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ABSTRACT: We have explored the use of chain end segregation as a means of controlling the properties
of a polymer surface. Thin film blends of homopolystyrene (PS) and PS synthesized with low-energy
oligotetrafluoroethylene chain ends (PS-TFE) were studied using neutron reflectivity. The fraction of
PS-TFE that localizes near the surface was found to increase as a function of its concentration in the
blend. Contact angle measurements indicate corresponding reductions in the surface tension due to the
surface localization of the TFE chain ends. For a 10% blend of 6000 mol wt PS-TFE in 3 x 10° mol wt
PS, the surface coverage of fluorocarbon ends was found to be >20%. A free energy model of the blends
gives good qualitative agreement with the experimental results.

Introduction

In many applications, the properties desired at a
polymer surface, such as adhesion, wettability, gas
impermeability, stain resistance, or biocompatibility, are
often specific and distinct from the bulk properties of
the material. Conventionally, control of surface proper-
ties is achieved by surface modification through various
chemical or physical processes, such as plasma or flame
treatment, chemical reaction, surface grafting, or metal
coating.1? Many of these kinetically governed reaction
mechanisms allow relatively little control over the
equilibrium surface composition and structure. Ad-
ditionally, such processes may be expensive and difficult
to model. Other techniques for controlling surface
properties include the incorporation of small molecules
or oligomeric additives which migrate to the polymer
surface. Such additives may compromise the polymer's
bulk physical properties, however, and, because they are
not strongly bound to the polymeric matrix, may be
removed by evaporation, dissolution, or wear.

An alternative method of polymer surface modifica-
tion may be through the preferential segregation of
functionalized chain ends. Recent investigations by
several groups have examined the effects of end-func-
tionalization on the surface composition and properties
of different model systems. Neutron reflectometry and
X-ray photoelectron spectroscopy (XPS) measurements
on fluorocarbon-terminated polystyrenes have demon-
strated a surface excess of the low-energy fluorocarbon
tails with a subsequent reduction in surface tension.3=7
By contrast, a surface depletion of high-energy chain
ends has been observed for polystyrenes synthesized
with carboxylic acid end groups® and for amine-
terminated poly(dimethylsiloxane).8°

At polymer—polymer interfaces, the technological use
of chain end segregation for modifying interfacial prop-
erties has already been demonstrated. Koberstein and
co-workers used the association of acid- and base-
functional end groups to reduce the interfacial tension
between immiscible polybutadiene and poly(dimethyl-
siloxane).’® Norton et al.l! achieved 1 order of magni-
tude improvement in interfacial fracture toughness
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between polystyrene and epoxy through segregation of
carboxylic acid chain ends which grafted to the epoxy
surface. Interfacial grafting of functionalized chain ends
is also the basis of some reactive blending schemes
designed to compatibilize and strengthen immiscible
polymer blends during melt processing.1213

While technologically promising, surface control via
chain end segregation may be prohibitively expensive
due to the relatively high cost of synthesizing end-
functionalized polymers. An alternative is to blend
small amounts of end-functionalized polymers with low-
cost, widely available commodity plastics (A-B/A blends).
The anchoring portion of the end-functionalized polymer
is chosen to match the matrix plastic, while the end-
functionalized tail is selected to deliver the desired
surface properties. Previous studies on analogous blends
of A-B diblock copolymers and A homopolymers have
shown that large surface coverages of a lower surface
energy B block can be achieved with relatively small
bulk concentrations of the diblock.* By employing end-
modified polymers instead of block copolymers as sur-
face modification agents, one might avoid the formation
of micelles which can adversely affect the physical
properties of the bulk, such as optical transparency.

