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Forward-recoil spectrometry reveals that the surface of a blend of deuterated polystyrene (d-PS) and
protonated polystyrene (PS) is enriched with d-PS relative to the bulk; the surface excess of d-PS in-
creases almost linearly with the bulk volume fraction ¢ of d-PS at 184 °C. The results may be interpret-
ed quantitatively with mean-field theory, and yield a form of the bare surface energy of the blend con-
sistent with the surface enrichment being driven by a surface-energy difference between d-PS and hydro-

genated polystyrene (h-PS) of isotopic origin.

PACS numbers: 68.10.—m, 61.16.Fk, 61.25.Hq

It has long been recognized that the surface composi-
tion of a mixed condensed phase is usually different from
the bulk; any surface-energy difference between the pure
components allows the system to lower its total free ener-
gy by increasing the surface concentration of the lower-
energy component. Such effects have been observed in
binary alloys' and in liquid mixtures of small molecules.?
Recently, additional interest has been generated in this
class of phenomena by the discovery of surface phase
transitions in which quantities such as the surface cover-
age change discontinuously or diverge as a result of some
vanishingly small change of a system parameter.>* The
theory of these effects in binary mixtures is also very
closely related to theories of adsorption onto a solid sub-
strate from a vapor and of surface magnetic phase transi-
tions.> It has been suggested that melts of polymer-
polymer mixtures (blends) might be a fruitful area for
the study of such effects®’; not only does one have an ex-
tra experimental variable, the chain length, but also the
natural length scales of such systems can be rather long,
potentially making experiments less demanding.

One expects surface enrichment in polymer blends to
be both technically important, controlling such proper-
ties as contact angle, friction, and weatherability, and
ubiquitous, on account of the small combinatorial entro-
py gained by mixing high polymers. Previous experi-
mental studies®’ have been restricted to demonstrating
that such enrichment occurs and to measuring its rough
extent away from the surface. Quantitative comparisons
with theory have not been made, probably because of the
complexity of most real polymer blends. !°

In this Letter we demonstrate that the surface of a rel-

atively dilute mixture of deuterated polystyrene (d-PS)
in protonated polystyrene (PS) is enriched in 4-PS and
that the amount of such enrichment increases strongly
with the d-PS volume fraction in the bulk. It has recent-
ly been shown'! that such isotopic blends are attractive
model systems, in that the segment-segment interaction,
as approximated by the Flory parameter y, is weakly un-
favorable (positive). The interaction is thought to be
almost entirely of dispersive origin'? because of the
difference in polarizability between C—H and C—D
bonds. In the case of polystyrene y has been determined
both from small-angle neutron scattering!>'3 and mea-
surements of mutual diffusion.'* Using this y and the
simple Flory-Huggins model of the blend thermodynam-
ics, we show that the experimental surface enrichment is
in good agreement with that predicted by theory.

The PS (from Pressure Chemical Co.) and d-PS (from
Polymer Laboratories) had weight-averaged molecular
weights of 1.8x10% and 1.03x10° with narrow molec-
ular-weight distributions (polydispersity index <1.3 and
1.15, respectively). Thin films of the blends were
prepared by spin-coating polished silicon substrates with
solutions of the polymers in toluene; film thicknesses
were around 3 um. Samples were sealed in glass tubes
under vacuum and annealed for periods up to a week at
184°C. For these molecular weights the Flory-Huggins
model predicts an upper critical temperature of 176°C
and a critical d-PS volume fraction of 0.57; thus at
184°C all samples are in the one-phase region of the
phase diagram. The samples were cooled rapidly enough
that there was no chance for significant changes in the
depth profile to take place by diffusion before the glass
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2 FIG. 2. FRES measurements of the surface excess z* of d-
§ 0.15 PS as a function of the initial volume fraction of d-PS. The
= solid line is the predicted z* from Egs. (3) and (4) and the
E 0.10 bare surface-energy parameters u; =0.024 A and g = —0.0046
% 0.05 A determined from the best-fit line shown in Fig. 3.
>
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-100 O 100 200 300 400 500 gram.'” In systems of such high molecular weight,
depth (nm) diffusion is slow and care has to be taken to make sure

