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ABSTRACT: Neutron reflectivity (NR) and low-energy forward recoil spectrometry (LE-FRES) were used
to study surface enrichment in miscible blends of deuterated polystyrene, d-PS, and poly(styrene-co-4-
bromostyrene), PBroo4eS, having a 0.049 mole fraction of 4-bromostyrene units. The d-PS component
was found to segregate preferentially to the polymer blend/air interface, whereas no enrichment of either
component was detected at the polymer blend/silicon interface. The experimental values of the surface
concentration, ¢;, and the surface excess, z*, of d-PS were interpreted using both the theory of Schmidt
and Binder (SB) (J. Phys. Il (Paris) 1985, 46, 1631) and the self-consistent field (SCF) approach of Genzer
et al. (Phys. Rev. E 1994, 50, 2373). Although both SB and SCF models were found to be in good qualitative
agreement with the experimentally measured values of ¢; and z*, we demonstrate that the latter proves
to be in better quantitative agreement with the experimental results. Moreover, a comparison of the SB
and SCF volume fraction profiles of d-PS revealed that the SCF model described more accurately the
experimental profile. We also demonstrated that adding long-range interactions to the surface potential

in the SCF model produced just minor changes in the shape of the d-PS profile near the surface.

1. Introduction

Wetting, lubrication, and weatherability are just a few
examples of materials properties that are controlled by
the near-surface composition of polymer coatings.!2
These coatings may contain several components, one of
which usually enriches the surface. The macroscopic
characteristics can be routinely measured by traditional
techniques such as contact angle measurements. How-
ever, the engineering of surface properties of polymer
coatings requires control over microscopic parameters
such as polymer—surface interactions, molecular weight,
etc. With the emergence of new depth-profiling tech-
niques, such as neutron reflectivity, the surface com-
position of polymers can be measured with unprec-
edented resolution. Combined with theoretical models,
these new experimental tools have helped polymer
scientists develop a better understanding of the driving
forces that control the behavior of polymers at surfaces.?
Using low-energy forward recoil spectrometry (LE-
FRES) and neutron reflectivity (NR), we have measured
both the surface excess, z*, and the surface volume
fraction, ¢;, of the segregating species in a binary
miscible polymer blend. These measurements are the
first rigorous test of the widely used model of Schmidt
and Binder (SB) and the self-consistent field (SCF)
approach. We will show that the SCF model is in better
agreement with experimental results, mainly because
it does not use the long-wavelength approximation made
in the SB approach.

Systematic experimental studies of the surface en-
richment in miscible binary polymer blends have been
in progress since the first quantitative study by Bhatia
and co-workers for blends of polystyrene and poly(vinyl
methyl ether).* To date, the most complete study was
carried out by Jones and co-workers, who used FRES,

T Current address: Department of Materials Science and En-
gineering, Cornell University, Ithaca, NY 14853.

¥ Current address: Exxon Chemical Company, P.O. Box 5200,
5200 Bayway Drive, Baytown, TX 77522-5200.

® Abstract published in Advance ACS Abstracts, June 15, 1996.

NR, time-of-flight FRES (TOF-FRES), and dynamic
secondary ion mass spectrometry (DSIMS) to investigate
the surface enrichment in isotopic blends of high mo-
lecular weight polystyrenes, d-PS:PS.58 It was dem-
onstrated that in this system the surface is enriched
by the d-PS component, which has a lower surface
energy than its hydrogenated counterpart. The effect
of molecular weight on the surface enrichment in d-PS:
PS blends was studied by Composto et al. using NR®
and Hariharan et al. by NR and DSIMS.1°® Hariharan
et al.’? as well as Budkowski et al.1? also studied surface
segregation as a function of film thickness.

Surface enrichment was also examined in mixtures
of statistical copolymers. Norton et al. used NR to
investigate the surface enrichment of deuterated poly-
(ethylenepropylene), d-PEP, in isotopic mixtures of
d-PEP with its hydrogenated counterpart, PEP.13 In
addition to an isotope effect, surface segregation in
statistical copolymer blends can be driven by a differ-
ence in copolymer composition. For example, Steiner
and co-workers used nuclear reaction analysis (NRA)
to measure surface segregation of a deuterated poly-
ethylene and poly(ethylethylene), d-PE,PEE; -, statisti-
cal copolymer blended with PE,PEE;_; having a differ-
ent copolymer composition (y = z).24 In this system, the
component with the larger PEE content was found to
segregate preferentially at the surface. NR,516 DSIMS,15
TOF-FRES,' and LE-FRES?'% were used to investigate
surface segregation in binary mixtures of poly(styrene-
co-acrylonitrile)’s, d-SyAN1-y and S,AN;—, where y = z.
It was found that the SAN with the lower AN content
segregates to the surface. Recently, mixtures of a
homopolymer and a statistical copolymer were used as
model systems to investigate the phenomenon of surface
enrichment. Bruder and Brenn'®1% and Gluckenbiehl
et al.?20 studied mixtures of d-PS and poly(styrene-co-4-
bromostyrene), PBryS, where x is the mole fraction of
the 4-bromostyrene units, and detected that the surface
region was enriched with d-PS, the lower surface energy
component.
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The theory proposed by Schmidt and Binder (SB)?!
has been extensively used to interpret surface enrich-
ment measurements obtained in many cases by direct
depth profiling techniques such as DSIMS, TOF-FRES,
NRA, and FRES. Given their limited depth resolution,
ranging from 100 to 800 A, these techniques were not
sensitive enough to determine the detailed shape of the
volume fraction profile. Instead, resolution independent
values of z* were determined and used in the SB model
to calculate the volume fraction profile. After convolut-
ing with a Gaussian function to account for the instru-
mental resolution, this profile was typically found to be
in good agreement with the experimental one. How-
ever, this agreement could be misleading because the
convolution procedure can smear out details in the
shape of the volume fraction profile.