The fraction of end-modified material which segre-
gates to the surface in A-B/A blends will depend on
several system parameters. Primarily, the effective
reduction in surface tension due to the surface localiza-
tion of low-energy tails is expected to drive the segrega-
tion of the end-modified components. However, the
relative molecular weights of the two components should
also play a role, as conformational entropy consider-
ations favor a surface excess of the lower molecular
weight component.'® The surface coverage of chain ends
will be limited, however, by unfavorable stretching of
the anchored chains beyond their random flight confor-
mation when the packing density of chain ends at the
surface increases. Finally, the entropy of mixing of the
blend components favors their complete mixing and is
thus expected to counterbalance the reduction in surface
tension, particularly for very thin films where surface
segregation can result in a significant depletion of the
fraction of end-modified chains in the remainder of the
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Table 1. Molecular Weight Characteristics of Polymers

composition Mn Mw/Mp
PS 392 000 1.02
dPs 7 540 1.57
dPs 269 000 1.12
PS-TFE 6 310 1.16
dPS-TFE 7230 1.26

system. The balance of these forces dictates the degree
of surface coverage of end-modified chains.

This work explores the use of end-modified polymers
with low-energy tails as surface modification agents in
A-B/A blends. Such systems are of potential interest
for commercial applications requiring nonstick, anti-
stain, or water-repellent surfaces. In particular, surface
segregation in thin films of high molecular weight
polystyrene blended with low molecular weight fluoro-
carbon-end-modified polystyrene (denoted here as PS-
TFE) is examined as a function of the blend composition.
Similar work on blends containing 15 wt % PS-TFE with
polystyrene of comparable molecular weight was re-
ported previously by Richards and co-workers.® In their
study, static secondary ion mass spectroscopy was used
to determine the fraction of end-modified material at
the surface by perdeuterating either component and
comparing the signal intensities from C;H;* and C;D;"
ions. Herein, neutron reflectivity is performed with
deuteration of either the homopolymer or end-function-
alized polymer to enhance the scattering contrast
between the blend components. The data are fit using
model profiles which allow us to determine quantita-
tively the degree of surface segregation of PS-TFE, as
well as the composition profile across the film. Contact
angle measurements are then performed to examine the
corresponding reduction in surface tension due to the
surface localization of the fluorocarbon chain ends.
Finally, a model for surface segregation in A-B/A blends
is developed to compare with experimental results and
make further predictions regarding the dependence of
segregation on concentration, molecular weight of the
components, and sample thickness.

Experimental Section

Perdeuterated homopolystyrenes (dPS) and low molecular
weight PS-TFE and dPS-TFE were synthesized using inert gas
anionic methods. The dPS homopolymers were initiated with
sec-butyllithium and terminated with excess methanol. End-
modified polystyrenes were initiated using sec-butyllithium
and terminated with excess (tridecafluoro-1,1,2,2-tetrahy-
drooctyl)-1-dimethylchlorosilane.® After purification, the de-
gree of functional termination was determined by NMR to be
in excess of 90%. A more complete discussion of the synthesis
and characterization of the functionally terminated polysty-
renes is provided elsewhere.®” Homopolystyrene with a mo-
lecular weight of 400K was purchased from Aldrich Chemicals.
Molecular weight characteristics of the polymers used in this
study are listed in Table 1.

Blends of varying concentration were prepared by codis-
solving 7K dPS-TFE and 400K PS or 6K PS-TFE and 300K
dPS in toluene. A series of control blends of 7K dPS in 400K
PS were additionally prepared to isolate the role of molecular
weight from that of the fluorocarbon ends in the observed
segregation. The polymer solutions were filtered using Mil-
lipore GVHPO013 0.22 um filters to remove dust.

Polished silicon wafers—for NR, 10 cm in diameter (Semi-
conductor Processing); for contact angle measurements, ca. 1
cm? wafer sections (Exsil)—were immersed for a 24 h period
in chromic—sulfuric acid solution (Fisher Chemicals) to remove
any hydrocarbon impurities. The wafers were subsequently
rinsed with deionized water (18.2 MQ cm). Thin films were
prepared by spin coating the filtered solutions onto the Si
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Table 2. Material Constants Used in Reflectivity

Analysis
material density (g/cm3) b/V (x1076 A-2)
sec-butyl 0.77 -0.01
TFE 1.05 2.27
PS 1.04 1.43
dPS 1.08 6.10
Si 2.32 2.08
SiO; 2.20 3.05

wafers. Film thicknesses were measured prior to annealing
using a Gaertner Scientific Corp. L3W26C.488.830 ellipsom-
eter. Samples were annealed in an evacuated oven at 140 °C
for 6—8 h to achieve equilibrium.

