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Mushrooms and Brushes in Thin Films of Diblock Copolymer/
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ABSTRACT: The configuration of polymer chains end-adsorbed at a surface from the melt is probed by
taking advantage of the interfacial segregation of diblock copolymers to the substrate/polymer interface
from their mixtures with homopolymers in thin films as a function of the ratio of block lengths. The
segment density profiles of either PV2P—PS or PMMA—PS diblocks adsorbed at the PS/substrate interface
are evaluated by neutron reflectivity as a function of the relative size of the anchoring block vs that of
the dangling block. Moreover, the composition profiles and conformational characteristics of all chain
species present in the interfacial region are evaluated using a lattice-based self-consistent field model
inspired by the work of Scheutjens and Fleer and extended to incorporate chain conformational stiffness.
Inputs to the model are the molecular characteristics of the various species, interaction parameters
extracted from experimental binary interfacial widths, and experimental data on the total surface excess.
When the ratios of the block-lengths are changed, both experiment and theory reveal evidence for the
existence of three regimes regarding the configuration of the dangling chains: a “wet brush” regime, a

“mushroom” regime, and a broad transition regime in between.

I. Introduction

A good understanding of the science of polymer
surfaces and interfaces can be crucial with respect to
the efficient utilization of processes in which surfaces/
interfaces are generated and/or modified, or in which
they interact with various environmental components.
The behavior of polymer chains at surfaces/interfaces
is of fundamental importance in scientific areas such
as wetting, adhesion, and colloid stabilization, whereas
many applications require that a polymeric material be
attached-to or placed-in-contact with another material.
In certain cases, such as the classic nonstick pan,
lubrication, and release paper, it is desirable to create
surfaces that do not interact with the material in
contact. On the other hand, in applications such as
rubber toughening of blends, filled or fiber-reinforced
polymers, and coatings, dissimilar materials must ad-
here to each other for enhanced performance. Likewise,
the structure and interactions at polymer/metal (or in
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general polymer/substrate) interfaces play a crucial role
in the shear field affecting the stick-slip behavior during
polymer processing, and, therefore, the properties of the
processed products.

The properties of surfaces/interfaces can be altered/
modified by the addition of interfacially active compo-
nents, which can selectively segregate to the interface
in order to reduce the total free energy of the system.
In certain cases, these additives are of the block
copolymer type (copolymers consisting of two chemically
different chains connected at one of their ends) with one
block being miscible with the matrix material and the
other being attracted to the surface/interface. Such
interfacial partitioning produces chain configurations
in which the miscible block forms a dangling tail usually
referred to as a polymer brush or a mushroom.=3 A
great number of investigations have appeared on the
segregation of block copolymers to a surface/interface
with most of the attention being paid to the adsorption
of block copolymers from solution (see, e.g., refs 1—11).
It is noted that the cases of homopolymer physisorption
or of end-anchored homopolymers in solution are not
discussed in this manuscript; the interested reader
should refer to the relevant literature (e.g., refs 1—3).
Fewer investigations, however, have appeared on surface-
anchored layers in the melt, which can be formed by
the segregation of either a block copolymer from homo-
polymer/copolymer mixtures to a free surface'2=14 and/
or to an interface with a solid substrate!?14-19 or with
another immiscible polymer,2%21 or of an end-function-
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alized homopolymer from a polymer mixture.?2=24 It has
been anticipated that although the configuration of
grafted chains in the melt may, in principle, be similar
to that in solution, the polymeric nature of the matrix
(“solvent”) molecules should influence their behavior.25-2°

When an AB diblock copolymer is mixed with a B
homopolymer, interfacial partitioning of the copolymer
may occur to the polymer/air and/or the polymer/
substrate interface when the A block of the copolymer
possesses a lower surface tension and/or is attracted
more strongly to the substrate interface, respectively.
In this case, the interfacially active A block acts as an
anchor to the free surface and/or to the substrate,
whereas the B block (compatible with the homopolymer)
forms a dangling chain within the matrix.1271° The
conformation of the dangling block depends on the
grafting density o and on the relative size of the
dangling block to that of the matrix homopolymer.25-29
In the case of block copolymers, o can be influenced by
the size of the anchoring block. For diblock copolymers
adsorbed onto a solid surface from solution, the mush-
room or brush configuration of the dangling chains has
indeed been shown to be influenced>° by the block-
length ratio with a maximum in the adsorbed amount
expected for a certain value of this ratio. The present
work addresses the conformation of the dangling chains
of the nonadsorbing block for diblock copolymers seg-
regating to the interface from a mixture with a homo-
polymer, where the surface density of chains is varied
by utilizing diblocks with varying block-length ratio.
Important differences are anticipated between the
present study and the respective one in solution,° since
the interactions of the copolymer blocks with the matrix
(a homopolymer vs a selective solvent) are, in principle,
different and the matrix is now polymeric.

Theory has addressed the case of end-anchored chains
in the melt?5-2° (when the anchoring is achieved by an
irreversible attachment of an end segment). The vari-
ables that determine the configuration of the dangling
chains are the grafting density, o, the number of
segments of the dangling chain, N, and the number of
segments of the matrix, P. Two classical limiting
regimes were originally?®> discussed: for low o, the
dangling-chains do not overlap and their conformation
is not disturbed relative to that in the bulk (“mushroom”
regime), whereas, for high o, the anchored chains are
stretched (“brush” regime); “wet” and “dry” brushes were
proposed,?526 depending on the penetration of the
matrix polymer. More detailed calculations identified?®
various sub-regimes in the ¢ vs P plane with N as a
parameter. For P > N (which is of interest in the context
of the present manuscript), three regimes have been
proposed: nonoverlapping (ideal) mushrooms for ga2 <
N-1 (a is the segment length), where the conformation
of the dangling chain is ideal; dry brushes for ca? >
N~Y2, where the N chains are stretched and the P chains
are almost completely expelled from the brush; and
partially overlapping mushrooms for N1 < ga? <
N~Y2where the chains overlap but without any signifi-
cant stretching (also called nonstretched brush). For P
< N, the o vs P plane is much more complicated and is
not discussed further herein.

For the adsorption of block copolymers, the grafting
density o should be influenced by the size Na of the
anchoring block (for the dangling chain, N = Ng) and,
therefore, various regimes may be spanned as Na is
changed. The dependence of 0 on Na and Ng in the melt
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was qualitatively discussed by Kunz et al.** for poly-
styrene-block-polyisoprene diblock copolymers segregat-
ing to the free surface from mixtures with homopolymer
polystyrene. For large fractions of the anchoring block
A, the ideal mushroom regime was envisioned with the
anchoring block forming thin “pancakes” on the surface
with diameter ¢~%2 and small, more or less constant,
thickness on the order of a few segments; in that case,
0a? O Na™1 (this dependence of o on N was experimen-
tally verified in solution?). Note that the assumption
of a pancake configuration of the anchored chain (with
thickness independent of Np) is usually made.>6 The
thickness of the dangling chain is L = aNg'2, whereas
the average volume fraction of the tethered chains
inside the adsorbed layer should scale as ¢ = Ng'20a?
O Ng¥2Na~t and ¢ < Ng7%2 < < 1. In the melt, this
regime can be achieved for grafting densities va? < Ng71,
i.e., for volume fractions fg < 0.5. At the other limit of
small fractions of the anchoring block (large fg), i.e., in
the limit of high grafting densities (ca? > Ng~2 for P
> Ng), one may approach the dry brush regime (with
overlapping stretched dangling chains and completely
expelled matrix chains) with brush thickness L ~ a3Ngo.
The equilibrium grafting density can be estimated from
the balance of the main contributions to the free energy
of the anchored copolymer chains on the surface, i.e., of
the gain in energy due to the adsorption of the anchor
segments to the surface,'? Fsticking/KT = (yNa + rNad),
and of the repulsive elastic energy, Fejasti/KT = Ng(0a?)?,
of the dangling chains (the mixing energy with the
matrix chains is negligible). Thus,* ca2 ~ [eNa/Ng]*2,
where € = y + rd (x is the A—B interaction parameter,
r is the fraction of A monomers sticking to the surface,
and o the difference in surface energies of A and B per
monomer). Moreover, ¢ = O(1). For intermediate o's in
the overlapping mushrooms regime (also called non-
stretched brush??), the tethered chains overlap, but
there is no significant stretching and no penalty due to
mixing with similar chains (for P > Ng, this regime is
attained for Ng=! < ¢ga? < Ng~%2). Thus, the tethered
chains behave as if they were isolated (L = aNg'?), and
from a free energy point of view, there is no real border
between this regime and the nonoverlapping mushroom
regime.3® Subsequently, the scaling of ¢ with the block
molecular weights should be more or less similar with
that for nonoverlapping mushrooms whereas Ng=2 <
¢ < 1;i.e., ¢ islarger than for ideal mushrooms. Within
the above arguments, a maximum in the copolymer
surface excess was anticipated for a series of diblocks
with almost constant Ngcp = Na + Ng but different
compositions fg with the characteristics (height and
position) of the maximum depending on the sticking
energy parameter ¢ (or equivalently the surface affinity),
on Ngcp, and on P. The lack of experimental observation
of such a maximum in the melt (in contrast to the case
in from solution>1%) was attributed to the maximum
being very shallow or outside the range of the experi-
mental parameters.14