Because of its excellent depth resolution (about 10 A),
neutron reflectivity can be used to determine the
detailed shape of the volume fraction profile near the
sample surface. For example, in the d-PEP:PEP system
NR revealed that the d-PEP profile is much flatter near
the surface than that predicted by the SB theory. A
breakdown of the mean-field approximation has been
proposed as an explanation for this discrepancy.’® In
contrast, NR measurements on d-PS:PBrgesS were
found to be in good agreement with predictions by the
SB model.?° This inconsistency may be due to either
deficiencies in the SB theory or NR. Problems with NR,
such as ambiguity in fitting the experimental data, can
be removed by complimentary measurements using a
direct depth profiling technique.?? For example, Hari-
haran and co-workers used both NR and DSIMS to
investigate surface enrichment in d-PS:PS couples and
found fair agreement between the measured polymer
volume fraction profiles!®1! and those calculated using
their SCF lattice model.2® No test of the SB approach
was carried out, however.

Recently, we presented a SCF model describing
surface segregation in binary polymer mixtures.?* Us-
ing Zhao et al.’s data on d-PS:PS measured by DSIMS,8
SCF calculations were found to be in excellent agree-
ment with the measured values of z* and ¢1, whereas
the SB approach failed to predict simultaneously z* and
¢ for the same value of the surface excess free energy.
However, a direct comparison between the experimental
and calculated volume fraction profiles was not pre-
sented. In this paper, we use both NR and LE-FRES
to determine the volume fraction profile and z* of d-PS,
respectively, in miscible mixtures of d-PS and PBrg p49S.
The experimental results are interpreted by applying
both SB and SCF models, which are both found to be in
qualitative agreement with experiments. However, the
SCF approach proves to be in better quantitative
agreement than the SB theory.

2. Theory

2.1. Long-Wavelength Approximation Model.
The first theoretical treatments describing the thermo-
dynamics of a binary polymer mixture placed in contact
with a surface (or a wall) were pioneered by Nakanishi
and Pincus?® and later refined by Schmidt and Binder.?!
The latter approach has been widely used to interpret
a variety of experimental measurements. As stressed
in the original paper,?! this approach is only valid in
the long-wavelength limit, d¢/dx ~ 1/Rgy, where Ry is the
polymer radius of gyration. It is thus applicable for
systems with rather moderate concentration gradients.
We further refer to this approach as the SB model. Its
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main results are briefly summarized in this section;
interested readers are referred to the original paper and
references therein.

For a mixture of two polymers, A and B, the Gibbs
free energy of mixing, G, per lattice site is given by

¢ ¢
G(ppte) = N—’; In [pa] + N—BB In [¢g] + xdads (1)

In eq 1, ¢ and N are the volume fraction and number
of segments of polymer k, respectively, and y is the
Flory—Huggins interaction parameter. For a polymer
mixture placed in contact with a surface the total free
energy per unit area, F, is given by2!

F o a® d¢A)2
KT Jo |C(@ade) — Auga + m(@ ] dx + (';;

where kg is Boltzmann’s constant, T is the absolute
temperature, Au (= 3dG/9¢) is the exchange chemical
potential, a is the segment length of A and B monomers,
x is the distance perpendicular to the surface, and Fs is
the “bare” surface free energy?® that accounts for the
interactions of the mixture with the surface. An ana-
lytical solution to eq 2 is possible if a simple form of F
is used. Usually, the segment/air interactions are
assumed to be of short-range character, so that only the
segments directly adjacent to the surface are affected
by the presence of the surface. Assuming that the A
component enriches the surface, the “bare” surface free
energy is only a function of the A surface volume
fraction, ¢a 1. Minimizing the energy functional (eq 2)
and accounting for appropriate boundary conditions, the
volume fraction profile of polymer A can be calculated
from