Neutron reflectivity (NR) measurements were performed on
the grazing angle neutron spectrometer (GANS) at Missouri
University's Research Reactor Facility (MURR) in Columbia,
Missouri.’®* A monochromatic neutron beam of wavelength
2.35 A was used to obtain reflectivity data in a q range of
0—0.14 A-1. After reduction and normalization, reflectivity
profiles were fitted following procedures outlined in earlier
publications.’”'8 Model scattering length density (b/V) profiles
were generated by subdividing the air and substrate interfaces
into many incremental layers of ca. 5 A in thickness. The b/V
of each layer was calculated by modeling the concentration
profile at each interface as a Gaussian distribution. (In
practice, NR is known to be somewhat insensitive to the
functional form chosen for modeling graded interfaces.) Theo-
retical reflectivities were then calculated from the model b/V
profiles using the Parratt formalism!® and compared to the
experimental data. Model parameters including the total film
thickness, the half-width of the interfacial region, and the
fraction of material segregated to each interface were varied
iteratively while maintaining conservation of the two blend
components in the film to achieve a best fit to the data by
minimizing the error between the calculated and experimental
reflectivities. Calculated scattering length density values for
the materials used in this study are listed in Table 2.

Contact angle measurements were taken on a VCA2000
video contact angle system (ASE, Inc.) with the assistance of
Prof. M. F. Rubner at MIT. This method of measuring surface
tension is based on the Young equation for contact-angle
equilibrium. For a liquid drop on an ideal substrate, the
relation between the contact angle and the various interfacial
tension components is given by?

cos 6, = sty_ VsL 1)
LV

where L, V, and S stand for liquid, vapor, and solid, respec-
tively, and 6. is the equilibrium contact angle. In these
experiments, sample surfaces were advanced upward toward
a droplet of water resting on the tip of a syringe. Upon contact,
the water droplet instantly wet the sample surface. The image
of the sessile drop was immediately captured on video, from
which contact angle values were determined. While surface
reconstruction is not expected to play a role in the time frame
of the measurements described here, other studies suggest
these surfaces do reconstruct on extended contact with water.*

Results and Discussion

Reflectivity Studies. Figure 1 displays the NR
profiles for the 7K dPS/400K PS blend studies. Profiles
for the blends composed of 2%, 5%, 10%, and 20% dPS
are shown, each offset by a factor of 10 for display
purposes. The high-frequency oscillations present in
each of the profiles are characteristic of the film thick-
ness and result from the interference between reflec-
tions from the surface/film and substrate/film interfaces.
A notable trend present in the data is the damping of
the thickness oscillations as the dPS concentration
increases. This is due primarily to the decrease in
contrast between the film and the Si wafer. For a 15%
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Figure 1. Fitted reflectivity data for the 7K dPS/400K PS

control blends composed of 2%, 5%, 10%, and 20% dPS. Profiles
are offset by factors of 10.

dPS/85% PS blend, the scattering length density (b/V)
is approximately equal to that of Si; hence one would
not expect a strong interference for this concentration
range.

Figure 2 displays the NR profiles for 7K dPS-TFE/
400K PS blends composed of 2%, 5%, 10%, and 20%
dPS-TFE, again offset by factors of 10. In these systems
the thickness oscillations are damped even more sharply
with increasing concentration of dPS-TFE. What is
more important to note, however, is that, compared with
the profiles from the control samples, the dPS-TFE
systems show greater measured reflectivities at high qg.
This is clearly indicated by comparing the 20% concen-
trations for each system at q = 0.14 A-1. The dPS-TFE
blend shows a significantly larger measured reflectivity,
which is strongly indicative of excess dPS-TFE at the
film surface. This can be understood qualitatively by
considering the samples as effective 2-layer systems
with the upper layer being the (high b/V) near-surface
region of the film and the lower layer being the
remainder of the film and substrate, which have com-
parable b/V values for this concentration range. A sharp
vacuum/upper layer interface is assumed, while the
interface between the upper and lower layers is diffuse.
For such a system, the thickness-averaged reflectivity
is approximated for large values of g as:1”

