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ABSTRACT: Neutron reflectometry (NR) was used to measure the concentration profile of a symmetric
PEP/dPEP polymer blend with nanometer-scale resolution in the one-phase region. The shape of the
profile near the surface was found to differ significantly from mean-field theory predictions for all bulk
concentrations and temperatures surveyed. The profile shape is flattened at the surface over a distance
about half the bulk correlation length, a length scale far greater than that of the dispersive forces that
are the dominant microscopic interaction in such blends. We introduce a new method for extracting the
surface energy difference that drives segregation based on the Gibbs adsorption equation (GAE) and
compare it to a previous method based on mean-field theory. While both methods produce qualitatively
similar results (the surface energy of pure dPEP is ~0.21 mJ/m? smaller than pure PEP), the GAE method
is much less model dependent, requiring knowledge of only the free energy of mixing in the bulk and the
measured integral excess and surface composition. The surface energy difference between dPEP and
PEP is ~2.6 times larger than that for dPS and PS, a factor in good agreement with the expectation that
the surface energy difference between the isotopically different polymers arises from the same van der
Waals interaction that leads to a positive Flory segment—segment interaction parameter y in these blends.

8621

Introduction

The chemical composition at the surface of a mixture
can have important consequences for the surface prop-
erties of a material. A fundamental understanding of
the thermodynamics of surfaces enables the tailoring
of surface properties for specific applications. In poly-
mer mixtures, the entropy of mixing of long-chain
molecules is small and often of a magnitude comparable
to the interactions between blend components or be-
tween the individual polymers and a surface. In such
cases, the thermodynamics often favors segregation, or
more dramatically phase separation, of the low surface
energy component to a surface. Mixtures of structurally
equivalent pairs of homopolymers that differ only in
their isotopic composition of their hydrogen/deuterium
content form model nonideal mixtures for sufficiently
long molecules.=? The small unfavorable interaction,
characterized by a small positive segment—segment
interaction parameter y between the two isotopic spe-
cies, is a consequence of the slight difference in bond
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length and polarizability between the C—H and the
C—D bonds. For sufficiently large molecules, the rela-
tively small combinatorial entropy of mixing can pro-
duce a miscibility gap with an upper critical solution
temperature. Deuteration also creates a small differ-
ence in surface energy between the two components. In
polymer blends of equal chain lengths, segregation of
the lower surface energy component, the deuterated
polymer, occurs when the energetic cost of having a
surface layer with an off-equilibrium composition ac-
companied by a composition gradient is outweighed by
the reduction in surface energy. The amount of enrich-
ment and the shape of the depth profile are governed
by this trade-off.

The first theories*? developed to describe the shape
of the surface enriched layer with depth relied on the
minimization of the excess surface free energy per
lattice site, Fs

F ) - a2 de\2

TRt T dz[G(¢) - w0+ et a) ]
1

The free energy of mixing per lattice site is given by

G(¢) = [¢/Ngl In ¢ + [(1 — ¢)/Nul In (1 = ¢) + x¢(1 — @)
where Ay = 6G/0¢ evaluated at the bulk composition
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¢.. The composition dependence on depth is denoted
with ¢(z), the statistical segment length is given by a,
the polymerization indexes are Ny and Na, and kg7 is
the Boltzmann constant multiplied by the temperature.
The entropic penalty associated with sharp gradients
in composition is expressed as a term proportional to
the square of the composition gradient; this so-called
“square gradient approximation” is valid in the limit
where such gradients are small compared to the size of
the polymer coil. The bare surface energy f; within this
framework depends only on the concentration at the
surface, ¢1, a zero-range surface interaction, as

fo =~y ~ %g¢12 (2)

with 41 describing the chemical potential favoring one
component at the surface and g accounting for the
missing interactions of segments at the surface. The
composition profile that minimizes F follows the func-
tional form

a oz d¢
z == (3)
6Jo V(1 = §IG@) — G(8.) — Aulg — )]

which has an exponential-like decay from the surface
concentration ¢; to the bulk concentration ¢.. when the
¢ is far from the binodal composition. Measurements
of ¢1, or alternatively the integrated surface excess
defined as z* = [7l¢(z) — ¢.] dz, as a function of ¢.. for
a system where the bulk thermodynamics are known
through y allows determination of the bare surface
energy derivative® that drives the surface segregation

dy, _ kel df,
d¢1_ p® dé,

where b° equals the segment volume. From eq 1 an
expression for dfy/d¢; is derived as

— % _a G(¢,) — G(¢.) — Aulp, — ¢.)
d¢; 3 Sl =)

We will refer to the above as the SB mean-field theory
after the authors of ref 5.