An alternative analysis for the brush regime writes
the interfacial term as Finter/ KT = 07 (yag + Yasub)/(KT)
and includes the elastic energy of the brush, Fejastic/KT
= Ng(ca?)2, and the cost of confining3® the anchor layer,
Feonfine/KT = INh2/h &~ 2In(Naca?)/(Naca?), where ya g and
Yasub are the interfacial energies between A and B and
between A and substrate, respectively, and h ~ Naca?
is the thickness of the anchor layer. Minimizing the total
free energy with respect to o results in 0a? = ([a%(yas
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Table 1. Molecular Characteristics of the Polystyrene/Poly(deuterated styrene)-b-poly(2-vinylpyridine) Samples

code Mw Mw/Mp Wps? Niotal® fps® Npv2p® NpsP P
SV2P-3.4 78 400 1.05 0.957 782 0.960 32 750
SV2P-18 93 000 1.05 0.806 915 0.820 165 750
SV2P-32 107 000 1.05 0.701 1043 0.719 293 750
SV2P-45 120 000 1.05 0.625 1163 0.645 413 750
SV2P-68 143 000 1.05 0.524 1373 0.546 623 750
SV2p-95d 170 000 1.05 0.441 1621 0.463 871 750
SV2p-102d 177 000 1.05 0.424 1685 0.445 935 750
PSH 186 000 1.04 1.000 1815 1.000 1815

a Polystyrene weight fraction. ® Based on average segmental volume. ¢ Polystyrene volume fraction. 9 Diblocks used in ref 17.

+ yasu)/(KT) + 2InNA/NAV[2Ng])*3, i.e., a weak depend-
ence on Na. In the mushroom regime, oa? = ([a%(yap +
yasub)/(KT)/[2Na])1? is expected, whereas ca? = ([a%(yas
+ vasun)/ (KT/[2(Na + Ng)])¥2 in the regime in between.
Thus, this prediction is that o will be almost constant
for low Na (0a2 > Ng~12) whereas it will decrease with
increasing Na for higher values of Na.

One can expect that a more or less direct probe of the
brush or mushroom configuration of the dangling chains
will be the investigation of the segment density profiles
of the adsorbed diblock copolymer chains. It is antici-
pated that the dangling-chain configuration will influ-
ence the shape of the segment density profiles. The
dependencies of the profile characteristics on the surface
density ¢ and on the dangling chain molecular weight
Ng for diblock copolymers adsorbed to a surface from
solution have been investigated earlier experimentally!
and confirmed theoretically® using a numerical self-
consistent mean-field calculation. The surface density
was experimentally controlled (independently of Na and
Ng) by compressing a Langmuir monolayer at the air/
liquid interface, whereas most of the data (and the
calculation) were concerned with the brush regime.
Various functional forms for the volume fraction profile
of the dangling chains were tested in the analysis of the
neutron reflectivity data. It was evident that a depletion
layer next to the wall was present, where the profile
rises sharply, whereas the profile smoothly extended
toward the bulk solution as a parabola with an expo-
nential tail; this resulted in a maximum ¢max in the
profile at a position zmax away from the surface. For ¢”
= nR4%0 =2 (Ry is the radius of gyration of the dangling
block free in solution), the experimental data for the
root-mean-squared layer thickness (z;ms O Ng%85022)
agreed with the calculation (z;ms O Ng©81¢%24), For ¢”
>2, the calculation resulted in a maximum volume
fraction of ¢max O Ng®1000 and a position of the
maximum zmax O Ng%43¢7004 It is noted that the
molecular weight of the anchor block was irrelevant in
that study since the anchoring density was independ-
ently adjusted,* whereas in the calculation® the anchor-
ing block was assumed to lie flat on the surface
(pancake) with a small thickness on the order of the
segment length a.

In the present work, the detailed segment density
profiles of the adsorbed diblock copolymer chains are
investigated in the melt using neutron reflectivity and
taking advantage of the interfacial segregation of diblock
copolymers to the substrate/polymer interface from their
mixtures with the respective homopolymers in thin
films. The adsorbed chain configuration is probed as a
function of the ratio of block lengths utilizing two series
of diblocks: (i) a series of poly(2-vinylpyridine)-block-
poly(deuterated styrene), with the same molecular
weight of the dangling polystyrene chain (Ng) and
different molecular weights of the anchoring block (Na),

in hydrogenous polystyrene matrix and (ii) a series of
poly(methyl methacrylate)-block-polystyrene, with con-
stant total molecular weight Ngcp = Na + Ng and
different compositions fg, in poly(deuterated styrene).
Moreover, the composition profiles and conformational
characteristics of all chain species present in the
interfacial region are investigated using a lattice-based
self-consistent field model inspired by the work of
Scheutjens and Fleer3132 as extended to incorporate
chain conformational stiffness.3334 Inputs to the model
are the relative amounts, molecular weights, conforma-
tional stiffnesses and bulk densities of all polymer
species, interaction parameters extracted from experi-
mental binary interfacial widths, as well as experimen-
tal data on the total surface excess.

The shapes of the segment density profiles of the
dangling blocks are significantly influences by the block
length ratio and this is much more evident in series (i).
The profiles of the dangling chains exhibit a maximum
vs the distance from the wall. The characteristics of the
profiles provide evidence for the existence of three
regimes: a brushlike regime for short anchor blocks
with a high value (~55%) of the maximum of the profile
in the proximity to the wall; a mushroomlike regime for
large anchor molecular weights with a low value (~28%)
of the maximum at a certain (larger) distance away from
the wall; a broad transition regime in between. These
correlate well with changes in the surface density of
chains from high to low values. Experiment and theory
agree quite well in these findings. Moreover, an intri-
guing finding of the theoretical calculation is regarding
the shape of the anchoring block, which, contrary to the
usual assumption of a pancakelike conformation, re-
sembles more a physically adsorbed homopolymer with
a molecular-weight dependent thickness.

The remaining of this article is arranged as follows:
Following the Experimental Section, section I, the
results of the neutron reflectivity investigations are
presented in section Ill. The theory is presented in
section 1V and its results are illustrated and discussed
in relation to the experimental data in section V.
Concluding remarks are presented in section VI.

Il. Experimental Section

Materials. A series of poly(2-vinylpyridine)-block-poly-
(deuterated styrene), SV2P, diblock copolymers were synthe-
sized by anionic polymerization under inert atmosphere in
tetrahydrofuran (THF) at —70 °C, with monomers added
sequentially!” (the styrene monomers were perdeuterated).
Their molecular characteristics are shown in Table 1.

A series of poly(methyl methacrylate)-block-polystyrene, SM,
diblock copolymers were prepared by living anionic polymer-
ization under inert atmosphere.3® The polystyrene blocks were
polymerized first in THF at low temperature (—70 °C) using
(phenylisopropyl)potassium as initiator. To avoid attack of the
ester group of methyl methacrylate (MMA) by the polystyrene
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Table 2. Molecular Characteristics of the Poly(deuterated styrene)/Polystyrene-b-Poly(methyl methacrylate) Samples3®
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code Mw Mw/Mp, Wps? Niotal® fps® Npmma® Nps? P
SM-67 172 000 1.05 0.669 1714 0.69 531 1183
SM-51 171 000 1.05 0.512 1680 0.53 790 890
SM-33 175 000 1.05 0.326 1690 0.35 1098 592
PSD 190 000 1.03 1.000 2125 1.000 2125

a Polystyrene weight fraction. ® Based on average segmental volume. ¢ Polystyrene volume fraction.

carbanions, 1,1-diphenylethylene was introduced prior to the
addition of MMA to decrease the nucleophilicity of the active
cites. The polymerizations were conducted under high-purity
argon in glass vessels equipped with Teflon valves. The
characteristics of the diblocks measured by volume exclusion
chromatography coupled with light scattering and viscometry
are shown in Table 2.

Hydrogenous and perdeuterated polystyrene homopolymers
were purchased from the Polymer Standards Service and were
used in this study as received. Their characteristics are also
shown in Tables 1 and 2, respectively.

Thin films of homopolymer/copolymer mixtures (4 wt %
SV2P copolymer in PSH and 2.5 wt % SM in PSD) were
prepared by spin coating from toluene solutions onto polished
and cleaned Si wafers (10 or 5 cm in diameter, respectively,
and 5 mm thickness, purchased from Semiconductor Process-
ing Technologies), placed at 60 °C under vacuum to remove
the remaining solvent, annealed for 24 h at 170 °C to reach
equilibrium, and then rapidly quenched to room temperature;
the NR measurements were performed at room temperature.
In the series of experiments discussed in this manuscript, low
copolymer concentrations were used in order to limit the
formation of micelles (at least for the diblocks with the short
immiscible block).