<R(@)> = @7 1q"}{ (bIV)] + [(bIV), —
(b/V),]* exp(—q°o”)} (2)

where ¢ is the half-width of the interface between the
layers. With increasing q, <R(q)> tends to the value
(47 *lg%)(b/V)12. Hence for larger degrees of surface
segregation of the deuterated component, the reflectivity
at high angles will be larger.
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Figure 2. Fitted reflectivity data for the 7K dPS-TFE/400K
PS A-B/A blends composed of 2%, 5%, 10%, and 20% dPS-TFE.
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Figure 3. Volume fraction profiles of the 7K dPS (a) and 7K
dPS-TFE (b) blend components as a function of normalized
sample thickness, derived from the fits in Figures 1 and 2.

A more quantitative picture of the surface segregation
in these systems was obtained by fitting the NR data,
as shown in Figures 1 and 2. Volume fraction profiles
derived from these fits are illustrated in Figure 3, where
@(2), the local volume fraction of 7K dPS or 7K dPS-
TFE, is plotted as a function of the normalized sample
depth, L*, which is defined as:

Lx=7 3)
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Figure 4. Surface excess profiles for the 7K dPS (a) and 7K
dPS-TFE (b) blend components as a function of the normalized
sample thicknesses.

where z is the absolute depth perpendicular to the
sample surface and L is the total film thickness (<L>
is 736 and 772 A for dPS-TFE/PS blends and dPS/PS
blends, respectively). In both cases an enhanced con-
centration of low molecular weight material can be
observed in the region near the surface, i.e., near L* =
0. In the control samples, a slight excess of the 7K dPS
material to the surface is observed, which may be
explained by several factors. First, theoretical argu-
ments suggest that the low molecular weight component
in a bimodal blend will tend to locate preferentially to
the surface in order to minimize loss of conformational
entropy at the material boundary. Self-consistent field
calculations by Kumar and co-workers!® have shown
that surface enhancement due to conformational effects
alone is typically on the order of several percent over
the bulk concentration for blends with large molecular
weight disparities. Indeed, the surface tension of
polystyrene is empirically known to have a significant
molecular weight dependence, as noted in the Appendix
(eg A.4). In our system, the ratio of the component
molecular weights is large (ca. 50), so such effects should
be detectable at higher concentrations of the 7K mate-
rial.

Isotopic effects may also play a role in the segregation
of the 7K dPS to the surface. The difference in polar-
izability between deuterated and normal polystyrene
gives a slightly lower surface energy for dPS, which
could give rise to the observed excess. Such effects can
be very pronounced for high molecular weight isotopic
blends close to the UCST.2°=22 Finally, the presence of
the butyl group initator fragment at one chain end may
have a role in the observed segregation. Surface
adsorption of the low-energy initator fragment has been
observed for pure PS-TFE materials.>’

For blends containing the end-functionalized mate-
rial, a much larger segregation is observed at the surface
due to the low-energy fluorocarbon chain ends. The
fraction of dPS-TFE at the surface increases signifi-
cantly with bulk concentration. The degree of excess of
dPS or dPS-TFE at the surface can also be shown as a
function of depth, as seen in Figure 4, where the local
concentration, ¢(z), is normalized by the experimentally
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Figure 5. Fitted reflectivity data for the 6K PS-TFE/300K
dPS blends composed of 2%, 5%, and 10% PS-TFE.

determined concentration in the film’s interior, ¢;. For
the 7K dPS blends there is very little enhancement of
the low molecular weight additive at the surface for all
concentrations. In sharp contrast, the 7K dPS-TFE
blends show remarkable surface excesses over bulk
levels. The degree of excess decreases monotonically
with increasing bulk concentration of dPS-TFE (gg),
with the 2% blend demonstrating a surface excess of
30 times and the 20% blend showing a surface excess
of 5 times.