A variety of polymer blends have been studied using
a diverse set of profiling tools,” 1% in some cases
experimentally testing this theory, and general agree-
ment has been found. However, in miscible blends of
polystyrene and deuterated polystyrene (PS/dPS), the
more highly segregated samples were observed to have
a region of constant concentration near the surface
before the profile decayed with an exponential-type form
to the bulk concentration.®1? One explanation that was
proposed to explain the thicker surface layer was the
presence of long-range forces. To experimentally test
this hypothesis and separate the contribution to the
profile shape of chain configuration from the surface
interactions, we have chosen another isotopic blend that
offers a number of advantages.

Poly(ethylenepropylene) (PEP) blended with its deu-
terated analogue (dPEP) has a high D/C or H/C ratio
and therefore the interactions, described by y, dominate
the thermodynamics for much lower chain lengths than
for other familiar polymers such as PS. Blends of PEP/
dPEP have been extensively studied and characterized
with small-angle neutron scattering (SANS). Near the
critical point for phase separation in a series of blends
of symmetric chain length, the segment—segment in-

4)
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teraction parameter follows the temperature depen-
dencel*

_ (%)2[0.571 £ 0.007

_ -4
10 T (6.56 + 0.18) x 10 ] +

2 x 1075 (6)

where Axg is the difference between the number of D
atoms per monomer unit on the dPEP and on the PEP
chains. We pursued an investigation with neutron
reflectometry of the detailed shape of the surface
segment density profile in PEP/dPEP blends as a
function of composition and temperature.

Experiment

(1) Materials and Sample Preparation. Poly(ethylene
propylene) and its deuterated analogue were prepared by
hydrogenating anionically polymerized 1,4-polyisoprenes.!
The two components had nearly equal lengths with a weight-
average degree of polymerization Npgp = 2360 and Ngpep =
2140 and a polydispersity index of less than 1.04. Thin films
of varying bulk compositions of dPEP were prepared as follows.
Polished silicon wafers (5 mm thick and either 2.5 or 5 cm in
diameter) were cleaned to remove organic contaminants using
a room temperature etch solution of ~8:1 sulfuric acid and
hydrogen peroxide. This chemical cleaning was followed by
reactive ion etching in an oxygen plasma. The silicon oxide,
whose high neutron scattering length density can complicate
the analysis of the reflectivity spectra, was stripped with a
buffered HF solution (pH between 5 and 6) followed by a
thorough rinse in deionized water.’® The stripped silicon
surface was then immediately spin coated with PEP/dPEP co-
dissolved in toluene to achieve a film thickness L ~ 1500 A,

~10 times the radius of gyration (R; = a+v/N/6 where a ~ 8 A
with In a? = ~1.0 x 1073T £ 4.4817). The samples were
annealed at either 70 or 35 °C by being placed at the bottom
of a container that was sealed in air and then partially
immersed in a water bath. To achieve equilibrium surface
segregation profiles, annealing times were used that produced
a diffusion distance w (w = (4D#)2, where ¢ is time and D is
the diffusion coefficient) of at least 35L based on previously
measured diffusion coefficients for these polymers.1%1°® The
samples were cooled within ~4 min to a temperature —55 °C,
the glass transition temperature of PEP, and neutron reflec-
tion experiments were carried out at this temperature to avoid
any change in the composition profile during measurement.