the system has reached equilibrium; this point was
FIG. 1. Depth profiles of d-PS in a blend with PS with an y d p

initial volume fraction d-PS of 0.15, (a) before and (b) after cheerd by annealing for a number. of increasing times
annealing at 184°C for 5 days, as revealed by forward-recoil until there was. no further increase ",1 ,th? measured sur-
spectrometry (FRES). The solid lines are the fits to the exper- face excess. Fl.gure 2 shows the quﬂll.bl'lllm Surfas:e ex-
imental data produced by the simulation program (Ref. 15); in cess as a function of the volume fraction of d-PS in the
(a) the sample simulated is a uniform 0.15 blend; in (b) the bulk, ¢e.

surface layer is represented by a uniform layer of pure d-PS, The mean-field theory due to van der Waals for a
whose thickness is varied to produce the best fit. (The uniform liquid-vapor interface was adapted to liquid mixtures by
layer simulation cannot be distinguished from that of a ex- Cahn? and to polymer blends by Nakanishi and Pincus,7

ponentially decreasing profile with a decay length of =250 A
and the same surface excess due to the relatively poor depth
resolution of FRES.) The surface excess is the shaded area in

and Schmidt and Binder® we use the Schmidt and
Binder notation in what follows. The effect of a surface

is represented by a bare surface energy which depends on
(b). the surface volume fraction ¢, as
- — 1.2
transition temperature of 100 °C was reached. S5(o) Hi91 = 2 801, .
The volume fraction ¢ versus depth profiles of deu- where u; is a chemical potential favoring one component
terated polystyrene were measured after annealing with at the surface, and g expresses the way interactions be-
use of forward recoil spectrometry (FRES)'>!¢ with an tween the components are modified by the presence of
incident beam of 2.8-MeV He™* ions. Figure 1 shows the surface. In the theory f; is expressed in terms of a
depth profiles from specimens before and after anneal- site on a Flory-Huggins lattice and has dimensions of
ing; these clearly show the appearance of an enriched length; it may be converted to familiar surface-energy
layer of d-PS at the surface. The instrumental depth units by multiplying by the factor kT/b?3, where b is the
resolution, at 80 nm, is too poor to resolve the detailed unit-cell dimension of the Flory-Huggins lattice. The
structure of the enriched layer; we measure the (in- surface-free-energy difference between the pure com-
tegrated) surface excess of d-PS, represented in Fig. ponents is given by (u,+g/2)kT/b>.
1(b) by the shaded area, by means of a simulation pro- | The grand thermodynamic potential of the system per

unit area is
2

oo 2
F/kT=J; dz [(}(<f:)—(Au)¢+——a—[ﬂ — ¢ — ¥ got, (2)

36¢0(1 —¢) | dz

where G is the Gibbs free energy of mixing per lattice site, Au is the exchange chemical potential (§G/8¢), and a is the
statistical segment length. The variation of ¢ from its surface value ¢; to its bulk value ¢ is described by ¢(z). One
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finds the ¢(z) which minimizes the functional of Eq. (2) > using Euler’s equation and hence determines ¢, to be given
by

_dfs _ _ . a |G =G —aulp =) |*
o1 = +gop==x 3 o1 (—o1) 3)
and the surface excess z* (Ref. 4)
= o do(¢p— o)
* —o(0)]dz =2 ¢ . 4
2= J, @ —oldz =g J, (1 —)[G(9) — G (9=) — Au (o — o)1} 03