Neutron Reflectivity. The neutron reflectivity (NR) ex-
periments were performed at the time-of-flight SPEAR
reflectometer®** at Los Alamos (for the SV2P/PSH films) and
at the time-of-flight DESIR reflectometer at the ORPHEE
reactor at Saclay*'3¢ (for the SM/PSD films).

In brief, a collimated (66 ca. 0.01° at Los Alamos and 0.01—
0.03° at Saclay) neutron beam with a certain distribution of
wavelengths (2 <1 <32 A at Los Alamos and 4 <1 <35 A at
Saclay) impinges upon the specimen surface at a fixed angle
6 (1.5° at Los Alamos and 1.8° at Saclay) and the reflected
intensity is measured also at an angle 6 with respect to the
film surface. The variation of the component of the incident
neutron momentum perpendicular to the film surface, ko =
(27/2)(sin 0), is achieved due to the wavelength distribution
of the incoming neutron beam. Reflectivities, R, as low as
1075—107% are measured in both facilities. The principles of
NR have been discussed previously®”* and are not reproduced
here, whereas the analysis of the neutron reflectivity data is
performed using the matrix method.3”:38 It is only noted that
the instrumental resolution in ko space is dko/ko &~ 66/0 + OA/
A; the resolution function at each 6, assumed Gaussian with a
full-width at half-maximum of dko, is convoluted with the
calculated reflectivity profiles and then compared to the
experimental reflectivity curves. o4 is set at 0.01 A, and thus,
okolko is about 0.02.

I11. Neutron Reflectivity Results

Figure 1 shows the neutron reflectivity data for a ca.
1600 A film of SV2P-3.4/PSH as reflectivity R vs ko. The
ko range (at 6 = 1.5°) extends below the critical angle
allowing normalization of R to 1 for small kq's. Five to
six orders of reflectivity can be measured with most
prominent feature the high-frequency oscillations cor-
responding to the total film thickness. The data, how-
ever, cannot be fitted with a simple homogeneous film
but can only be analyzed using a profile, which exhibits
a layer enriched in deuterium near the substrate
interface; thus, interfacial partitioning of the diblock
copolymer is evident at the polymer/silicon interface.
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Figure 1. Experimental neutron reflectivity data (®) as a
function of ko for a ca. 1600 A thick film of SV2P-3.4/PSH. The
solid line is the calculated reflectivity curve, convoluted with
the appropriate resolution function, using the scattering length
density profile shown in the inset (z = 0 denotes the air/
polymer surface). The thin dashed line is the respective
reflectivity curve using a uniform (average) scattering length
density profile (dashed line in the inset).

Poly(2-vinylpyridine), which has been known to be
attracted to the silicon wafer surface,017:36.39 forms the
anchor whereas dangling deuterated-polystyrene chains
extend toward the matrix homopolymer.

The solid line in Figure 1 is the calculated reflectivity
curve, convoluted with the appropriate resolution func-
tion, using the scattering length density profile in the
inset (z = 0 denotes the air/polymer surface), whereas
the thin dashed line is the respective calculated reflec-
tivity curve using a uniform scattering length density
profile equal to the average of the film (dashed line in
the inset). It is evident that the data cannot be analyzed
with the uniform profile, and an enrichment layer is
necessary. As has been extensively discussed by Kent
et al.,!! various functional forms can be used in order
to fit these types of reflectivity profiles without signifi-
cant changes in the precision of the fit. In the present
work, a skewed Gaussian model has been used, which
allows for the presence of an asymmetric maximum in
the scattering length density profile with a relatively
sharp depletion layer next to the silicon surface and a
more extended profile toward the matrix. A thin region
of scattering length approaching that of the pyridine
block is also evident near the silicon surface. The
characteristic features of the profile near the silicon/
polymer interface will be discussed in relation to Figure
3, below; these features are not significantly influenced
by the exact functional form of the profile used in the
analysis. It should be noted that, when analyzing the
reflectivity data, one should make sure that the ex-
tracted profile is consistent with the total deuterium
present in the system; this is accomplished by ensuring
the equality

f;ilm (b/v) dz = ¢cofps(bN)Ps,c +
¢co(1 - fPS)(bN)anchor + (l - ¢CO)(b/V)PS,h (1)
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Figure 2. Experimental neutron reflectivity data (O) as a
function of ko for a ca. 1800 A thick film of SV2P-102/PSH.
The solid line is the calculated reflectivity curve, convoluted
with the appropriate resolution function, using the scattering
length density profile shown in the inset (z = 0 denotes the
air/polymer surface). The thin dashed line is the respective
reflectivity curve using a uniform (average) scattering length
density profile (dashed line in the inset).
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Figure 3. Scattering length density profiles at the silicon/
polymer interface extracted from the analysis of the neutron
reflectivity data for all SV2P/PSH systems: (®) SV2P-3.4; (¢)
SV2P-18; (x) SV2P-32; (O) SV2P-45; (») SV2P-68; (V) SV2P-
95; (O) SV2P-102. The data have been shifted along the z axis
so that z = 0 denotes the polymer/substrate interface.

¢0 is the volume fraction of the added copolymer, fps is
its composition in styrene, and (b/V)psc = (b/V)psp = 6.1
x 10 = 6 Afz, (b/V)anchor = (b/V)pvzp =19 x10 ¢ Afz,
and (b/V)psh = (b/V)psy = 1.43 x 10 ~ 6 A2 are the
scattering length densities of the dangling styrene block
(deuterated styrene), of the anchor block (vinylpyridine),
and of the homopolymer (hydrogenous styrene), respec-
tively. The integral is taken over the whole thickness
of the film.

Figure 2 shows the neutron reflectivity data for a ca.
1800 A film of SV2P-102/PSH as reflectivity R vs ko,
where the solid line is the calculated reflectivity curve,
convoluted with the appropriate resolution function,
using the scattering length density profile in the inset;
the equality condition of eq 1 is fulfilled. Also shown in
Figure 2 is the calculated reflectivity curve (thin dashed
line) assuming the uniform average scattering length
density profile shown in the inset (thin dashed line); the
differences in this case are less pronounced than those
in Figure 1 signifying right away lower enrichment. Two
differences from the profile of SV2P-3.4/PSH (inset of
Figure 1) should be discussed. First, the reflectivity data
could only be fitted if an enrichment layer was allowed
both at the silicon and at the air/polymer interface. The
second difference relates to the shape of the enrichment
layer at the silicon/polymer interface: although the scale
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for the z axis in the inset is not appropriate, it will
become evident below (in Figure 3) that the region of
scattering length similar to that of the pyridine block
is now thicker whereas the features of the profile are
less pronounced and shifted toward the interior of the
film.

The presence of a deuterium-enriched layer at the free
surface (besides that at the silicon interface) was
observed for the four diblocks with the longest pyridine
blocks of Table 1. A direct-space technique could un-
equivocally prove the existence of such an enrichment
layer. However, in the context of this work one can rely
on the inability to analyze the reflectivity data without
one along with earlier similar findings in the literature
in order to accept this finding. Indeed, such a situation
has been observed in SV2P/PSH copolymer/homopoly-
mer films by nuclear reaction analysis®® for higher
concentrations (15%) of a lower molecular weight SV2P
diblock (SV2P-391 68, Npy2p = 68, Nps = 391, P =
4640), whereas for lower concentrations (5%) segrega-
tion was observed only at the silicon interface. Moreover,
transmission electron microscopy (TEM) on thin films
of mixtures of two of the diblocks of the present
investigation (2% of SV2P-95 and 15 and 30% of SV2P-
102) with polystyrene (of similar molecular weight) has
unequivocally revealed!” micelles (with pyridine core
and deuterated styrene corona) segregated to the free
surface. Similar segregation of micelles to the free
surface was also observed for a SV2P-391 68/PSH
mixture between the air surface and an interface with
poly(2-vinylpyridine) homopolymer.° In all cases, the
understanding was that the micelles are attracted to
the free surface due to the (slightly) lower surface
energy of deuterated polystyrene vs the hydrogenous
one, whereas a theoretical approach developed by
Semenov*! concluded that the micellar contribution to
the surface excess is due to a higher rate of formation
of micelles at the surface. Note that in all cases the
presence of micelles at the surface was observed above
a certain concentration estimated to be the critical
micelle concentration, which is a function of the molec-
ular weights of the interacting species; this is the reason
that the surface enrichment layer was only observed for
the diblocks with high pyridine molecular weights. The
enrichment layer at the air surface will not be further
discussed in the present manuscript.