(2) Neutron Reflectometry. Neutron reflectometry (NR)
probes the scattering length density profile (b/V)z) perpen-
dicular to the film surface. The scattering length density (b/
V)(z) depends on the density and type of nuclei within a small-
volume element. The large contrast between the scattering
length of H and D permits isolation of the segment density
distribution of dPEP in PEP with depth from (5/V)(z). The
NR measurements were performed on the POSYII beam line
at the Intense Pulsed Neutron Source at Argonne National
Laboratory.?® The technique is presented elsewhere in an
excellent review.?r The wavelength A distribution in each
incident pulse of neutrons ranges from 3 to 14 A. Since the
reflectivity R is measured as a function of the perpendicular
component of the incident wavevector, & = (27/1) sin(9), several
incident angles 6 were used to measure R(k) up to k = 0.05
A-1. Fits to the data were determined by first assuming a (b/
V)(z) and then approximating it by a series of uniform layers
where the change in scattering length density, A(b/V), between
successive layers was kept constant and finally calculating R
using a standard multilayer algorithm.?1-?2 These steps were
repeated until good agreement between the simulation and
the data was reached through a minimization of the ye? in
each angular data set, defined as

15 By — Rc,i)2
)Cerr2 = _Z (N
n

i=1 Ui2
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Table 1. Neutron Scattering Length Density

material B/V (x1076 A-2)
dPEP 7.38
hPEP -0.306
Si 2.08

where R, and R, are the measured and calculated reflectivi-
ties, respectively, o; is the standard deviation error of Ry, and
n is the number of data points in a data set taken at a
particular incident angle. In addition, the amount of PEP and
dPEP of the simulation was matched to the total content of
the initial uniform film taking into account the depletion of
the bulk concentration below the initial film concentration.
Values of b/V used to convert the (b/V)(z) to ¢(z) are listed in
Table 1. To account for incoherent scattering from the
hydrogen-containing polymers, an imaginary component of the
scattering length density 4/V|; was included in the profiles.
This loss mechanism provides an important constraint to the
determination of (b/V)(2) through the position and depth of dips
in R at k below the critical wavevector for total reflection k..
These features are caused by resonantly enhanced neutron
standing waves in the potential well formed between the high
b/V surface layer and the Si.2%2* The roughness (rms) of the
silicon substrate was fixed at 5 A.° The polymer surface
roughness was used as a fitting parameter and was found to
lie between 7 and 13 A for all samples, agreeing with both
X-ray reflectometry and atomic force microscopy measure-
ments.?> Segregation to the stripped silicon surface was not
included in our fits. It has been observed in direct space
profiling of surface-directed spinodal decomposition in thin
films that the PEP is attracted to the silicon interface.26:27
However, since the bulk compositions are low (¢.. < 0.15), we
expect only a small change in dPEP concentration near the
silicon, if any. The functional form of the composition profile
used to fit these data is discussed in detail in an appendix
with important parameters presented in the following section.

Results

In Figure 1 the reflectivity data are shown for a film,
1614 A thick, of a blend of PEP/dPEP annealed at 70
°C. The thick solid line through the data is R(k)
calculated from the best-fit scattering length density
profile shown in the inset with a thick solid line. The
thin line fit is obtained from the mean-field prediction
(eq 3) by taking ¥ from eq 6 and matching the surface
and bulk dPEP concentrations of the best fit. In Figure
2, (b/V)(z) for all the samples annealed at 70 °C have
been converted to ¢(z). From the profile corresponding
to the data of Figure 1, we see that a bulk concentration
of dPEP of ¢.. = 0.126 is in equilibrium with an enriched
surface with a surface concentration ¢; = 0.83 (Figure
2b). Assuming the same value of ¢;, the measured
integrated surface excess of dPEP, z*, is considerably
larger than that predicted with eq 3. In addition, the
shape of the profile has a noticeably different feature.
Instead of decreasing exponentially with z at short
distances from the surface, ¢(z) remains nearly constant
to a depth of ~50 A and only reaches the form of the
mean-field prediction asymptotically at large z. The
profiles for samples annealed at 35 °C are presented in
Figure 3 with the associated profiles predicted from
mean-field theory. At both temperatures, the best fits
were found when a thick surface layer was added to the
profile predicted from mean-field theory with the thick-
ness of the flattened region generally decreasing as ¢-.
is decreased.