X =

a f¢(x) do
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where ¢y is the volume fraction of k in the bulk.
Similarly, the expression for the surface excess of A,
zz, is given by

Zx =
a DA [(I’A - (bA,oo] d¢
6001 [ $pdalG(Ppde) — G mPswn) — Milda — dall}

(4)

The thermodynamic driving force for segregation of
polymer A to the surface is expressed as —dFs/d¢a 1 and
its form, derived from eq 2, is

dF, .
day
g\/G(¢A,1a¢B,1) - G(¢A,001¢B,oo) - A#[¢A,1 - ¢A,oo] )
3 dn1981

Recently, solutions to eq 2 have been introduced by
assuming that the interactions of the polymer blend
with the surface, described by Fs, are of long-range
character.27226 Chen et al.2’ reported that long-range
interactions change the shape of the profile of the
segregated polymer significantly, whereas Jones?8 found
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just minor changes in the shape of the profile. In the
latter case, these change could not be detected experi-
mentally.

Equations 3—5 define the relationships between zj,
¢a1, and —dFg/dga 1. Experimentally, one can measure
z} and then use eq 4 to evaluate ¢a1. Analogously, ¢a 1
can be measured and zX is determined from eq 4.
Equation 5 is then applied to calculate —dFs/d¢a 1. The
SB model provides an accurate description of the surface
segregation only if the calculated values of zx and ¢a1
agree with their corresponding experimental quantities.
Thus, only a single value of —dFs/d¢a ;1 exists for both
calculations. In this paper we will show that neither
the SB or SCF models satisfy this condition.

2.2. Self-Consistent Field Model. The SCF model
used in this paper follows the framework developed by
Hong and Noolandi?® and Shull3=32 and has been
described elsewhere.?* The polymer system is placed
onto a cubic lattice with a lattice spacing of a. Asineq
2, the depth coordinate of interest is that perpendicular
to the surface (positioned at x = 0). The probability that
the tth segment of polymer k is at a distance x from the
chain end is given by the distribution function gk(x,t),
which is a solution of the modified diffusion equation:33

1 0060 a2 gt Wi (X) 6
N_k ot _E 8X2 - kT k( t) ()

Both polymers are under the influence of a weakly
perturbing mean field, wy(x), which for polymer A is
given by?29-32

W (X)
e = Rl ~ . -
In ¢A(X) _ AW(X) _ WA,ext(X) 7
N4 kBT kBT )

where ua(x) and ua. are the chemical potentials of
polymer A at position x and in the bulk, respectively.
Using the chemical potentials derived from the Flory—
Huggins free energy density, eq 7 becomes

Wa(X)

R
Na7—— KT = Paew — In (bA,oo (_) Do —
g

AN . — $a(0] — Mw ()%@

Aw(x)

w X
NA k = A,ext( )

A kBT (8)

The incompressibility of the mixture is enforced by
introducing a term Aw(x) given by30-32

Aw(x) = Z[1 — Zd)k(x)] (9)

where ¢ is proportional to the bulk compressibility of
the mixture. As discussed elsewhere,?430 the calculated
volume fraction profiles are independent of the value
of ¢ providing the calculation converges. In practice,
the optimum value of { is a compromise between
stability and convergence rate of the SCF calculations.

The influence of the surface on polymers A and B is
introduced via the external field, wa ext(X). For the case
of an incompressible mixture, it is sufficient to consider
only one external field potential, which is given by the
difference between the surface fields acting on polymers
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A and B. In this model wa«x(0) represents the free
energy gain associated with replacing a B segment at
the surface (x = 0) with an A segment and has the
form2430

WA,ext(o) — l _
kgT a

(10a)

dF,
doa,

As mentioned earlier, the term —dFs/d¢a 1 represents
the driving force for segregation and throughout this
paper is called the excess surface free energy. Equation
10a is the form of the external potential for the case of
short-range interactions (SRI) between the polymers
and the surface. Thus, only segments within a distance
a of the surface are influenced by the external surface
field. Recently, we have introduced the effects of long-
range interactions in the expression of waexi(X) by
including van der Waals (VDW) interactions between
the polymer segments and the surface. The general
form of the VDW interactions for a planar interface is
Fs(x) ~ x73.3% The form of the long-range interaction
(LRI) external potential used in the SCF model is then

WaexlX =2a(i —1)] 1

KT a

2i — 1) 10b
MJ( )°  (10D)
where i is the lattice number. As is apparent from eq
10b, for i = 1 the LRI external potential has the same
value as that in the SRI model. In the calculations, the
LRI becomes negligible usually near i ~ 3—5, depending
on the value of —dF¢/d¢a 1.