Figure 3 shows the scattering length density profiles
at the silicon/polymer interface extracted from the
analysis of the neutron reflectivity data for all SV2P
copolymers. It is emphasized that all diblocks have the
same molecular weight of the dangling deuterated-
polystyrene chains, whereas the molecular weight of the
anchor block varies by a factor of 30 (3,400 to 102,000).
The profiles have been shifted along the z axis so that
the zero for the polymer/silicon interface is placed at
the position, where there is the first indication for the
substrate (or the very thin silicon oxide layer—observed
for SV2P-68 and SV2P-95). Several comments are in
order. As the molecular weight of the anchor block
increases, the pyridine-like layer at the silicon interface
becomes broader, which right away indicates that the
configuration of the anchor block is more extended than
a simple “pancake” at the surface. Second, the shape of
the profiles differs significantly between the two diblocks
with the smallest pyridine blocks on one hand and the
four diblocks with the largest pyridine blocks on the
other, with SV2P-32 falling in between. For SV2P-3.4
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Figure 4. Dependence on the molecular weight of the anchor
pyridine block, Npv2p, of (a) the position of the maximum of
the scattering length density profiles, zmax, as distance from
the interface, (b) the value of the scattering length density at
the maximum (b/V)max, and (c) the surface excess of the
dangling block zpsp* or, equivalently, the surface density of
copolymer chains o. Filled symbols are the experimental data
and open symbols the theoretical calculations.

and SV2P-18, the profile exhibits a sharp depletion layer
next to the silicon surface and a more extended profile
toward the matrix (as discussed in relation to Figure
1), whereas the scattering length density at the maxi-
mum indicates about 55% deuterated styrene. For
SV2P-45 up to SV2P-102, the profiles are more sym-
metric, i.e., the maximum is shifted away from the
surface to about 80 A, which does not depend much on
the pyridine molecular weight; the scattering length
density at the maximum is much smaller, indicating
only about 28% deuterated styrene. As noted before, the
profile for SV2P-32 falls in between.

Figure 4 shows the dependence on the molecular
weight of the anchor pyridine block, Npy2p, of (a) the
position of the maximum of the scattering length density
profiles, zmax (measured as distance away from the
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silicon or silicon oxide surface), (b) the value of the
scattering length density at the maximum (b/V)max and
(c) the surface excess of the dangling block zpsp* = zps ¢*
= [interface Ppsc(z) dz and the surface density of copolymer
chains 0. The excess of the dangling chains is related
to the total surface excess z* by

Zpsp™ = Zpg o~ = Z*Fpg (2

where z* is given by

z*= Ji‘nterface [¢C(Z) - ¢C,bu|k] dz =
!/i)nterface [¢PS,0(Z) + ¢anch0r(z) - (bc,bulk] dz (3)

¢c(z) is the total copolymer volume fraction profile in
the interfacial region, ¢ puik is the copolymer concentra-
tion away from the interface, and ¢ps ¢(z) = ¢psp(z) and
@anchor(Z) = ¢pvop(z) are the volume fraction profiles of
the dangling chain (deuterated styrene) and the anchor-
ing block (pyridine), respectively. z* can be estimated
from the experimentally obtained integral

z= ﬁnterface [(b/V) o (b/V)bqu] dz (4)

where (b/V) is the experimental scattering length profile
at position z and (b/V)puik = (b/V)ps,» that away from the
interface. The (b/V) profile is related to the volume
fraction profiles of the various components by

(b/V) = ¢PS,C(Z)(bN)PS,c + ¢anchor(z)(blv)anchor +
Pps n(2)(ONV)ps 1, (5)

with ¢psn(z) the volume fraction profiles of the matrix
homopolymer (hydrogenous-styrene), whereas the three
volume fractions are related by

¢PS,C(Z) + ¢anchor(z) + ¢PS,h(Z) =1 (6)
Combining egs 3—7, one gets
7% = {[(b6\V)ps . = (D\V)ps plfps +
[ON)anchor — (ONV)ps pl(L — Fos)} 2 (7)

where use has been made of the fact that the deuterated
styrene and the pyridine are the two blocks of the
diblock and, thus, their total amounts are related by

ZPS,C* _ |[interface ¢PS,C(Z) dz _ fos ®)

Zanchor 7) dz 1 fos
interface Panchor(2)

where ZPV2P* = Zanchor* = finterface ¢anchor(z) dz. Therefore,
Zpsp* = zps* in Figure 4 is estimated using eqgs 2 and
7 with Z from eq 4. The surface density of the copolymer
chains is obtained from the values of zpsp* = zps¢* by

* *
o= ZPS,c - Zanchor . z*
NPSU N Ntotalv

9)

anchorV

where Nps and Nanchor = Npvop are the number of
segments of the two blocks, Nyt is that of the whole
copolymer, and v is the average segmental volume. o is
also shown in Figure 4c vs the number of segments of
the anchoring block Npy2p.
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All the quantities in Figure 4 show a characteristic
change in their behavior between low Npy2p and high
Npv2p. The position zmax of the maximum of the (b/V)
profile moves away from the surface when Npy2p in-
creases for low values of Npy2p, Whereas it is almost
insensitive to Npy2p for higher values. It is noted that
possible uncertainties in the value of znax originate
mainly from the positioning of the zero of the z axis in
Figure 3. The uncertainties in znax associated with the
analysis of the neutron reflectivity data for all samples
are less than 6 A. Similarly to zmax, both the maximum
scattering length density, (b/V)max, and the surface
excess of the dangling block, zpsp*, (or equivalently the
surface density of copolymer chains, o) show a “transi-
tion” from high values at low Npy2p toward low values
for high Npy2p. As was evident in Figure 3 (and will be
discussed in the theoretical results section below), when
the molecular weight of the anchor increases, the profile
of the pyridine block extends more toward the matrix,
thus pushing the profile of the deuterated polystyrene
block away from the interface. However, if the move-
ment of the position of the maximum were only due to
this widening of the profile of the anchor, then znyay
would continuously increase and would not show the
behavior of Figure 4a. Therefore, the change in the
behavior of zmax (Figure 4a) as well as of (b/V)max (Figure
4b) and zpsp* or o (Figure 4c) should be related to a
different configuration of the dangling block for low and
high values of Npy2p as a result of the changes in the
surface density o (Figure 4c). Note that the behavior of
o resembles that estimated by Aubouy3° and discussed
in the Introduction. Therefore, the data indicate a
smooth transition from a “brush”-like configuration at
low values of Npy2p (high o) toward a “mushroom”-like
configuration at high values of Npy2p (low o). It is noted
that the values of zpsp* and o are in the range of values
usually obtained for equilibrium brushes either in the
melt, 12142223 or in solution.® Moreover, from these o
values one can calculate the total copolymer adsorbance,
I' ~ 5—6 mg/m?, corresponding to an adsorbance of the
dangling block, Tps ¢ &~ 2.5—4.8 mg/m?, which fall in the
range of earlier investigations.®

Figure 5a shows the neutron reflectivity data for a
ca. 850 A thick film of SM-67/PSD as reflectivity R vs
ko. The ko range (at 6 = 0.5°) extends below the critical
angle, allowing normalization of R to one for small kq's.
The solid line in Figure 5a is the calculated reflectivity
curve, convoluted with the appropriate resolution func-
tion, using the scattering length density profile shown
in the inset, which exhibits an enrichment layer at the
silicon/polymer interface. Note that the profile looks
different from the ones in Figures 1—3 because of the
different deuteration scheme. In this case, both blocks
of the copolymer are hydrogenous and the contrast is
enhanced by using a homopolymer that is deuterated;
i.e., (0/V)psc = (b/V)psh = 1.43 x 10 ~ 6 A=2 (b/V)anchor =
(b/V)pMMA =1.0x 10~ 6A72, and (b/V)PS,h = (b/V)pSD =
6.1 x 10 ~ 8A~2. It is noted that analysis of such types
of profile is less unambiguous than of the types of
Figures 1—3; ensuring that the extracted profile is
consistent with the total deuterium in the system by
using eq 1 is even more critical.

Figure 5b shows the scattering length density profiles
near the silicon interface extracted from the analysis
of the neutron reflectivity data for all SM/PSD films. It
is emphasized that, in this case, the diblocks have
almost the same total molecular weight, whereas their
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Figure 5. (a) Experimental neutron reflectivity data (¢) as a
function of ko for a ca. 850 A thick film of SM-67/PSD. The
solid line is the calculated reflectivity curve, convoluted with
the appropriate resolution function, using the scattering length
density profile shown in the inset (z = 0 denotes the air/
polymer surface). (b) Scattering length density profiles at the
silicon/polymer interface extracted from the analysis of the
experimental neutron reflectivity data for all SM/PSD sys-
tems: (0) SM-67/PSD; () a ca. 850 A film of SM-51/PSD; (O)
a ca. 900 A film of SM-33/PSD. The data have been shifted
along the z axis so that z = 0 denotes the polymer/substrate
interface. Inset: The dependence of the surface density of
chains ¢ on the composition of the copolymer in the anchor
block, 1 — fps, for the SM/PSD systems.

composition changes from 31% anchor to 65% anchor.
The profiles have been shifted along the z axis, so that
the zero for the polymer/silicon interface is placed at
the position where there is the first indication for the
substrate. Although the extracted picture in this case
is not as clear as in Figure 3, differences in the shapes
of the three profiles are evident. Right away, it can be
seen that the total adsorbed amounts (proportional to
the area above the curves) are different for the three
diblocks. Moreover, the extension of the profile toward
the bulk homopolymer is also affected by the block-
length ratio. The inset of Figure 5b shows the depend-
ence of the surface density of chains ¢ on the composi-
tion of the copolymer in the anchor block (methyl
methacrylate), 1 — fps. A first observation is that the
values of the surface density of chains o are very low
as compared to the SV2P/PSH system. Since PMMA is
known to be attracted to the silicon interface almost as
much as PV2P, this difference can only indicate that
the films were apparently so thin and their concentra-
tion was so low that there was not enough copolymer
to saturate the interface. Note that no enrichment at
the air/polymer interface was observed in any of the SM/
PSD systems. The only characteristic of the plot of
Figure 5b is a weak increase of the surface density of
chains o as the volume fraction of the anchor increases.
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1V. Self-Consistent Mean-Field Theory

IV.1. Introduction. The aim of the present theoreti-
cal work is to provide a description of polymer concen-
trations and conformations in the interfacial region. It
utilizes the lattice-based Scheutjens and Fleer31:3243 self-
consistent field model for multicomponent systems
(including block copolymers®) as extended to include
conformational stiffness.3334 This formulation is applied
to the case of a mixture of a homopolymer and a diblock
copolymer next to a surface.