To check our annealing time criterion for equilibrium,
the neutron reflectivity data were measured from two
films prepared from the same solution of initial concen-
tration ¢p = 0.314. One sample was annealed at 70 °C
for 3 days and the other for 12 days. No statistically
significant difference in the reflectivity data of the two
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Figure 1. Neutron reflectivity data for a sample with ¢.. =
0.126 annealed at 70 °C for 10 days. Data (circles) obtained
at different incident angles are offset by factors of 10 for clarity
and the fits adjusted for changes in instrumental resolution.
The thick solid line represents the calculated reflectivity using
the scattering length density profile shown in the inset with
a thick line. The thin lines correspond to the reflectivity
(shown only for one data set) and the associated scattering
length density profile of eq 3.
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Figure 2. Measured volume fraction dPEP depth profiles
(solid lines) for samples annealed at 70 °C with different bulk
concentrations: (a) ¢.. = 0.149 annealed 12 days (thick line)
and ¢.. = 0.130 annealed 3 days (thin line), (b) ¢. = 0.126, (c)
¢. = 0.099, (d) ¢. = 0.091, () ¢.. = 0.075 and (f) ¢.. = 0.053.
Other annealing times given in Table 2. Dashed lines are
computed with eq 3.

films was observed, indicating that 3 days of annealing
at 70 °C was sufficient for the films to reach equilibrium.
The two profiles are shown in Figure 2a, both of which
conserve dPEP and have y..? < 6 for each angle (see
Table 2). The barely discernible differences in the
profiles of these two samples are presented to give a
flavor for the error in the fitting the samples with a
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Figure 3. Measured dPEP volume fraction depth profiles
(solid lines) for samples annealed at 35 °C for 15 days with
different bulk concentration: (a) ¢.. = 0.098, (b) ¢.. = 0.094,
(¢) ¢.. = 0.066, and (d) ¢.. = 0.054. Profiles computed using eq
3 (dashed line).

Table 2. Fitting Parameters®

b #1 2*(A) LA  t(days) Yerr®
At 85 °C
0.098  0.854 183 1679 15 2.7,18,16
0.094 0.789 134 1996 15 2.7,2.0,15
0.066 0591 84 1563 15 35,33, 1.7
0.054  0.665 85 1893 15 2.1,18,1.3
At 70 °C
0.149  0.924 273 1552 12 5.4,2.7, 15
0.130  0.940 287 1530 3 3.4,2.2,2.3
0.126 0.831 139 1614 10 2.0,2.1,13
0.099  0.691 98 1622 10 3.1,19,18
0.091  0.634 72 1547 1.83 7.7,8.2,2.8
0.075  0.530 67 1541 10 25,12, 1.1
0.053  0.391 37 1699 3 2.0, 1.

@ Where ¢.. is the bulk volume fraction of dPEP, ¢ is the surface
volume fraction of dPEP, L is the film thickness, { is the annealing

time, and y.? is defined by eq 7 for each angular data set.

Table 3. Fitting Parameters (continued) Defined in
Equations 24 and 26

be A (A) Az (A) Aomax (A) 8
At 35 °C
0.098 36 1.41 x 108 1.04 x 10* 0.458
0.094 35 1.20 x 10° 7.27 x 103 0.452
0.066 95 1.72 x 10° 7.60 x 103 0.276
0.054 71 5.92 x 107 5.60 x 103 0.312
At 70 °C
0.149 100 1.13 x 108 1.37 x 104 0.419
0.130 115 1.13 x 106 1.21 x 10* 0.411
0.126 78 2,60 x 105 458 x 103 0.375
0.099 78 7.46 x 108 1.02 x 10* 0.287
0.091 102 1.6 x 102! 8.25 x 103 0.121
0.075 82 2.41 x 108 411 x 103 0.387
0.053 94 9.46 x 1018 5.09 x 108 0.142

thick surface layer when the reflectivity is only weakly
sensitive to the bulk concentration. Profiles that did
not include this nearly constant concentration of dPEP
near the surface could not fit the data between & = k&,
and 2 ~ 0.02 A7l while simultaneously fitting the
highest k£ data measured.