Self-consistent solutions to eqs 6—10 are obtained by
starting with an initial choice of —dFs/d¢a; and an
initial assumption for the volume fraction profiles,
da(X) and ¢s(x).%® Using appropriate initial and bound-
ary conditions, eq 6 is solved simultaneously for both
polymers29:30 tg obtain values of qk(x,t), from which the
corresponding volume fraction profiles are calculated:

Pi(X) = N 1 QK(X a(x,N, — t) dt (11)

These values of ¢x(x) serve as new input for the next
calculation of the distribution functions. This process
is repeated until two subsequent iterations, n and n +
1, satisfy the following condition:

maxjw{"P(x) — w(x)| < 107 (12)

(x.K)

The above procedure is carried out for at least five dif-
ferent values of —dFs/d¢a 1, which are consequently used
to determine zx and ¢a1 that span the experimental
values. Plots of —dFs/d¢a 1 vs zx and —dFs/dga1 VS ¢a
are then fitted to a third order polynomial to find the
value(s) of —dFs/d¢a1 that best reproduces zx and ¢a 1
from the experiments. Similar to the SB approach, the
SCF model provides a precise description of the surface
segregation only if both calculated values, zx and ¢a 1,
agree with their corresponding experimental quantities.
Moreover, a single value of —dFs/d¢a,1 should be used
in the calculations if the model is successful in describ-
ing surface segregation. In this work, we will show that
our experimental data do not fulfill these requirements
exactly. However, the experimental data are in good
agreement with the SCF model and in worse agreement
with the SB approach.

3. Experimental Section

3.1. Materials and Sample Preparation. The polymers
used to test surface enrichment models were deuterated
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Table 1. Molecular Parameters of the d-PS:PBr049S System

polymer Ma (g/mol) NP polydispersity index (b/V)© (x108 A-2) source
d-PS 196 000 1749 1.03 6.515 Polymer Laboratories
PBro.049S 400 0004 3902 1.05 1.432 Pressure Chemical®

a Molecular weight. ® Number of segments. ¢ Scattering length density of the polymers. 9 Refers to the parent polystyrene.

polystyrene, d-PS, and poly(styrene-co-4-bromostyrene),
PBro.049S, having 0.049 mole fraction of 4-bromostyrene. The
copolymer was prepared by bromination of polystyrene using
the procedure of Kambour, Bendler, and Bopp.%%37 Size-
exclusion chromatography analysis of the parent PS and
PBroosS showed that bromination had no effect on the
molecular weight distribution of the statistical copolymer. The
bromination level in PBro oS was determined by elemental
analysis. The polymer characteristics are given in Table 1.
Polymers were dissolved in toluene, and samples were pre-
pared by spin-coating the solutions on a silicon wafer (2 in. in
diameter, 4.5 mm thick) previously etched for 10 min in a 7%
viv HF/water bath. Samples were then dried in a vacuum oven
at 90 °C. The volume fractions of d-PS in the as-cast films
were about 0.05, 0.15, and 0.25. The corresponding film
thicknesses, t, were 2550, 2030, and 1890 A, as determined
by ellipsometry. We note that these thicknesses are about 23,
18, and 17 times the bulk radius of gyration of d-PS, and
therefore, no confinement effect is expected.? For simplicity,
we represent these samples as A, B, and C, respectively. All
samples were annealed under vacuum (about 10~ Torr) for 4
days at 170 °C. This temperature is above the critical
temperature of the mixture. The annealing time was chosen
such that an equilibrium state was achieved in all samples.
This assertion is justified by the large ratios of diffusion
distance to sample thickness, 2+/Dit, which is approxi-
mately 19, 19, and 18 for samples A, B, and C, respectively.
In the above expressions, 7 is the diffusion time and D is the
mutual diffusion coefficient calculated from the fast theory3®
using known values of the tracer diffusion coefficients for
polystyrene, D*.2° We have assumed that the low bromination
level in the PBrg049S does not affect significantly the value of
D*.

Neutron reflectivity (NR) was used to determine the scat-
tering length density profiles, which in turn allowed the
volume fraction profiles of both polymers to be evaluated.
Following NR measurements, low-energy forward recoil spec-
trometry (LE-FRES) was applied to measure the surface excess
of d-PS at the surface. For consistency, the NR and LE-FRES
measurements were carried out on the same samples. To
simplify the nomenclature, the surface and bulk volume
fractions and the surface excess of d-PS are denoted as ¢1, ¢,
and z*, respectively.