The next set of reflectivity experiments was per-
formed to address the effects of isotopic labeling in this
investigation. Reflectivity profiles for blends composed
of 2%, 5%, and 10% 6K PS-TFE in 300K dPS are shown
in Figure 5. The reflectivity profiles are notably differ-
ent in nature from the previous experiments in two
regards. First, critical angles have nearly doubled to q
=0.02 A1 for these profiles, compared to the dPS-TFE/
PS blends in Figure 2, due to the higher scattering
length density of the dPS matrix. Second, the reflec-
tivity at high q values decreases with increasing con-
centration of end-modified material, compared to Figure
2 which shows the opposite trend. Indeed, comparing
the measured reflectivities for the two 10% blends at q
= 0.14 A-1 shows nearly 1 order of magnitude lower
value for the PS-TFE/dPS system, although the average
b/V of the film is significantly higher. This data visually
suggests that it is the low-scattering length density
material which localizes at the surface in these blends.

Volume fraction profiles calculated from the scatter-
ing length density profiles for the 6K PS-TFE/300K
dPS blends are presented in Figure 6. The nature of
the profiles is identical with those in Figure 3, with a
large surface enhancement of PS-TFE. No selective
segregation of dPS to the surface was observed, indicat-
ing that any isotopic effects are dominated by the
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Figure 6. Volume fraction profiles for the 6K PS-TFE blend
component as a function of normalized sample thicknesses,
derived from the fits in Figure 5.

reduction in surface energy from the localization of the
low molecular weight fluorocarbon-terminated species.
This is in agreement with the previous results of
Richards and co-workers.6 Indeed, for a given concen-
tration of end-modified material, the surface volume
fraction of PS-TFE is consistently around 20% greater
than the surface volume fraction of dPS-TFE material.
This variation might be explained by the slight differ-
ence in molecular weight between the two materials.
Lower molecular weights would tend to give a higher
surface concentration for the same matrix molecular
weight. In our case, however, the lower matrix molec-
ular weight would tend to cancel out this effect. These
trends are illustrated more quantitatively by the free
energy model developed in the Appendix. Alternatively,
the difference in surface coverage could be due to the
difference in sample thicknesses, which for the PS-TFE
blends averaged 1072 A compared to 736 A for the dPS-
TFE blends. Thinner films would tend to yield a lower
degree of surface coverage, particularly for very thin
films, as illustrated by model calculations in the Ap-
pendix. For very thin films, surface segregation of the
PS-TFE will cause a significant depletion of the end-
modified component in the remainder of the film. This
is highly unfavorable because of the corresponding
reduction in mixing entropy. For increasing film thick-
nesses, however, the surface-to-volume ratio decreases
so that large surface coverages can be achieved without
a significant depletion of the concentration in the
remainder of the film. (Note that the PS-TFE blend
enhancement regions appear consistently shorter due
to the film depth normalization procedure.) Similar
thickness effects were reported previously for blends of
high molecular weight PS and dPS.?!

In each of the three systems investigated, a slight but
notable excess of the low molecular weight component
is found at the Si substrate. The substrate enrichment
appears to be comparable in each case and also com-
pares well with that observed at the surface of the
control blends. While segregation of dPS to silicon oxide
has been observed in films of high molecular weight
isotopic blends,?! the fact that a substrate excess of the
low molecular weight component is present even for the
6K PS-TFE/300K dPS system suggests that for our
systems, the observed excess can be attributed to
molecular weight effects described by Kumar and co-
workers.1®

Contact Angle Measurements. Contact angle mea-
surements were conducted on the blend samples used
in the NR experiments. The results for the control and
end-modified blends are shown in Figure 7a,b, respec-
tively. Contact angles measured from the dPS/PS
blends show essentially no dependence on the bulk
concentration of 7K dPS material; the average value
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Figure 7. (a) Equilibrium contact angles for the 7K dPS/400K
PS blends versus the concentration of dPS. (b) Equilibrium
contact angle measurements for the dPS-TFE/PS (O) and PS-
TFE/dPS (m) blends versus the concentration of end-modified
polymer.

obtained for these blends was 93.4°. This result is
qualitatively in agreement with the volume fraction
profiles derived from the NR experiments. In the case
of the dPS-TFE/PS and PS-TFE/dPS blends, the contact
angle is an increasing function of ¢g. A comparison
between the systems reveals that the magnitude of the
contact angles is significantly larger for the PS-TFE
blends, again consistent with the NR results.