Polymeric systems are usually characterized by a
variety of length scales (i.e., monomers vs entire macro-
molecules) and, in addition, by conformational and
orientational degrees of freedom. A treatment assuming
full atomistic description is, in most cases, out of reach
of today’s computers, or it is still restricted to systems
of small sizes and chain lengths. Exact enumeration and
Monte Carlo simulations account explicitly for the
segments, but are necessarily limited to a small number
of chains because of computational limitations. In
contrast, methods incorporating a mean field approach
can deal with the more realistic situation of a complete
ensemble of chains, e.g., the equilibrium between the
surface and a bulk phase. On the other hand, due to
the large number of possible interactions between
macromolecules, the microscopic details average out to
a large extent, and it is the chain character and flex-
ibility that determine the main features of their proper-
ties. As macromolecules interact with many others, the
critical region in which concentration fluctuations be-
come important is very small; the description by means
of mean-field approximations is, then, legitimate. Mean-
field theories are, thus, widely used to describe in-
homogeneous polymeric systems, where the parameters
of the model are either derived from a molecular theory
or from a comparison with experiments.

Over the past few decades, a substantial effort has
been devoted developing mean-field theories, which
account for the chain conformational structure. The
most powerful one is the self-consistent field approach.*?
This is conveniently implemented on a lattice, where
the space is discretized into layers (lattice sites). Al-
though continuum models are more general, it is usually
preferred to work with lattice models with the main
advantage of a lattice-bond approach being that the
infinite number of conformations of real chains in
continuum space is reduced to a finite number. More-
over, the average number of interactions is more easily
evaluated. Polymer conformations are modeled as ran-
dom walks on a lattice where the problem of propagation
of conformation is usually considered as a first-order
Markov process. In such a process, each step or segment
“remembers” only the position and orientation of the
previous segment. For isolated molecules near a surface,
steps toward or within the surface layer are biased with
a weighing factor, whereas all other steps are random
(i.e., the weighting factor is unity). It is straightforward
to extend the one-chain methodology to a many-chain
methodology only in the case where one considers
independent ideal chains.

To describe properly the thermodynamics of the
general macromolecular system, a calculation of the free
energy is required. The formulation of the partition
function for a dense system on a lattice and the
derivation of the free energy from this partition function
are rather cumbersome, and many times, it is practically
infeasible to derive final expressions for useful physical
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guantities. Usually it is legitimate to work exclusively
with the maximum term of the partition function,
ignoring all other terms, which are the source of the
fluctuations. In this mean field approximation, each
chain is described as feeling the mean field of all
surrounding chains. A self-consistent scheme is applied,
where the input local concentration produces a local
mean field, which is used in order to estimate a new
conformational distribution and hence a new value for
the local concentration. The scheme is successful when
the sequence of approximations for the local density
converges.

The most powerful self-consistent mean-field lattice
model (SCF) has been derived by Scheutjens and Fleer
in order to describe the conformations and concentration
profiles of a polymeric system in an interfacial re-
gion.313243 This approach has been used to describe
polymer melts and solutions near a solid substrate,
polymers chemically attached to the substrate, rings,
branched chains, copolymers, multicomponent polymeric
systems, and curved interfaces.3? More recently, the
theory has been extended by some of the authors of the
present manuscript to incorporate conformational stiff-
ness.33:3444 Herein, the theory is applied for the inves-
tigation of the adsorption of diblock copolymers to a solid
interface from a multicomponent mixture, composed of
a polymeric matrix and the diblock. A detailed descrip-
tion of the method and its application in the present
system is given in Appendix A.

1V.2. Model Parameters. To perform the calcula-
tions, a number of parameters are needed to character-
ize the specific system under consideration. These are
of two types: (@) parameters characteristic of the
individual species involved (Flory segment length, bend-
ing energy, number of Flory segments), which are
obtained from the molecular characterization (molecular
weight of the polymers, compositions, as in Tables 1 and
2) and from standard handbooks (bond lengths, bond
angles, number of bonds per monomer, molecular weight
of the monomer, characteristic ratio, and mass density),
and (b) parameters characteristic of the interactions
between the various species involved (Flory—Huggins
interaction parameter and segment—surface interaction
parameters). Moreover, certain experimental quantities
from section Il are needed, such as film thickness,
annealing temperature, and experimental surface ex-
cess.

Among the possible choices for the lattice segment
size, the ones that have been mostly used are the
Kuhn?*® and the Flory segments. In the present study,
the model discretization uses a single Flory segment
length I, arithmetically averaged over all monomer
types. A Flory segment is defined such that a chain will
have the same maximally extended length (end-to-end
distance in an all-trans conformation) and volume in
the Flory segment representation as are measured
experimentally.®® Equating the volume of the Flory
chain, containing r Flory segments, to the volume of a
real chain, one gets

3_ M _ n.,m
NAvogP NAvogp

rl (10)

where M is the molecular weight of the chain, p its mass
density, ny,, the degree of polymerization, m the mono-
mer molecular weight, and Navog the Avogadro number.
Moreover, the length of the fully extended Flory chain
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is set equal to the maximally extended length of the real
chain

rl = ngylysin (6,/2) (11)

where ny is the number of chemical bonds per chain, Iy
the bond length, and 6, the bond angle along the chain
backbone. Combining egs 14 and 15, the Flory segment
is obtained as

n,m 1/2
Ir= - 12
- NAvogpthbSln (Gb/Z) ( )

It is noted that the use of Flory segments in the
discretization allows correct description of both the
chain dimensions and its density. The Flory segment
length is commensurate with the spatial resolution of
neutron reflectivity experiments.36-38

Very important input parameters for the calculation
are the surface excesses of the various components,
expressed in terms of the layer equivalents ©;, defined
in Appendix A. For the two blocks of the copolymer, the
values of ©; are

1:@ps = Zps o * (13a)
TF®anchor = Zanchor* (13b)

where zps ¢* and zanchor™ are calculated from egs 2, 8,
and 9. Similarly, for the homopolymer matrix

1:@psh = Zpsp* (13¢)

where zps h* = finterface 9ps,n(Z) dZ = [interface [1 — ¢ps,c(2)
- ¢anchor(z)] dZ, and thus

ZPS,h* =A- ZPS,C* - Zanchor* (14)

where A is the total film thickness.

The Flory—Huggins interaction parameters y between
the two different types of segments (styrene and pyri-
dine or styrene and methyl methacrylate) used in the
present study are estimated independently of the present
experiments. For the polystyrene/poly(methyl meth-
acrylate) system, Fischel and Theodorou3® estimated
xpsipmmva by fitting self-consistent mean-field (SCF)
calculations to experimental data3’ for the width of the
interface between the respective homopolymers; for the
annealing temperature of 170 °C, ypsipmma = 0.0463. For
the polystyrene/poly(2-vinylpyridine) system, the SCF
calculations are fitted to neutron reflectivity data of the
microdomain structure and the interfacial width in an
ordered polystyrene-block-poly(2-vinylpyridine) diblock
copolymer3® and is presented in Appendix B; for the
annealing temperature of 170 °C, ypspvze = 0.1.

A parametric analysis has been performed with
regard to the effective interaction parameters between
a polymer segment and a surface site, ysipolymer. 1N the
present notation (which follows that of Evers et al.5),
Zsipolymer denotes the energy change (in units of kT)
resulting from bringing a polymer segment from pure
polymer into an environment of pure substrate and,
thus, the adsorption energy is given by U3kT = L
> ada(L)ysiiat1; the Silberberg adsorption energy param-
eter ys is related to X Silpolymer by Xs = — /’i-l(XSi/polymer A~
Ksipoymer matri)- 1N the calculations discussed in section V
below, ysipvop Was set to —5 since smaller absolute
values gave negligible surface segregation, whereas for
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Table 3. Model Parameters for PS, PV2P, and PMMA at

170 °C
quantity units PS PVv2pP PMMA

m g/mol 104 103 100

I, (C—C) A 1.54 1.54a 1.54

0 (C—C—C)  deg 112 1122 112

Nppm® 2 2 2

o g/lcm®  0.9903 0.9173¢ 1.107

Ie A 8.264 8.627 7.664

I A 8.44547.964°  8.445d 7.964¢

Nmpr" 3.455,42.897¢  3.170¢ 3.368¢

Ce 10.6 13.09 7.1

Ik A 19.7 24.1 13.2

e /(KT) 1.055,90.953¢  1.341d 0.457¢

aValues for PV2P from refs 46 and 47. P Number of bonds per
monomer Nppm = Nu/Nim. © Obtained from ref 48 by using the tables
at 25 °C and the thermal expansion coefficients therein to estimate
values for 170 °C. 9 Values used for the PS/PV2P system. ¢ Values
used for the PS/IPMMA system. f Number of monomers per Flory
segment Nmpe = Nw/r. 9 Values for the limit of infinite molecular
weight from ref 49 (see formulas and tables therein).