3.2. Experimental Techniques. The NR measurements
were performed at the POSY Il reflectometer of the Intense
Pulsed Neutron Source (IPNS) at Argonne National Labora-
tory in Argonne, IL.*° The principles of NR have been
described extensively elsewhere.** Briefly, a neutron beam
with a wavelength distribution A = 5—12 A impinges on a
sample at a well-defined glancing angle, 6 (usually 0.5—3.0°).
Because the scattering length, b, of deuterium is much higher
than that of hydrogen, labeling one of the components with
deuterium provides the contrast between the labeled and
nonlabeled components. In the reflectivity measurements, the
intensity of reflected neutrons contains information about the
scattering length density profile (b/V) as a function of the
perpendicular component of neutron momentum, k = (27/1)
sin 6. The advantages of NR are its superb depth resolution
(about 10 A) and sensitivity to abrupt changes in (b/V)
gradients. At low values of k, close to the critical value, the
reflectivity is extremely sensitive to the shape of the volume
fraction profile near the surface. Therefore, the near-surface
volume fraction profile of the segregating species can be
determined very accurately.

Due to a lack of phase information reflectivity cannot be
converted directly into polymer volume fraction profiles.
Usually, a (b/V) profile is assumed for which a theoretically
calculated reflectivity curve, corrected for instrumental resolu-

tion, is evaluated. The trial reflectivity curve is then compared
to the experimental one. In the present work, we have adopted
the following strategy. To cover a wide range of k, NR
measurements were recorded at two different values of 6, 0.35°
and 0.80°. For the data set collected at 8 = 0.80°, a semiau-
tomatic routine*? allowed us to vary the shape of the volume
fraction profile of the polymers, the thickness, the roughness
at the mixture/air, oair, and mixture/silicon, os;, interfaces, and
the instrumental resolution, dk/k. We used a general form of
the hyperbolic tangent function, or tanh, (for details see the
Appendix) to fit the shape of the volume fraction profiles of
the polymers. The tanh function has been shown to be useful
for describing the concentration profile of small molecule
liquids at free surfaces,*® segregation at the polymer/solid
interface,324* and segregation at the polymer/air interface.245
For each data set the reflectivity was calculated using a
standard multilayer algorithm.*46 The best fit to the experi-
mental data was then obtained using the set of input param-
eters that produced the lowest value of y2,,, defined as

1n Rex,i - Rcal,i 2

Ba=-S|—— (13)
n

where Rex and Rga are the experimental and calculated
reflectivities, respectively, determined for n points and o is
the standard deviation associated with each experimental
point. This procedure was repeated for the data recorded at
the lower incident beam angle, allowing only the value of dk/k
to change. From the fitted (b/V) profile the volume fraction
profiles of both polymers can be determined. However, due
to the nature of the inverse problem this fit may not be unique.
To remove the critical uncertainty of NR in determining the
volume fraction profiles of polymers, it is advisable to comple-
ment the NR measurements with direct profiling techniques,
such as LE-FRES.

The LE-FRES measurements were carried out on a model
5SDH Pelletron tandem accelerator (National Electrostatic
Corporation, WI), interfaced with a custom-designed scattering
chamber at the ion beam facility of the Laboratory for Research
on the Structure of Matter at the University of Pennsylvania.
The details of the method have been described elsewhere.*’
In the LE-FRES technique, a monoenergetic beam of “He™ ions
with an initial energy of 2.0 MeV impinges on a sample at an
angle 6 with respect to the sample normal. As a result of the
interactions of “He™ ions with the atoms in the sample, light
nuclei such as D and H recoil from the sample and travel
towards an energy barrier detector that is placed at a scat-
tering angle of 30° with respect to the incident beam. In
addition to the recoiling D and H nuclei, helium is forward
scattered off the carbon and silicon atoms in the polymer film
and substrate, respectively. To prevent the detection of helium
ions from masking the D and H signals, a 7.5 um thick Mylar
stopper foil is placed in front of the detector. The resultant
LE-FRES spectrum of recoiled yield versus detected energy is
then converted to a depth profile for both D and H nuclei. By
using a glancing exit geometry one increases the pathlength
of the recoiled particles in the sample, thus increasing their
effective stopping powers, which results in better energy and
depth resolutions. The experiments were carried out at § =
65°, which gave a depth resolution of about 350 A near the
sample surface. This is about 2.3 times better than the depth
resolution of conventional FRES (about 800 A), but is still
insufficient to resolve the detailed shape of the volume fraction
profiles. The main advantage of LE-FRES is that it can be
used to determine accurately and independent of any model
the integrated excess of the segregated polymer near the
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Figure 1. Volume fraction profile of d-PS as determined from

the LE-FRES measurement on the d-PS:PBrgoS sample

annealed for 4 days at 170 °C with ¢. = 0.20. The shaded
area represents the surface excess of d-PS, z*.

surface; thus, LE-FRES is an excellent complementary tool
to NR.