A more quantitative comparison of the NR and
contact angle results can be made by estimating the
fractional coverage of the surface by TFE from each
technigue. From NR, this coverage is calculated from?2324

_ 2
PsTrE = %W 4)

where ¢ is the surface fraction of end-modified mate-
rial. Equation 4 follows from the assumption that the
low-energy tails are localized to the surface for all end-
modified chains within a coil diameter of the surface.?
From contact angle measurements, ¢s tre can be deter-
mined from?

€0S B = @5 7re €OS e e + (1 — @5 1re) €OS O ps (5)

where 6. ps is taken as the average value from the
control samples. The value of 0. tre Was determined
from a PTFE film to be 116°. Figure 8 illustrates the
s 1re Values obtained from NR (eq 3) and contact angle
(eq 4) measurements for the two blend systems. For
the PS-TFE/dPS blends, the agreement is quantitative.
For the dPS-TFE/PS systems, the same trends with bulk
concentration are seen but the NR gives somewhat
higher calculated values for the percent surface coverage
of TFE.

Conclusions

To summarize the NR results of the A-B/A blend
studies, Figure 9 displays the surface concentration of
the low molecular weight component versus the bulk
concentration for the PS-TFE, dPS-TFE, and control
dPS blends. Also shown are theoretical results obtained
from free energy models for the two end-modified blend
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Figure 9. Surface versus bulk concentration of end-modified
polymer from NR measurements and free energy model
calculations.

systems, detailed in the Appendix. The difference in
surface coverage between systems incorporating end-
modified materials and those incorporating a low mo-
lecular weight PS analog clearly demonstrates that
molecular weight effects are small relative to the effect
of the low-energy chain ends. This suggests that (1)
minimal segregation will be observed at the surface of
a polydisperse homopolymer and (2) using molecular
weight effects alone to produce a surface coverage of
functional ends in linear chain systems would not
appear feasible. This study further demonstrates that
small fractions of low molecular weight end-modified
chains blended into commercial plastics can yield sig-
nificant surface coverages of low-energy chain ends and
thereby change the properties of the surface. Since our
and other investigations®? indicate that both chain ends
localize to the surface for end-modified chains in the
vicinity of the surface, one could expect even more
dramatic results using polymers functionalized at both
ends. Finally, comparison of the NR results from the
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PS-TFE and dPS-TFE blends suggests the importance
of film thickness for very thin films. This is supported
by the model results, which also show a difference in
surface coverage between the two systems deriving
primarily from their difference in film thickness.

In general, thermodynamically induced surface seg-
regation of a functionalized polymer component would
appear to have significant advantages over other meth-
ods of surface modification. Because the surface cover-
age is dictated by the system thermodynamics, the
modified surface should be inherently more robust than
surfaces created by Kkinetic processes where, over time,
the surface can reconstruct to lower the free energy.
Indeed, the thermodynamic approach to surface modi-
fication might be used to prepare “self-healing” surfaces,
whereby surface regions which are scratched or worn
are regenerated by continued segregation of the func-
tionalized polymer component until its equilibrium
surface concentration is reached. Future investigations
will focus on the optimization of molecular architecture
to gain further control over segregation of functionalized
blend components.
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Appendix: Free Energy Model

Model Description. We have developed a free
energy model to make qualitative predictions of the
segregation of end-modified polymers to the surface of
A-B/A polymer blend thin films. The approach taken
is analogous to that used previously to model micelle
formation in block copolymer/homopolymer blends.25:26
The system consists of a blend film of thickness t with
two components, an end-modified polymer (A-B) of N
total segments, with short, low-surface energy tails
(represented as B), and a homopolymer (A) with Ny
segments. Surface localization of the low-energy chain
ends is assumed for A-B chains in a near-surface region
of depth h. DeGennes has argued that, for surface
energy differences between the main chain and the
chain ends comparable to the thermal energy, all chains
within a distance 2Rg from the surface will tend to
localize their ends at the surface.2* This assumption is
supported by recent studies performed on pure dPS-TFE
films.”