The profile fitting parameters are summarized with
two plots. In Figure 4, the integrated surface excess of
dPEP, z*, is plotted versus ¢.. There is a systematic
increase in z* as ¢.. approaches the binodal composition
computed from y found with SANS (eq 6) and Flory—
Huggins theory. The surface composition ¢; also in-
creases with ¢.. (Figure 5) and decreases when the
annealing temperature is raised. The experimental
results follow the expectation that as the miscibility of

0.00 005 010 0.15

P
Figure 4. Surface excess versus bulk concentration of dPEP

for samples annealed at 70 (circles) and at 35 °C (triangles).
Lines are provided as a guide to the eye.
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Figure 5. Surface volume fraction of dPEP versus bulk
concentration of dPEP for samples annealed at 70 (circles) and
at 35 °C (triangles). Lines are provided as a guide to the eye.

dPEP in PEP improves (higher temperature) or as ¢..
is lowered, the surface concentration and the total
amount of dPEP at the surface decreases.

Discussion

(1) Surface Segregation Profile. One noticeable
feature of the surface segregation profiles brought to
light by the high sensitivity of the NR probe and by the
large surface energy difference of the PEP/dPEP system
relative to other isotopic blends (e.g., PS/dPS) is the
extent of deviation from mean-field theory. In PS/dPS
measured with both secondary ion mass spectrometry
(SIMS)Y and NR,? samples with large ¢.. have been
observed to have a broader profile than the SB predic-
tion, similar to our results. The suggestion?® that long
range surface interactions might account for this devia-
tion was tested quantitatively by Jones.2? The excess
surface free energy expression (eq 1) was modified by
the addition of a term to model a van der Waals surface
interaction decaying with depth as z73. Numerical
integration of the Euler—Lagrange equation resulting
from the minimization of this expanded surface free
energy expression revealed that profiles were only
modified within the first 5 A, for a polymer blend with
characteristics similar to the long-chain PS/dPS where
marked broadening was observed.?!? These differences
are not experimentally accessible to either NR and
SIMS and do not account for the flattening we observe
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that approaches the radius of gyration of the polymers
in the PEP/dPEP blend.

A self-consistent mean-field theory of surface segrega-
tion (SCF)® has been constructed that removes the
square gradient approximation in eq 1 but retains the
mean-field approximation. With material characteris-
tics of PS/dPS, the SCF calculations produced a near-
surface profile with only a slightly more gradual decay
than the SB prediction approaching the SB shape far
from the surface. When a long-range surface force of
the same functional form as Jones studied was included
in the SCF theory,3! no change in the profile was seen
similar to near-surface flattening observed in PS/dPS.%10
Using the material parameters that describe the PEP/
dPEP blend, the SCF simulations were unable to match
the magnitude of the deviation from the mean-field
prediction3? that we have observed with the high-
resolution NR technique.

Several theories modify the excess surface free energy
F,, improving on the phenomenological assignment of
the form of f; in the SB theory (eq 2).333¢ Terms of these
new expressions describe aspects of the surface such as
the entropic configuration of the lattice sites. The
importance of such entropic contributions to the segre-
gation thermodynamics has been observed in experi-
ments investigating symmetric polyolefin diblock co-
polymers.?®* In these systems, the surface energy
difference between blocks, for example, PEP — dPEE
where PEE is poly(ethylethylene), was of the same order
as in our studies. It was the more flexible block, with
the shorter statistical segment length q, that segregated
to the surface or interface, agreeing with predictions
that address this aspect of the chain architecture.3¢ This
asymmetry in a is not present in our studies of PEP/
dPEP, and it is the energetic difference between the
segments that dominates. The bulk free energy is not
modified at all by these treatments of surface segrega-
tion just mentioned, and it is the bulk free energy terms
that determine the decay of the profile away from the
surface. The modification of the f; term in the SB theory
thus will not be able to account for the near-surface
flattening that we see in PEP/dPEP.

