our deduced interfacial
. . Cena energy is somewhat larger than predicted. We must,

1000 10000 however, bear in mind the approximation implicit in the

d-PS film thickness [A] use of Eq. (8). Forinstance, we have assumed that the free
FIG. 2. The interfacial width parameteA for an inter- surface of the/-PS film behaves like a rigid wall, whereas
face between deuterated polystyrené-RS) and poly- jt will have its own spectrum of capillary waves that will
(methylmethacrylate) (PMMA), as a function of tePS film  he coupled to the waves at the interface. Since, however,

thickness, as measured by neutron reflectivity. The symbol . .
(s) are for polymer pair A, [{)) are for polymer pair B, 4) are the surface energy af-PS is about an order of magnitude

for pair C, (A) are for polymer pair D, and« for polymer pair ~ bigger than thel-PS/PMMA interfacial energy, the rigid
E, as described in the text. The solid line is a fit to Eq. (8). wall assumption is a reasonable starting point.

n
«a
T

Interfacial width [A]
n
(=)

10 Ny " P Ll
100

3695



VOLUME 78, NUMBER 19 PHYSICAL REVIEW LETTERS 12 My 1997

The logarithmic dependence of interfacial width on film  *To whom correspondence should be addressed.
thickness is characteristic of a situation in which the spec-[1] S. Edwards, Proc. Phys. Soc. Lond8§ 613 (1965).
trum of capillary waves is cut off by a long-range force [2] E. Helfand and Y. Tagami, J. Chem. Phys6, 3592
such as the dispersion force. This is in interesting con- __ (1972).
trast to another recent study of interfacial widths between!3] M. L. Femandezt al., Polymer29, 1923 (1988).
coexisting polymer phases, in which a square-root depenl4] Si;éo Anastasiadiset al., J. Chem. Phys.92, 5677
dence of interfacial width on film thickness was observed [5] +(<.R. )éhull, A.M. Mayes, and T.P. Russell, Macro-
[16]. I.n this case, Fhe_phgs_es were rat.her (_:Iose to the Criti-" | olecules26, 3929 (1993).
cal point, and the intrinsic interface width is a significant [5] A N. Semenov Macromoleculez?, 2732 (1994).
fraction of the total film width. In these circumstances, [7] M. Miiller, K. Binder, and W. Oed, J. Chem. Soc. Faraday
one expects an effective short-range force across the thin =~ Trans.91, 2369 (1995).
film which is due to the energy cost of truncating the equi- [8] D.W. Schubert and M. Stamm, Europhys. L&, 419

librium interface profile by the film boundary. (1996). N
Our interpretation is in disagreement with another recent[9] F.P. Buff, R.A. Lovett, and F.H. Stillinger, Phys. Rev.
study of the PBPMMA interface [8]. These authors con- Lett. 15, 621 (1965).

clude that capillary waves are not important for immisciblel1] \(]:.S..”thwlirésl,on %”d E' Widgn;Mglefggizr Theory of
polymer interfaces on the basis that they measure a value pf apillarity (Clarendon Press, Oxford, )-
: . . _ . . Pll] I.M. Tidswell et al., Phys. Rev. Lett66, 2108 (1991).
interfacial widthA = 13 A (for relatively high molecular

- . . 12] The nonretarded Hamaker constant between two macro-
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consistent field result, with no need for a capillary wave assEmez the following expression: 9
correction. However, these authors correct their raw mea- g exp ’
sured interfacial width by subtracting, in quadrature, the
measured roughness of the sample as made, before anneal- 3 g1 —er \[ & — &3 3hv,
ing. For an equilibrium measurement it is difficult to see A= 4 kT 82
why this procedure should be legitimate because, if the

g+ &3 e, t+ &3

samples are annealed above the glass transition tempera- y (n3 — n3) (n3 — n3)

ture long enough, the interface should come to an equi- 2. 2 (2, 2([2. 2 2. 2\’

librium vg\]/hich ig independent of the starting state of t%e \/nl s \/112 s <\/n1 s +‘/n2 " n3)

system. The uncorrected value measured tvas 17 A,

significantly bigger than the self-consistent field result. wheree; andn; are the dielectric constant and refractive
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lary waves contribute substantially to the interfacial width ~ the d-PS layer; J. Israelachvilintermolecular and Sur-
as measured by neutron reflectivity, confirming earlier fzanc(?elzorces(Academm Press, San Diego, 1991), p. 184,
suggestions. When corrected f(_)r t_he effect of caplllary13] D. Brosetzet al., Macromolecule€3, 123 (1990).

waves, there is reasonable quantitative agreement betwe ] R.M. Richardson, J.R.P. Webster, and A. Zarbakhsh
the predictions of self-consistent field theory and experi- AR e il ’ ' ’

. . . - J. Appl. Cryst. (to be published).
mental measurements of interfacial widths between iMp15] T.P. Russell, R.P. Hjelm, and P.A. Seeger, Macro-

miscible polymer pairs as a function of film thickness. molecules23, 890 (1990).
We thank the EPSRC for financial support via the[16] T. Kerle, J. Klein, and K. Binder, Phys. Rev. Left7,
ROPA scheme. 1318 (1996).

3696