4. Results and Discussion

A rigorous test of the SB, SCF-SRI, and SCF-LRI
models requires measuring both z* and ¢, as accurately
as possible. As mentioned earlier, LE-FRES is a
particularly reliable method for measuring z* without
resorting to models. Being a direct profiling technique,
LE-FRES can identify unambiguously the interface(s)
being enriched. This is important because it helps to
reduce the number of fitting parameters used in simu-
lating NR results. Figure 1 shows the d-PS volume
fraction profile of sample C after annealing. In agree-
ment with previous measurements on similar sys-
tems,18-20 the d-PS component segregates to the poly-
mer mixture/air interface because it has a lower surface
energy than its counterpart. Within the depth resolu-
tion limit of LE-FRES, the volume fraction of d-PS is
uniform near the d-PS:PBrgg49S/silicon interface, sug-
gesting that both d-PS and PBrg049S have nearly the
same affinity for the silicon surface. The surface excess
of d-PS is represented by the shaded region bounded
by the symbols and the solid line in Figure 1. This line
represents a uniform d-PS volume fraction, ¢(x) = 0 for
X < 0 and ¢(x) = 0.20 for x > 0, convoluted with the
instrumental resolution of 350 A. Quantitatively, z* is
given by

¢ = [Tp(x) — ¢.] dx (14)

where ¢, is the bulk volume fraction of d-PS after
annealing. In a similar manner, LE-FRES was also
applied to measure z* in samples A and B.

The reflectivity data (open circles) collected from the
same sample are shown in Figure 2. The upper and
lower curves correspond to the reflectivities recorded at
6 = 0.35° and 0.80°, respectively. The solid lines
represent the reflectivities calculated from the (b/V)
profiles that provided the minimum »2,. The x5,
values were 2.06 and 1.37 for 6§ = 0.35° and 0.80°,
respectively. The values of g,ir and osi were 19 and 5
A, respectively. The measured thickness of 1879 A was
in excellent agreement with LE-FRES and ellipsometry
values. The profile shape, a truncated hyperbolic
tangent function, is discussed in the Appendix.

Figure 3 shows the volume fraction profiles of d-PS
for sample C determined from NR measurements (solid
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Figure 2. NR data (open circles) for the d-PS:PBrg04eS sample
annealed for 4 days at 170 °C with ¢., = 0.20. Data obtained
at two different angles of the incident neutron beam, namely
6 = 0.35° (upper curve) and 6 = 0.80° (lower curve), are shown.
The solid lines are the calculated reflectivities using the model
volume fraction profile of d-PS shown in Figure 3.
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Figure 3. Volume fraction profiles of d-PS for the sample with
¢« = 0.20, as revealed from the fit to the NR data (solid line),
calculated using the theory of Schmidt and Binder (dotted
line), and determined from the SCF model with the short range
interaction potential (dashed line) and long range interaction
potential (dash-dotted line). The inset to the figure shows the
detailed shapes of the profiles in the near surface region.

line) and calculated from the SB (dotted line), SCF-SRI
(dashed line), and SCF-LRI (dash-dotted line) models.
We note that the reflectivity calculated from the SCF-
SRI model was in poor agreement (Xgr, = 12.55) with
the measured reflectivity. In the SB and SCF calcula-
tions, the numbers of segments of d-PS and PBrg049S
are given in Table 1 and y is 7.5 x 1074 at 170 °C. The
latter value was determined by interpolating the y's for
d-PS:PBr,S systems*8 to x = 0.049. In Figure 3, ¢; and
¢« values of 0.67 and 0.20 are obtained directly from
NR and LE-FRES measurements, respectively, and are
independent of the models used to analyze either data
set. For the SB model, the volume fraction profile of
d-PS was calculated using eq 3. For both SCF models
the values of —dFs/d¢; in eqs 10a and 10b were chosen
such that the calculated ¢; agreed with the ¢; measured
using NR. A comparison of the model and experimental
profiles reveals that both SCF models describe the shape
of the d-PS volume fraction profile in the near-surface
region better than the SB approach. This observation
is in accord with our previous study?* in which the
limitations of the SB model were discussed. The near-
surface region of the d-PS volume fraction profile is
expanded in the inset to Figure 3. This plot demon-
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strates that including long-range interactions to the
external potential, eq 10, does not produce major cor-
rections to the shape of the d-PS profile in the near-
surface region. We also note that we do not observe a
significant flattening of the volume fraction profile of
the segregated polymer in the near-surface region, a
result reported by Norton and co-workers!? for the
d-PEP:PEP system and predicted in Monte Carlo simu-
lations.*®