Table 4. Macromolecular Characteristics Used in the
SCF Calculations for the PS/PV2P System

Mw,i [Rgzmuz [RZE[LIZ Li
code  polymer (g/mol) nmi r (AE (AP (A

all PSD 75000 670 194 75 183 1711
SV2P-3.4  PV2P 3400 32 10 17 42 82
SV2P-18 PVv2P 18000 171 54 42 102 437
SV2P-32 PVv2P 32000 305 96 56 136 779
SV2P-45 PV2P 45000 429 135 66 162 1095
SV2P-68 PVv2P 68 000 648 204 81 199 1655
SV2P-95 PVv2P 96 000 914 288 97 237 2334
SV2P-102 PV2P 102000 971 306 100 244 2479
PS,h PSH 186 000 1788 518 122 300 4566

a Root mean-square unperturbed radii of gyration. ® Root mean-
square unperturbed end-to-end distance. ¢ Maximally extended
length of a real chain.

Table 5. Macromolecular Characteristics Used in the
SCF Calculations for the PS/IPMMA System
Mw,i [RQZEFUZ [RZEF'/Z Li
code polymer (g/mol) nm; ri (A)a AP (A

SM-67 PSH 115200 1108 382 96 236 2829
SM-51 PSH 87200 838 289 84 205 2140
SM-33 PSH 57800 555 192 68 167 1417

SM-67 PMMA 56800 568 169 56 138 1450
SM-51 PMMA 83800 838 249 68 168 2140
SM-33 PMMA 117200 1172 348 81 198 2993
PS,h PSD 204 000 1821 629 123 302 4650

a Root mean-square unperturbed radii of gyration. ® Root mean-
square unperturbed end-to-end distance. ¢ Maximally extended
length of a real chain.

larger absolute values the results were practically
unaffected. ysipmma Was also set to —5 but differences
were observed for a value of —2, which are discussed in
section V. ysipsp and ysipsn Were set to 0.

V. Modeling Results and Discussion

Self-consistent mean-field calculations have been
performed with the model presented in section IV with
its details in Appendix A. The calculations were per-
formed for exactly the same systems investigated ex-
perimentally by neutron reflectivity using the molecular
parameters of Table 3. Tables 4 and 5 list the macro-
molecular characteristics of all the polymers in the
parameter space used in the calculations.

Figure 6a shows the theoretical volume fraction
profiles of all species near the silicon interface for a film
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Figure 6. Theoretical volume fraction profiles for all species
near the silicon interface for (a) SV2P-18/PSH and (b) SV2P-
95/PSH: (@) the anchor PV2P block; (¥) the dangling PSD
block; (a) the homopolymer PSH; (¢) the profile of the total
polystyrene (sum of the PSD and PSH).

wherein the copolymer has a relatively short pyridine
block, i.e., for SV2P-18/PSH. ¢pv2p = ¢anchor refers to the
anchor PV2P block, ¢psp = ¢ps to the dangling PSD
block, ¢psy = ¢psn to the homopolymer PSH, whereas
¢ps = ¢PSD + ¢p5H = ¢PS,c + (f)ps,h is the profile of the
total polystyrene (sum of the PSD and PSH). The
lengths in the calculations were expressed in Flory
segments and are translated to angstroms using the
value of Iz = 8.445 A. The pyridine block is adsorbed at
the silicon interface (as expected) and extends to only a
few Flory segments away from the interface. The
deuterated polystyrene block forms the dangling tail,
with its profile exhibiting a depletion near the wall and
a maximum of about 50% at a distance of a few Flory
segments from the interface. Moreover, the polystyrene
homopolymer is pushed away from the wall, almost
being excluded from the interfacial region.

Figure 6b shows the respective theoretical volume
fraction profiles near the silicon interface for a film
wherein the copolymer has a long pyridine block, i.e.,
for SV2P-95/PSH. Significant differences are observed
in relation to the SV2P-18/PSH film of Figure 6a. The
pyridine block, adsorbed at the silicon interface, now
extends significantly farther away from the interface.
Moreover, the shape of the profile of the dangling
deuterated polystyrene block is different: it exhibits a
wide depletion near the wall and a maximum of only
about 25%, which is shifted away from the interface
relative to Figure 6a. The polystyrene homopolymer is,
thus, not so much excluded from the interfacial region,
whereas the total polystyrene vs PV2P profile exhibits
an interfacial width that is comparable to that between
the two blocks in an ordered diblock copolymer3® (see
also Appendix B), which, in a different system, was
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Figure 7. Theoretical volume fraction profiles of the anchor-
ing pyridine block at the silicon/polymer interface calculated
for all SV2P/PSH systems: (®) SV2P-3.4; (#) SV2P-18; (%)
SV2P-32; (O) SV2P-45; (a) SV2P-68; (V) SV2P-95. Upper
inset: root-mean-square thickness of the pyridine layer vs
Npvop. Lower inset: adsorbed amount of pyridine vs Npyzp.
Both axes in the insets are logarithmic. The thick lines in the
main Figure show the theoretical volume fraction profiles of
PV2P homopolymer for films of PV2P/PSH mixtures (the
molecular weight of the PV2P homopolymer is equal to that
of the block of the SV2P for SV2P-18 and SV2P-95) at the same
adsorbed amount of pyridine segments.

N &
o

80 100

found to be the same as that between the respective
homopolymers.3”

The profile of the anchoring block is intriguing, since
it is usually thought that the anchor would form a flat
(pancakelike) layer at the interface with a width of a
few segments, independently of its molecular weight.
It is noted, however, that those statements were made
basically for block copolymers adsorbed onto a solid
surface from solution,®919 where the different interac-
tions between the anchor and the solvent may indeed
modify the conformation of the anchor. For diblock
copolymers adsorbed from the melt, the present calcula-
tions show clearly a thickening of the profiles of the
anchor block ¢pvop = ¢anchor @S the molecular weight
Npv2op = Nanchor iNcreases; this is shown in Figure 7 for
the series of SV2P/PSH systems investigated. Calcula-
tion of the root-mean-square thickness of the anchor,
Zrms = Zanchor? 2 = Jinterface ¢anchor(z)22 dz/ finterface Panchor(Z)
dz, results in a Npyp?2 dependence (upper inset of
Figure 7) for the all anchor molecular weights except
for the lowest (SV2P-3.4). It is evident that more
experiments are required to cover the regime between
the two lowest PV2P molecular weights, i.e., between
SV2P-3.4 and SV2P-18. Moreover, the dependence of the
surface excess of PV2P, zpyv2p* = Zanchor™, 0N the PV2P
molecular weight (lower inset of Figure 7) conforms to
a Npv2p?5* dependence (excluding SV2P-3.4). It is noted
that the exponents above should be viewed with caution
since the ordinates cover a very limited range.

To further investigate the shape of the anchor profile,
calculations were performed for the volume fraction
profiles near the silicon interface for mixtures of PV2P
with polystyrene. The comparison between the volume
fraction profiles of the PV2P block for SV2P/PSH films
with those for PV2P/PSH films (the molecular weight
of the PV2P homopolymer is equal to that of the block
of the SV2P) at the same adsorbed amount of pyridine
segments is also shown in Figure 7 with the thick solid
lines for PV2P-18 and PV2P-95: for both systems, the
two profiles are indistinguishable. Therefore, the profile
of the anchoring block should be thought of as being
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Figure 8. Theoretical results for (a) the volume fraction
profiles of the dangling styrene block and (b) the scattering
length density profiles at the silicon/polymer interface calcu-
lated for all SV2P/PSH systems: (®) SV2P-3.4; (¢) SV2P-18;
() SV2P-32; (O0) SV2P-45; (A) SV2P-68; (V) SV2P-95; (O) SV2P-
102.

identical to that of a physically adsorbed homopolymer
from the same matrix to the same interface (it is noted
that for the lowest molecular weight SV2P-3.4 the above
statement does not precisely hold). If one thinks that
PV2P is in a “bad” solvent, then its dimensions should
show a Npy2p® dependence, whereas for a pancake, a
Npv2p® dependence was envisioned. The Npy2p?2 behav-
ior observed is between these two limits. It is noted that
the only other time that the similarity of the shape of
the anchor to that of a physically adsorbed homopolymer
has been suggested was in the study of Evers et al.> for
diblocks adsorbed from solution, whereas all other
studies consider the anchor as forming a very thin
(pancakelike) layer of constant thickness of a few
nanometers.®%19 The present experiments only indi-
rectly probe the profile of the anchor, which indeed
appears to become broader as the anchor molecular
weight increases (Figure 3). The experiments on the SM/
PSD systems cannot provide any more information on
this, since both copolymer blocks are hydrogenous.
Experiments are planned on SV2P/PSD systems (with
both the dangling polystyrene and the homopolystyrene
deuterated). However, since the scattering length of
PV2P is very similar to that of the substrate, the
interpretation of the data is not expected to be without
ambiguities. A better experiment would utilize a deu-
terated anchor block.