In Figure 6, typical profiles for two different temper-
atures are plotted as a function of normalized depth,
i.e., z scaled by the bulk correlation length & which is
given by

1

g=2 8
6 JoT=90, —»
and where y; is the value of y at the spinodal, i.e.
1/ 1 1
== + 9
% =3 (Nd¢w N,(1 - ¢m)) ®

The bulk correlation length is used to normalize the
depth axis since it is roughly the decay length of the
SB profile. For this demonstration, we chose samples
with ¢.. well below the binodal composition and, thus,
far from any wetting transition. The flattened region
near the surface is substantial, a third to half of £ in
these low ¢.. samples, and far larger than the dimen-
sions over which long-range forces were seen to influ-
ence the shape of the segregation profiles.?® The NR
measurements, with their sensitivity to the near-surface
profile, demonstrate that the surface enrichment profile
predicted by mean-field theory cannot be correct. That
this feature is present at two temperatures over a length
scale comparable to the bulk correlation length implies
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Figure 6. Measured composition profiles (solid lines) scaled
by the bulk correlation length £ for (a) Ax4 = 9.9, T = 35 °C,
¢ = 0.054 and (b) Axq = 9.9, T = 70 °C, ¢.. = 0.099, where &

= a/6[(1 — ¢)/2Nh + ¢/2Ns — x¢(1 — ¢..)] 2. Dashed lines
computed with eq 3.

that correlations ignored by the mean-field theories play
a key role in determining the exact structure of the
surface-enriched layer. Thus, a non-mean-field theory
that accounts for chain conformations and correlations
between chains in the surface region will be necessary
before a completely satisfactory interpretation of our
results is possible.

(2) Surface Energy. Despite the fact that mean-
field theory fails to describe the form of the surface
segregation profile, the experimental data themselves
may be usefully analyzed to give estimates of the surface
energy difference between the dPEP and PEP that
drives the segregation. One approach is to assume that
mean-field theory does not fail too badly and use the
SB theory to estimate the bare surface energy derivative
dyy/d¢;. A second and much less model-dependent
approach is to use the Gibbs adsorption equation to
extract an estimate of the surface energy difference
between dPEP and PEP.

(a) Schmidt—Binder Theory. The effective surface
energy difference dyy/d¢; was estimated using eqs 4 and
5 with the experimental values of ¢;. In other words,
we calculated the dyy/d¢; values that would give the
dashed profiles in Figures 2 and 3. The results of this
calculation are plotted versus ¢; in Figure 7 with the
results from the PEP/dPEP experiments displayed with
open circles (70 °C) and open squares (35 °C). For
comparison, results are also plotted for PS/dPS from NR
experiments® (open triangles), where ¢; is measured
directly, and from SIMS experiments'® (open diamonds),
where ¢; is computed using the measured z* and the
SB mean-field theory.

It is important to realize that y}, corresponds only to
the bare surface energy term f; in eq 1; the effects of
the square gradient term and the bulk free energy
penalty are not included. Nevertheless, because these
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Figure 7. Bare surface energy derivative dyy/d¢,, calculated
using the SB theory, plotted versus surface volume fraction
for neutron reflection measurements of PEP/dPEP samples
annealed at 70 °C (circles), for PEP/dPEP annealed at 35 °C
(squares), and for PS/dPS (triangles),? and (diamonds).1° The
lines are guides to the eye.
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Figure 8. (a) Change in bare surface energy of SB theory
extracted by integrating the smoothed data represented by the
lines in Figure 7 where the dot-dashed and solid lines are the
values for dPEP/PEP at 35 and 70 °C and the dashed line is
the values for dPS/PS at 184 °C. (b) Change in surface energy
Ay of eq 22 from integrating the lines in Figure 9 plotted
versus ¢; for PEP/dPEP (solid line) at 35 and 70 °C and PS/
dPS (dashed line) at 184 °C.

extra terms do not appear in the surface energy of the
pure dPEP and PEP, integrating dyy/de¢; from ¢; = 0 to
1 gives an estimate of the surface energy difference
between the two pure components. Results for PEP/
dPEP and PS/dPS are shown in Figure 8a, where we
plot Ay, =S 8‘ dyw/de¢; d¢ as a function of ¢1. Note that
the surface energy difference between the pure isotopic
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components (found by extrapolating the curves to ¢; =
1) appears to be slightly different for the 35 and 70 °C
experiments. The values are about 0.27 and 0.23 mdJ/
m? for PEP at 35 and 70 °C, respectively, and ~0.10
md/m? for PS at 184 °C,

(b) Gibbs Adsorption Equation. The Gibbs ad-
sorption equation offers a method for extracting the
surface energy difference without requiring a detailed
description, such as the SB theory, of the surface
segregation profile. The Gibbs adsorption equation
(GAE) is the surface equivalent of the Gibbs—Duhem
equation given by

dy = —Zri du, (10)

where y is the surface energy, I'; is the molecular surface
excess of species i, and y; is the chemical potential per
molecule of species i. In the following discussion we will
derive from the GAE an expression for the derivative
of the surface energy with respect to the surface
composition dy/d¢;. Combining this expression with the
NR data, one can then extrapolate a value for the
surface energy difference between the pure components.