If we use the Flory-Huggins form of the free energy |
G(9),'8 Fig. 3 values of the surface-energy difference between
1— analogous small-molecule liquids, benzene and toluene
G(¢) =7V% In(g) + TB‘Q In(1—9¢)+x9(1—9), (5) and their deuterated counterparts,'® at a temperature at

which the density of C—H bonds is similar to their den-

where N4 and Np are the degrees of polymerization of sity in polystyrene at 184°C. These are in good agree-
each component, the experimentally determined'>' ment with the value we find for d-PS-PS.2°

values of the interaction parameter y and the statistical In the absence of a full microscopic theory of the sur-
segment length a, we can use Eq. (3) to calculate values face of a polymer blend, we have no reliable prediction
of ¢; from our experimental surface excess values, and of g. However, simple bond-counting arguments con-
then use Eq. (4) to extract values of — (8f;/9¢1) =u, sistent with the nearest-neighbor interaction assumed in
+g¢1. This quantity is plotted in Fig. 3 against ¢;, the the Flory-Huggins model suggest that g should be nega-
calculated surface volume fraction. tive and of the same order of magnitude as 4by

The surface-energy difference [7.8%107° J m ™2 (=0.0033 A), which is consistent with what we find,
=—(kT/b3*)3f;/3¢1 at ¢;=0.5] we deduce between d- g=—0.0046 %+ 0.0020 A.

PS and hydrogenated polystyrene (A-PS) is far too small Using the theory of Ref. 6, the previously measured
to measure directly with available techniques. However, value of y,'3 and the values of x; (=0.0240 % 0.0009 A)
any surface-energy difference due to an isotope effect and g that we have extracted,?' we can make some pre-
will be, to a first approximation, a function only of the dictions about the wetting phase diagram in this system.

density of C—D or C—H bonds. Thus we compare in The small ratio of —g/u; =0.19 implies that the wetting
transition along the coexistence curve must be first order;
we can calculate that the transition occurs for rather

0.04 - Jo14 & small d-PS volume fractions, less than 0.02, and that the
T prewetting line follows the coexistence curve very closely.
Hoi2 © Unfortunately, the very slow diffusion of these very-
003 - "a high-molecular-weight polymers makes it impossible to
- q0.10 investigate the wetting or prewetting behavior experi-
ot e ® loos 85 mentally with the present system.
§o002} .\'\o\ T §E We can also predict the full shape of the profiles we
‘\’m loos %’ E expect. These are given by the solution of %7
° A 004 2 Z=lf¢(2) d¢
oorr o2 6% {o(1—9)IG(9) —G(9e) —Au(p— )} *°
1002 g (6)
000 5 o1 02 03 04 05 06 07 08 o5 T @ For small ¢ this predicts profiles that are close to ex-
surface volume fraction b, ponential, with a decay length close to the bulk correla-
tion length for concentration fluctuations. Using our
FIG. 3. Derivative of bare surface energy with respect to values for u; and g we find for ¢.. =0.14 blends, for ex-
. . * ’
surface volume fraction d-PS, as derived from the measured z ample, that the decay length found by direct numerical

data in Fig. 2. In the approximation discussed in the text,
these are expected to be linearly related, with the slope and in-
tercept giving the bare surface-energy parameters yu; and g, re-
spectively. The difference in surface energy between the pure
components is given by the value of this function for ¢; =0.5;

solutions of Eq. (6) is 210 A, compared to a bulk corre-
lation length of 204 A. This length is too small to be
resolved with use of conventional FRES. However, we
have recently used a new higher-resolution FRES tech-

the triangle and the square are the values of the surface-energy nique to analyze the surface of a blend with ¢.=0.14
difference between benzene and toluene and their respective annealed at 184°C (Ref. 22); we find a decay length of
deuterated counterparts, at 30°C, taken from Ref. 19. 250+30 A, in reasonable agreement with the 210-A
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prediction.?> A systematic study of enrichment in this
system, with use of high-resolution FRES, dynamic
secondary ion mass spectrometry, and neutron reflectivi-
ty in addition to conventional FRES, is now under way.

In conclusion, we have measured surface enrichment
in blends of high-molecular-weight polystyrene and deu-
terated polystyrene. Our results are consistent with
mean-field theory, and yield a form for the bare surface
energy of the blend consistent with the interpretation
that the surface enrichment is driven by a surface-energy
difference of isotopic origin.
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