One can now return to the shapes of the volume
fraction profiles of the dangling blocks as a function of
the molecular weight of the anchor. Figure 8a shows
the ¢psp = ¢psc Volume fraction profiles for the series
of SV2P/PSH systems investigated. The calculations
show a behavior consistent with the discussion of SV2P-
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18 and SV2P-95 in Figure 6, parts a and b. The profiles
for the two shorter PV2P blocks exhibit a sharp deple-
tion layer near the substrate and a high maximum
(about 50%), whereas those for the four longer PV2P
show a wide depletion layer and a maximum of only
about 20—30%. The data for SV2P-32 clearly fall
between the two regimes. For a better comparison with
the experimental data, the volume fraction profiles of
all the species present were used to estimate the
theoretical scattering length density profiles (b/V) vs z
using eq 5. These contain less information than Figures
6a,b and 8a but allow for a direct comparison with the
experimental data. The calculated scattering length
density profiles are shown in Figure 8b for all the SV2P/
PSH systems. The qualitative agreement with the
experimental data in Figure 3 is evident.

Even more significant, however, is the very good
agreement on the Npy2p dependence of the quantities
Zmax and (b/V)max estimated from the theory with those
estimated from the analysis of the experimental data;
this comparison is shown in Figure 4. The characteristic
change in the behavior of these quantities between that
for low Npy2p and that for high Npyp is also evident in
the calculations. The position of the maximum of the
(b/V) profile, zmax, Moves away from the surface as Npy2p
increases for low values of Npy2p, Whereas it is almost
insensitive to Npy2p for higher values (some difference
is noted for SV2P-45, for which the experimental zyax
has already reached the plateau, whereas the theoreti-
cal has not). The quantitative difference between the
experimental and theoretical zmax for all samples is
believed to be due to the uncertainties in the positioning
of the polymer/substrate interface, which was necessary
in order to construct Figure 3. Note that, as discussed
in reference to Figure 4, the shift of the position of the
maximum is partially due to the widening of the profile
of the anchor. However, as was shown in Figure 7, this
widening of the PV2P profile is continuous and, thus,
if, this was the only factor involved, zmax would continu-
ously increase and would not show the behavior of the
experimental points in Figure 4a. The theoretical maxi-
mum scattering length density (b/V)max Shows the
“transition” from high values at low Npy2p toward low
values for high Npy2p, Whereas the agreement with the
experiment is quantitative. Note that it is not fair to
compare the values for the surface excess of the dan-
gling block, zpsp*, or, equivalently, the surface density
of copolymer chains, o, since this is more-or-less an
input to the calculations. Once more, it is stated that
the change in the behavior of Zmax, (0/V)max, and zpsp*
or o can only be due to a change in the configuration of
the dangling block between low and high values of
Npv2p; however, it is apparent that the transition from
a “brush”-like configuration at low values of Npy2p
(higher o) toward a “mushroom”-like configuration at
high values of Npy2p (low 0) is a smooth one.

Before finishing with the results of the SCF calcula-
tions for the SV2P/PSH system, one would like to
present some more information on the internal charac-
teristics of the various profiles, which cannot easily be
extracted from experiment. Such pieces of information
relate to the distribution of the copolymer junctions and
end segments within the interfacial film. The profile of
the copolymer junctions provides another measure of the
width of the interfacial region. The volume fraction of
a junction is defined as the arithmetic mean of the
volume fractions of the PS and the PV2P segments
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Figure 9. Theoretical results for (a) the profiles of the
copolymer junctions, (b) the end-segment distributions for the
free ends of the anchor PV2P, and (c) the end-segment
distributions for the free ends of the dangling PSD blocks of
the copolymer for the SV2P/PSH systems: (®) SV2P-3.4; (¢)
SV2P-18; (x) SV2P-32; (O) SV2P-45; (») SV2P-68; (V) SV2P-
95; (O) SV2P-102.

connected at the junction. These profiles are shown in
Figure 9a for all the SV2P/PSH films. It is observed that
the junction profiles exhibit a moderate maximum
(except for sample SV2P-3.4 with the lowest molecular
weight of the PV2P block). The full-width at half-
maximum increases as the Npyop increases. For the
largest PV2P molecular weight (i.e., for SV2P-102), the
full-width at half-maximum has a value close to the
experimental value for the interfacial width of the PS—
PV2P system.3¢ Moreover, for all samples except SV2P-
102, the junction profiles are rather asymmetric, with
a tail extending away from the substrate.

The end-segment distributions for the free ends of the
anchor PV2P and of the dangling PSD blocks of the
copolymer are shown in Figure 9, parts b and c,
respectively, for three samples: SV2P-3.4/PSH, SV2P-
68/PSH, and SV2P-102/PSH. The profiles of the end
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segments of the PV2P block are consistent with the
profiles shown in Figure 7; the maximum occurs very
close to the substrate for all molecular weights. In
contrast, the free ends of the dangling PSD chains are
distributed more freely within the interfacial layer and
are not restricted to within the outer region of the
adsorbed layer, as would have been expected for an
Alexander—de Gennes brush,? rather in accord with the
predictions of Semenov® in the melt or the analogous
prediction in solution.5!

One can now discuss the SM/PSH system. As also
discussed in section 111, the analysis of the experimental
data in this case is less unambiguous, due to the
contrast of the various components for the neutrons. It
is noted that in the experiment both copolymer blocks
were hydrogenous (with scattering length densities not
so different from the silicon substrate) whereas the
matrix was deuterated. Besides, the estimated scatter-
ing length density profiles lead to very low values for
the surface density of chains o (Figure 5). Moreover, this
system is different from the SV2P/PSD one, since the
total molecular weights of the (three) copolymers are
almost the same, whereas their composition varies from
0.31 to 0.65 anchor; this means that both the molecular
weight of the anchor and of the dangling chain are
different among the three samples. Thus, the SCF
calculations are very important for one to shed light on
the chain conformation.

The volume fraction profiles of the anchor PMMA and
of the dangling PSH blocks are shown in Figure 10,
parts a and b, respectively, for the three SM/PSD films,
whereas Figure 10c shows the calculated scattering
length density profiles estimated from transforming the
volume fraction profiles using eq 5 with (b/V)ps: = (b/
V)pSH =1.43 x 10 ~ 6A72, (blv)anchor = (b/V)pMMA =1.0
x 10 ~ 6A72, and (b/V)psyh = (b/V)pSD =6.1x 10~ 6A72.
It is also noted that the calculations again have been
performed using as input the total surface excess of the
diblock z* (or, equivalently, the surface density of
copolymer chains o), which was estimated from the
neutron reflectivity data (egs 4, 7, and 9). The shapes
of the profiles are in general similar to those of the
SV2P/PSH system of similar compositions, keeping in
mind the much lower surface excess. As the anchor
molecular weight increases, the PMMA layer becomes
thicker, as was observed for the respective case of PV2P.
For example, SM-51 (containing Nps ¢ = Npsyy = 890 and
Nanchor = Npmma = 790) can be thought of as analogous
to SV2P-68 (containing Nps: = Npsp = 750 and Nanchor
= Npyv2p = 623), whereas SM-33 (containing Nps. =
Npsn = 592 and Nanchor = Npmma = 1098) as analogous
to SV2P-102 (containing Nps ¢ = Npsp = 750 and Nanchor
= Npv2p = 935). Comparison of Figures 7 and 10a show
similar behavior. However, certain differences associ-
ated with the shape of the PS blocks (Figure 8a and 10b)
can be noted in comparing the above two pairs of
systems. The maximum values of the volume fractions
of the dangling PS blocks occur at distances shifted to
lower values compared to those of the SV2P system.
This should be expected, since the Flory—Huggins
interaction parameter between the unlike segments is
different, i.e., much larger for SV2P than for SM; thus,
the PS blocks of the SV2P copolymer extend more in
order to minimize the contacts with the PV2P block.
Moreover, a parametric analysis was performed with
regard to the interaction between silicon and PMMA,
xsirmma- The calculation compares somehow better with
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Figure 10. Theoretical results for (a) the volume fraction
profiles of the anchor PMMA, (b) the volume fraction profiles
of the dangling PSH blocks, and (c) the scattering length
density profiles at the silicon/polymer interface calculated for
the three SM/PSD films: (O) SM-33; (a) SM-51; and (¢) SM-
67. In the insets, the respective profiles are shown for ysipmma
= —2 for the three samples (filled symbols).

the data for lower strength (in absolute value) of the
interaction between the surface and the adsorbed
polymer, e.g., for ysipmma = — 2 shown in the insets of
parts a—c of Figure 10. When the interaction between
the surface and the polymer is lowered (in absolute
value), the shape of the profile of the anchor block
becomes broader whereas there are negligible changes
in that of the tail. Moreover, it is the sample with the
smallest molecular weight of the anchor (SM-67) that
is affected the most. However, the very low surface
densities (Figure 5b) do not permit any further discus-
sion on the strength of the substrate/polymer interac-
tions.