In segregation experiments, the integrated surface
excess z* is measured and in a binary mixture of d and
h polymers

z¥t+ 2, =0 (11)

since ¢4(z) + ¢n(z) = 1, where ¢4 and ¢y, are the volume
fractions of each species. The molecular surface excess
of d is given by

Ty = 24*04.n/Ns (12)

where pqm is the number of segments of d per unit
volume and Ny is the polymerization index of d. From
egs 11 and 12 we see that

TaNa | TnVu _
pd,m ph,m

0 (13)

The segment densities in blends of protonated and
deuterated polymers are essentially equal so

rh = _Fd (Nd/Nh) (14)

Thus, for a binary blend of isotopic polymers we can
write the GAE as

N
dy = —rd(dud -5 dﬂh) (15)

Next we consider the molecular chemical potentials.
Relative to the standard state uq is given by

7 N,
EdT’ =ln ¢, + (1 - ]—V—:)% + Nge?  (16)

and similarly for h. With some rearrangement and a
substitution of ¢.. = ¢q and 1 — ¢.. = ¢y, we find

d Ng \ Ny
#d‘zvhﬂh —dln¢m—]7h1n(1—¢&)+

Ny
(1 - 17) + N1 - 2¢m)) 17
h
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Figure 9. Surface energy derivative dy/d¢; derived from the
GAE (eq 21) plotted versus the surface volume fraction for
PEP/dPEP samples annealed at 70 (circles) and at 35 °C
(squares). An estimate of the error is £20%. Data for PS/
dPS from NR and SIMS measurements (triangles)® and
(diamonds)!° are also shown. The lines are guides to the eye.

Now we compute the derivative of the surface energy
with respect to the bulk volume fraction. Substituting
eqs 12 and 17 into eq 15 and differentiating we find

o (L1 ol (18
dp. °°F "‘(Ndcﬁw Nal—gy T (08

Using eq 9 we rewrite eq 18 as
dy/de,, = —22*p,, (x, — W)ksT (19)

recognizing that 2(y; — ) is the second derivative of the
Flory—Huggins free energy of mixing per segment.

We would like to find the derivative dy/d¢; where ¢1
is the surface volume fraction of d. With neutron
reflection we measure the ¢; value for each ¢... We can
estimate d¢1/d¢.. by fitting a smooth curve to the data
of Figure 5. Using this fit we can write

QZ = ﬂ.(%)_l 2
d¢,  dp_\dp. (20)

Combining eq 19 with eq 20 we get

dy _ o9} -
d¢1 2(d¢w) Z*pm(Xs x)kBT 21)

In Figure 9, dy/d¢; is plotted versus ¢; for PEP/dPEP
and PS/dPS. The trend with ¢; looks much like the dyy/
d¢y calculated from the Schmidt and Binder theory
(Figure 7). The fact that the magnitude of dy/d¢; is
smaller than that of dyy/d¢; at ¢1 < 0.8 as well as its
more rapid increase as ¢; = 1 is consistent with our
expectation that the magnitude of dy/d¢; is decreased
due to the inclusion of bulk and gradient free energy
penalty terms. It is interesting to note, however, that
the two separate curves for dyy/d¢; of PEP/APEP at
temperatures of 35 and 70 °C (Figure 7) collapse
approximately to one curve for dy/d¢; at both temper-
atures (Figure 9). Since the surface energy difference
between dPEP and PEP is not likely to be as strongly
temperature dependent as implied by Figure 7, the
result shown in Figure 9 seems more physically reason-
able.
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Figure 10. Derivative dy/d¢, for each polymer blend normal-
ized by Aypend/ Ayapsps versus surface volume fraction ¢; where
Ay = C(ykpT)V2. PEP/APEP blends annealed at 70 and at 35
°C (circles and squares, respectively), and PS/dPS annealed
at 184 °C (triangles® and diamonds!®). The y for PEP/dPEP
was taken from eq 6, and y for PS/dPS was taken to be 1.5 x
107421% The line is a guide to the eye.