The overall expression of the free energy which
describes this system has the following form:

Ftotal = I:'surf + I:mix (A-l)

where Fgrf is the free energy of the near-surface region
and Fnix is the Flory—Huggins free energy of mixing
for the two polymers outside the near-surface region.
At the surface, localization of the low-surface energy
tails creates a near-surface region composed of anchored
chains and interpenetrating homopolymer chains. In
the bulk region, end-modified polymers that do not
segregate to the surface intermix with unmodified
homopolymers.

The free energy Fsyrs Of the near-surface region can
be broken down into three components as follows:
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Fof=Ac+Fy+F, (A.2)

where A is the surface area, o is the surface tension, Fq
is the contribution from the deformation of the polymer
chains, and Fp, is the free energy of mixing for the A-B
and A polymers in the near-surface region.

The surface tension has three contributions arising
from the A homopolymer, the A segments of surface-
localized A-B chains, and their low-energy chain ends:

ka{ (A — 2pa2) (A — Zpaz)
o=\ Ao ralTa Tl A )T

2pa’
ypT} (A3)

where ¢s is the fraction of A in the near-surface region
contributed by the A-B chains, ya, is the reduced surface
tension of the A homopolymer, ya,, and yg,, are the
reduced surface tensions of the end-modified polymer's
A and B components, respectively, p is the number of
end-modified chains anchored within the surface area
A, a is the segment size (taken as 6.7 A for PS), and
2pa? is the area of the surface covered with end-modified
tails.2® For yg,; < Yaa this term will be minimized for
p Z 0, s Z 0, so that segregation will be favored. The
dependence of the surface tension on the molecular
weight of the blend components is taken into account
through the empirical relation:?

Yai= Vae — ke’\liiz/3 (A.4)

From data taken on polystyrene at T ~ 180 °C,! we
obtained the reduced parameters ya. = 3.32 and ke =
1.87, while for the fluorocarbon tails at this reference
temperature, yg,; Was calculated as 0.803.

The deformation energy, Fq, results from a contraction
or elongation of the anchored A-B chains from their
unperturbed, random coil dimension:2?

3 h | 22N
2 NAa2 6 K

Fy=k,Tp (A.5)

where Na is the number of statistical segments in the
A chain of the end-modified polymer. This term in part
counterbalances the first term: While a lower surface
energy can be achieved by localizing chain ends, beyond
a certain threshold the chains must stretch (as ex-
pressed through an increase in h) to accommodate more
ends. Eventually, the savings in surface energy are not
sufficient to overcome the entropic penalty for unfavor-
able conformations.

The last contribution to the near-surface free energy,
Fm, is the mixing entropy between homopolymer and
anchored chains of the end-modified polymer in the
near-surface region, given as:

_ Ahk,T

m
aS

s 1—¢s
[%A In ¢, + % In(1 - (ps)] (A.6)

where Ny, is the number of segments per homopolymer
chain. The mixing entropy drives the interpenetration
of homopolymer in the near-surface region.

Not all end-modified chains in the film will segregate
to the near-surface region. The free energy of mixing
between the homopolymer and end-modified chains
remaining outside the near-surface region, Fpy, is given
by:25
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1-9)

gaBVA)[% Ing, + N, In(1 - (pl)} (A.7)

where Q is the total number of monomers in the system,
@s is the initial bulk concentration of A-B, v is the
fraction of end-modified polymer which segregates to the
near-surface region, ggvA is the volume fraction of the
system occupied by the near-surface region, with A, the
ratio of the volume of the near-surface region to the
near-surface volume occupied by A-B chains, defined as

_ Na 1
A=1- W(l - —S) (A.8)

and ¢, is the concentration of end-modified polymer
remaining in the bulk region at equilibrium