The SCF profiles differ from the experimental profile
for several possible reasons. First, the shape of the
segregated profile is very sensitive to the value of y,
which depends strongly on x, the mole fraction of
4-bromostyrene in the poly(styrene-co-4-bromostyrene).
Therefore, the uncertainty in determining x will result
in an error.%° Also, the value of y used in the calcula-
tions was based on an interpolation of measured values
of y that also are associated with an error. In addition,
one has to account for the effect of polydispersity in x
on the phase behavior of PBryS. Although the thermo-
dynamics of the PS/PBryS system has been widely
studied,18-20.36:48 the effect of bromination polydispersity
has not yet been evaluated. However, for dilute solu-
tions and small values of x in our study, the distribution
is expected to be narrow.’ In preliminary liquid
adsorption chromatography (LAC) experiments on plain
silica with hexane—tetrahydrofuran gradient, the poly-
dispersity in bromine content of PBrg»5S was found to
be less than the detection limit (estimated to be about
5%).52 We thus speculate that the difference between
the NR and SCF profiles is due to the uncertainty of y.
We also stress that our SCF model does not account for
the non-Gaussian conformations of the chains in the
near-surface region. Wijmans and co-workers used the
lattice SCF model to study the effects of bond correla-
tions and chain stiffness for polymers adsorbing onto a
flat surface.5® They found that the polymer brush
thickness increases as the chain stiffness increases,
whereas this thickness decreases if correlations between
neighboring bonds are included. When considered
simultaneously, both effects can cancel each other,
resulting in a profile that is almost identical with an
SCF profile calculated without these corrections. Re-
gardless of the uncertainty of y and the effects of chain
conformations, the SCF model provides a more precise
description of the shape of the segregated polymer than
the SB model. In the next section the SCF and SB
models will be further tested by comparing the calcu-
lated and experimental values of both z* and ¢,.

Figure 4 shows how z* measured by NR (solid circles)
and LE-FRES (open circles) increases as ¢. increases.
Considering that NR is relatively insensitive to the tail
of the surface layer region, the agreement between the
NR and LE-FRES values is excellent. At the low values
of ¢ covered in this study, Figure 4 shows that the
amount of the segregated polymer increases as ¢
increases. This trend in z* correlates with that of a
surface correlation length, &. At low ¢, both z* and &;
increase, reach a maximum at an intermediate value
of ¢, and then decrease as ¢. approaches 1, where z*
eventually goes to 0. The trends in z* calculated by the
SB (dotted line), SCF-SRI (dashed line), and SCF-LRI
(dash-dotted line) models are in qualitative agreement
with the variation of the measured values z* with ¢..
Although both the SB and the SCF predictions for z*
underestimate the measured values, the SB values for
z* are up to 40% lower than the experimental quanti-
ties, whereas the SCF error is only half as large. As is
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Figure 4. Variation of the surface excess of d-PS, z*, with

the volume fraction of d-PS in the bulk of the mixture, ¢». The

solid and open circles are the values determined from the NR

data fits and LE-FRES, respectively. Also shown are the

calculation results for SB (dotted line), SCF-SRI (dashed line),
and SCF-LRI (dash-dotted line) models, respectively.
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Figure 5. Variation of the surface volume fraction of d-PS,

¢1, with the volume fraction of d-PS in the bulk of the mixture,

¢w. The solid and open circles are the values determined from

the NR data fits. Also shown are the results for SB (dotted

line), SCF-SRI (dashed line), and SCF-LRI (dash-dotted line)
models, respectively.

apparent from the figure, accounting for possible long-
range interactions improves the agreement between the
SCF and experimental results only slightly. Recall that
the model calculations of z* use the values of ¢
determined from NR. Conversely, the models can
calculate ¢; given the experimental values of z*. Al-
though the SB approach has been used many times to
interpret experimental data, only the values of z* or ¢;
were used as input parameters. In a previous publica-
tion?* we have shown why both guantities must be
measured if a rigorous test of surface enrichment models
is to be made.

Figure 5 shows how the values of ¢; determined by
NR (solid circles) increase rapidly and then more slowly
with increasing ¢, a trend in qualitative agreement
with the SB (dotted line), SCF-SRI (dashed line), and
SCF-LRI (dash-dotted line) models. Although all mod-
els overestimate ¢;, the SB values are up to 30% larger
than the NR values whereas the SCF results are in
significantly better agreement with the measured val-
ues. In both the SB and SCF models, the ¢; values are
based on the z* measured by LE-FRES. Using the SCF-
LRI model to predict ¢1 produces only a minor improve-
ment in the agreement between the calculated and
experimental values. Consistent with the discussion of
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Figure 6. Variation of the excess surface free energy
—dFs/d¢, as a function of ¢, for the SB (circles) and SCF-SRI
(squares) models, respectively. The open symbols represent
the values calculated from the LE-FRES measurements of z*.
The solid symbols are the values determined from the NR
measurements of ¢:. The lines are guides to the eye.

the profile shape (Figure 3), a comparison of the
experimental and predicted values of both z* and ¢,
demonstrates that the SCF model provides a more
accurate description of surface enrichment that the SB
approach. This improvement results from removing the
square gradient approximation made in the SB theory.