As we did previously for the SB theory results, we
can estimate the surface energy difference between the
pure components by integrating the smoothed data on
Figure 9 to obtain

av= d% de, (22)

The results for PEP/APEP and PS/dPS are plotted in
Figure 8b. From this figure, the surface energy differ-
ence between the pure isotopic components extrapolates
to ~0.21 mJ/m? for PEP and to ~0.08 mJ/m? for PS.
These numbers are in reasonable agreement with those
extrapolated from the SB theory resuits (Figure 8a).
Finally, we can compare the difference in surface
energy for the dPEP/PEP system Ay = y4pgp — vpEp With
that for the dPS/PS system. Coarse-grained lattice
models that neglect entropic contributions of the chain
connectivity and assume van der Waals-type interac-
tions between segments (eng = (enneqa)’?) predict that

Ay = C\/yksT 23)

where C = (f2/b2)(2/2)V2 (enn? — €49¥2) with z being the
coordination number of the lattice, f the fraction of
missing bonds at the surface, and 42 the surface area
per segment. The segment interaction energies are
given by ¢; where i, j is either an H or D segment.

To test these ideas we have normalized the values of
dy/d¢, of the dPEP/PEP system by the ratio of Ayqprprrr/
Aygpsps computed as specified by eq 23; the normaliza-
tion constants are 2.67 and 2.58 for dPEP/PEP at 35
and 70 °C, respectively. These values are plotted in
Figure 10 along with the values for dPS/PS (normaliza-
tion constant, 1). The fact that all the data collapse onto
a single curve to within the experimental scatter sug-
gests that the C(yksT)2 scaling for Ay predicted by eq
23 is reasonable. The fact that PEP/dPEP has a larger
Ay than PS/dPS derives ultimately from its larger
number of C—H (or C—D) bonds per unit volume.

Conclusions

We have investigated segregation to a free surface of
the isotopic polymer blend of PEP/dPEP. The surface
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enrichment is driven by the small surface energy
difference, ~0.21 mJ/m?, between the hydrogenated and
deuterated polymer segments, a consequence of the
difference in polarizability of the C—H and C—D bonds
that also accounts for the miscibility gap in long-chain
isotopic blends. This surface energy difference was
extracted from the data using the Gibbs adsorption
equation (GAE), a method that is less model dependent
than that based on the SB theory used previously. A
reason for placing more reliance on the GAE method is
that mean-field theories, such as the SB theory, predict
segregation profiles that decay approximately exponen-
tially with depth. High-resolution dPEP segment den-
sity profiles from neutron reflectometry, however, show
features that are in strong disagreement with the mean-
field theory predictions. When depth scales of the
profiles are scaled by the bulk correlation length &, the
resulting curves show a layer of nearly constant dPEP
concentration before asymptotically approaching the
mean-field theory shape at a distance from the surface
of about £. The characteristic length scale of the
deviation is far larger than the range of dispersive forces
and is a large fraction of the bulk correlation length.
While mean-field theories include the essential physics
to predict the qualitative behavior of polymer blends
near a free surface, the flattened profile suggests the
need to take into account the chain conformations and
correlations between chains to explain our results.
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Appendix

The profiles used as input for NR calculations were
generated as follows. An exponentially decaying layered
concentration profile, which mimics the shape of the SB
prediction, was created first as

¢1 - ¢m)

CErR (24)

2gp(d) = 44 log(

between ¢1 and ¢.. + 107¢ with a layer spacing of
constant A¢. To deform the profile away from the
exponential form, a correction was added

z(¢) = zgg + corr(z) (25)
where
corr(z) = A_, [1 — exp(—(2/4,)")] (26)

Conversion to (b/V)(z) was done using the scattering
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length density values in Table 1. The number of layers
was chosen to be large enough so that no change in R(k)
occurred by decreasing A¢. Parameters used to fit the
data are summarized in Tables 2 and 3.
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