(1l —v)
= A.9
Equation A.7 neglects the energetic interaction between
the A and B components in the bulk. For certain
systems, however, this is known to be significant?8 and
should be incorporated into the bulk free energy of
mixing. In general, this term tends to counter segrega-
tion of the A-B chains to the surface.
Constant density of the system is imposed through
the incompressibility condition:
Qa’ = At (A.10)
In the near-surface region, the number of segments
contributed by the end-modified polymer chains, pN, is
related to Q through:
PN = Qpgv (A.11)
Additionally, h can be eliminated from the model
equations by redefining it in terms of the system’s other
parameters:
a

h=pNAA

(A.12)

Using egs A.10—A.12, the free energy is recast in terms
of two variables: @sand v. To obtain solutions, the total
free energy of the system per monomer, Ftal/kp TR, is
minimized with respect to these two variables for a
given set of parameters ¢g, N, Np, and t.

Model Results. Three sets of parameter variations
were performed to predict the degree of segregation in
PS-TFE/PS blend films. In the first set of model
variations, the fraction of PS-TFE in the near-surface
region (¢s) was studied as a function of the bulk
concentration (gg) for three different matrix molecular
weights. The number of segments in the end-modified
additive was held constant in this series at N = 65,
modeling a 7K dPS-TFE material. The matrix molec-
ular weights were chosen as N, = 39, 386, and 3856,
modeling a 4K, 40K, and 400K PS matrix, respectively.
The sample thickness, t, was held constant at 750 A.
The results of the matrix molecular weight variations
can be seen in Figure 10. With increasing matrix
molecular weight, the fraction of end-modified material
near the surface increases for any given value of ¢g. As
the matrix molecular weight increases, the entropy of
mixing decreases (eqs A.6 and A.7), while the energetic
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Figure 10. Model results of surface versus bulk concentration
of 7K dPi—TFE in PS for three matrix molecular weights, with
t =750 A.

savings afforded by localizing the low-energy chain ends
near the surface increase (eq A.3). The degree of
segregation additionally increases with increasing bulk
concentration of dPS-TFE. For the 400K matrix blends,
@s reaches 100% for a bulk concentration of 17.5%.

In applications where mechanical properties of the
interface are important, longer anchoring chains may
be desirable to improve the interpenetration of the
homopolymer with the segregated chains. Thus in the
second set of model variations, ¢s is studied as a
function of ¢g for three different additive molecular
weights while the matrix was held constant at N, =
2679, modeling a 300K PS homopolymer. The additive
sizes were N = 58, 97, and 290, corresponding to a 6K,
10K, and 30K dPS-TFE material, respectively. The
sample thickness was held constant at 1200 A. The
results of the additive molecular weight variations can
be seen in Figure 11. The trend of increasing ¢s with
decreasing N can be seen for any given value of ¢g. Still,
significant coverages are predicted for higher molecular
weight additives. However, since the number of chain
ends per unit surface area also decreases with increas-
ing N, so the ability to modify surface properties is
limited.

The last model variation carried out was a test of the
degree of segregation as a function of the sample’s
thickness, t, keeping the molecular weights constant at
N = 65 (7K) and Nj = 386 (40K) and ¢g fixed at 0.05.
The results are shown in Figure 12 for the thickness
range 200 A < t < 1 um. The overall trend is for
increasing ¢s as the sample thickness increases. For
very thin films, any appreciable amount of additive
segregation would significantly deplete the concentra-
tion in the remainder of the film; this is unfavorable
from the standpoint of mixing entropy. For thicker
samples the surface-to-volume ratio decreases and an
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Figure 11. Model results of surface versus bulk concentration
of PS-TFE in 300K dPS for three additive molecular weights,
with t = 1200 A.
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Figure 12. Model results of surface concentration versus film
thickness for a 5% blend of 7K dPS-TFE in 400K PS.

increase in the surface concentration is energetically
favorable. The surface fraction of end-modified chains
saturates with increasing thickness, asymptotically
approaching 0.45.
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While our model considers segregation only to the air
surface of the film, experimentally a slight excess of the
low molecular weight component was always observed
at the substrate. In very thin films, this substrate
adsorption would be expected to compete with surface
segregation, resulting in a more pronounced thickness
effect.
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