The excess surface free energy —dF/d¢; for the SB
(circles) and SCF-SRI (squares) models is plotted in
Figure 6 as a function of ¢1. In the SCF-LRI model,
the values of —dF¢/d¢; are slightly lower than the SCF-
SRI values and are omitted for clarity. The solid
symbols were calculated using z* from LE-FRES,
whereas the open symbols are based on ¢; values
determined from NR. For both models the values of
—dFs/d¢; at a given ¢; depend on the experimental data
used as input parameters in the calculations. This
observation suggests that both the SCF and SB models
fail to predict surface enrichment quantitatively. How-
ever, at high ¢1, the —dFs/d¢; values determined from
SCF are in better mutual agreement than the SB ones.
This result is expected because the long-wavelength
approximation is not valid when large concentration
gradients are present in the system. This failure of the
long-wavelength approximation occurs at the highest
values of ¢, covered in our experiments. We also note
that the absolute magnitude of —dFg/d¢; is about three
times larger than that reported for d-PS:PS5812.24 and
approximately the same as d-PEP:PEP.13

Over the ¢, range shown in Figure 6, —dFs/d¢; is a
monotonically decreasing function of ¢;. Schmidt and
Binder have proposed a simple linear dependence of
—dFs/d¢, on ¢1, namely

dF

_dTbA:”Jrgqjl (15)

which Gluckenbiehl and co-workers2® report to be in
agreement with measurements on a d-PS:PBrg 0sS sys-
tem. Recent theories have attempted to provide a more
comprehensive treatment of the driving force for surface
enrichment.45% Particularly, the approach proposed by
Cohen and Muthukumar (CM)%* has proven to be in
reasonable agreement with the nonlinear behavior of
—dFs/d¢1 vs ¢1 as demonstrated by recent experiments.8
For the —dF¢/d¢, values shown in Figure 6, we are
unable to discriminate between eq 15 and the CM
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approach because of the limited range of ¢;. We can
only speculate that the —dFs/d¢; values probably do not
vary linearly with ¢;. Indeed, recent results on a d-PS:
PBro.0sS system show a large deviation from linearity
at large values of ¢,.56

5. Conclusion

In summary, the surface enrichment in blends of
deuterated polystyrene, d-PS, and poly(styrene-co-4-
bromostyrene), PBr049S, was studied using NR and LE-
FRES. After the samples were annealed, the d-PS
component was found to segregate to the polymer
mixture/air interface, whereas neither component en-
riched the polymer mixture/silicon interface. The values
of the surface volume fraction, ¢;, and the surface
excess, z*, of d-PS were measured and the results
compared with values calculated using both the Schmidt
and Binder (SB) theory and the self-consistent field
(SCF) approach. We have found that both the SB and
SCF models provide a good qualitative description of
surface segregation. However, the latter approach is
in better quantitative agreement with the experimental
results. For the SCF model, we have studied the effects
of long-range interactions between the polymers and the
surface and found that these interactions resulted in
only minor changes to the shape of the d-PS profile. The
SCF volume fraction profiles of d-PS, compared to the
SB prediction, were in better agreement with the NR
profile. However, the surface excess free energy was
found to depend on whether ¢; or z* was used as input
parameters in the SB and SCF models. This observa-
tion points out that caution must be used when inter-
preting surface enrichment experiments.
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Appendix. Functional Form of the Volume
Fraction Profile Used To Simulate the NR Data

The volume fraction profile for the segregating poly-
mer A (d-PS) used to simulate the NR data was
approximated with

_K tanh(b[x — Xcut])
where K was given by
¢A1 - ¢Aoo
K= . - A2
tanh(—bx,,) (A2)
099

In eqs Al and A2 ¢a1 and ¢a. were the surface and
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bulk volume fractions of A, respectively. The param-
eters b and x.,: defined the precise shape of the profile.
In particular, b (always a positive value) determined the
slope of the middle part of the tanh profile, whereas Xcut,
which ranged from —In(199)/(2b) to In(199)/(2b), defined
the coordinate at which the tanh profile was truncated.
For values of x,: between —In(199)/(2b) and 0, the
profile was similar to a hyperbolic tangent, whereas for
Xeut between O and In(199)/(2b) the profile became
exponential.

For a given set of ¢a1, da«, b, and X, the volume
fraction profile of the A component was calculated using
eqs Al and A2. LE-FRES was used to determine the
values of ¢a«; thus, only ¢a1, b, and Xyt were varied.
Using the known volume fraction profiles and the
(b/V)'s of the A and B components (listed in Table 1),
the total (b/V) profile was determined from

[0)00 = [G)pn0 + [Getot0 8

We note that in the calculations only the real compo-
nents of the (b/V)'s were used; therefore, incoherent
scattering from the hydrogen was not included. In eq
A3 the x scale was discretized such that the “smooth”
profile was converted into a histogram with an equi-
distant width Ax = 25 A57 The (b/V) profile was
corrected for roughnesses at the polymer/air (ranging
between 5 and 25 A) and polymer/silicon interfaces
(ranging between 5 and 15 A).

Registry no. provided by the author: PS, 9003-53-6.
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