It is noted that the data and the theoretical analysis
for the SM/PSD system do not give any new information
than what was estimated from the SV2P/PSH system.
However, they are consistent with the former, and thus,
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they are useful. As noted in the Experimental Section,
it is believed that the much lower adsorbed amount in
the SM/PSD system is not related to any significant
difference in the physicochemical characteristics of the
system but rather to the fact that the films were made
very thin and with lower concentration, and thus, it was
not possible to achieve full coverage of the surface.
Experiments are underway to quantitatively examine
the dependence of the shape of the profiles on the film
thickness (or on the ability to saturate the surface).

IV. Concluding Remarks

The segment density profiles of the adsorbed diblock
copolymers for thin copolymer/homopolymer films have
been investigated experimentally by neutron reflectivity
and theoretically using a lattice-based self-consistent
field model inspired by the work of Scheutjens and
Fleer, as extended to incorporate chain conformational
stiffness. The theory uses as inputs the molecular and
macromolecular characteristics of the various polymers
and their interactions as well as the experimental data
on total surface excess. The aim of the work was to probe
the changes in the adsorbed chain configuration as a
function of the block-length ratio of the diblocks. Utiliz-
ing a series of diblocks with the same molecular weight
of the dangling block and different molecular weights
of the anchoring block (from much smaller to much
larger than the tail block) evidence is presented for the
existence of a “mushroom”, a “wet brush”, and a broad
transition regime regarding the configuration of the
dangling chains. An investigation using a series of
diblocks with constant total molecular weight and
different compositions lead to consistent (although not
as clear) results.

Investigations are underway to study the effects of
additive concentration and film thickness on the dan-
gling chain conformation. Besides, it is noted that, in
the present investigation as well as in almost all
previous studies, the possibility of an interaction (either
repulsive or attractive) between the dangling chains and
the matrix homopolymer has been neglected. Aubouy
and Raphaél?® showed that even very weak repulsive
interactions may lead to new regions in the various
scaling regimes. It is, therefore, planned to investigate
the dangling chain conformations and their changes for
systems where such interactions are present.
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Appendix A

The system considered is an equilibrated, multicom-
ponent melt next to solid surface. The system is dis-
cretized into a three-dimensional (xyz) lattice of simple
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cubic symmetry with full occupancy. The substrate is
placed parallel to the xy plane with the resulting lattice
layers of the polymer (planes parallel to the surface)
numbered consecutively z =1, 2, ..., starting from the
layer next to the surface (z = 1). In this work (for
computational convenience), two walls are assumed at
z=0and z=M + 1 where the presence of the substrate
has negligible effects at the mid-layers (z = M/2). Each
layer has a thickness of a Flory segment length Ig, and
contains L lattice sites. Each lattice site has Z neigh-
boring sites, a fraction 4o of which lie in the same layer
and a fraction 11 lie in each of the adjacent layers, where
A+ Ao + 41 = 1. The coordination number Z reflects
the point symmetry characterizing the lattice (for a
cubic lattice: Z =6, 1o = /s and A1 = 1/¢). To describe a
system of constant volume, each lattice site has to be
occupied by exactly one segment. A polymer molecule
is represented by a chain of ri connected segments,
numbered s =1, 2, ..., r' (index i denotes the type of the
molecule). Each chain has a defined chemical sequence
(for example ...AAAAABBB...), with the type of segment
s designated by ti(s) (=A, B, ..), and contains ral
segments of type A, i.e., ral = Z;':l Oai(S); each seg-
ment (independently of the segment type) occupies the
same volume, equal to that of the lattice site, I3, The
total number of chains of type i in the lattice is given
by n; = zZM=1LF¢i(z)/r‘ = Lg®i/ri, where ©; is the number
of layer equivalents of component type i.

Each chain can assume a large number of possible
conformations in the lattice. Each conformation (c) is
defined by specifying the layer numbers in which each
of the successive chain segments finds itself (i.e., ¢ =
{s=1z2=21),(5=22=12),..,(s=riz=2z3)},J =
A, B, ...). The number of chains i in conformation c is
indicated as ni®. The chains are distributed over the
various possible configurations (sets of conformations
{ni}) in the lattice with statistical weights depending
on the energy and entropy of each configuration. The
proper description of the system is given in the context
of statistical physics by means of the grand canonical
partition function. The nonbonded chain interactions are
approximated using the Bragg-Williams mean field
approximation and the intrachain interactions are ap-
proximated using bending energies. The counting of the
number of ways of arranging chains over available sites
is readily performed on a lattice model. Equilibrium is
the state at which the chains are distributed over the
various possible conformations in the lattice such that
the free energy (derived from the partition function) is
at its minimum. The assumption is made of replacing
the sum of several terms in the partition function by
its maximum term (i.e., zero fluctuations of the density
in the (xy) directions). To obtain an expression for the
number of molecules n;i¢ of chain type i of size r' in
conformation c, the natural logarithm of the maximum
term of the partition function is minimized with respect
to ni¢, subject to the full occupancy constraint applied
layer-wise. It was shown3334 that one can describe the
system in a mean field self-consistent approximation in
terms of a segment potential ua(z), which depends only
on the chemical nature of the segment. Equivalently, a
description can be given in terms of a segment weighting
factor, Ga(z) = exp[— ua(@/(kT)], where KT is the
thermal energy. The weight Ga(z) is proportional to the
probability of finding a type-A segment in layer z of the
interfacial system relative to finding it in the bulk.
Values of Ga(z) very close to unity (for a given layer z)

Mushrooms and Brushes in Thin Films 1129

indicate that the effect of the substrate at layer z is
negligible.

In the modified version of the SCF theory,3334 con-
formational stiffness is introduced by assigning different
bending energies to different bending angles formed by
triplets of segments. For a cubic lattice only 0° (back
folding or V conformer), 90° (L conformer), and 180°
(straight or | conformer) bending angles are possible.
The two consecutive segments define a bond b. In a cubic
lattice the z-projection of a bond, reduced by the lattice
constant, has three values: for two consecutive seg-
ments lying in layers z and z + 1, b = +1; for two
consecutive segments lying in layerszand z — 1, b =
—1; b = 0 if both consecutive segments lie within layer
z. Thus, b (of segment s) = b(s) = zs — zs—1. The bending
energies associated with each of these conformations are
denoted by ey, €., and €, (more generally, €p,—1,,) With
corresponding Boltzmann factors v = exp[— e//(KT)],
7L = exp[— e /(KT)] and 7, = exp[— e/(KT)], respectively
or, more generally, 7,° , (i denotes the chain type).

The bending energies can be determined from the
characteristic ratios C.,3 by matching the mean-square
end-to-end distance between a real chain and a chain
of correlated Flory segments

[R°0= C,nyly* = Co(r — DI (A1)

where C, is the characteristic ratio of the real chain and
C" the characteristic ratio of the correlated Flory
chain. Assuming that v = 0 (i.e., back-folding is
forbidden), the characteristic ratio of the Flory chain is
related to the bending statistical weights by33

T 1 €L €
ot ZeXp(—kT ) (42)

cF=1+
Moreover, since the characteristic ratio depends only on
the difference between the energies (e, — ¢€), one may
set one arbitrarily to zero (herein ¢, = 0). Thus, the
bending energy ¢_ can be estimated from eqs Al and
A2 if the values of C, of the homopolymers is known.
The junction bending energies of copolymers are ap-
proximated as the arithmetic averages of the bending
energies of the segment types involved in the junction.
The values for all the above parameters, which are used
in the calculations presented in section V, are given in
Table 3 for both systems investigated.

In the present formulation, initially introduced by
Fischel and Theodorou,3? a second-order Markov process
is considered, where an end-segment statistical weight
Gibs(z,s|1) is introduced for the specification of two
segment positions (s — 1 and s): this is the statistical
weight of a chain portion consisting of segments 1, 2,
..., s of a chain of type i for which segment s is in layer
z, segment (s — 1) is in layer (z — bs) and the positions
of all the other segments of that chain are summed over
all possibilities. Moreover, one can define Gi(z,s|1), with-
out the index for the bond, as Gi(z,s|1) = 3,.Gi’(z,s|1).
These weights follow a recursion relation33:34

G*(zs/1) =
Gz, Y b, T 5.Ci "2 — by s = 1]1) (A3)
where Gij(z,s) is the segment weighting factor for seg-

ment s of chain of type i to be in layer z (it equals Ga(z)
when A = tj(s)). The bending energy contribution** of
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each possible combination of a pair of successive bonds
(bs—1,bs) is properly weighted through the factor Tb b,
which depends on the chain type i, and on the posmon
of the segments s — 1, s, and s + 1. The recursion
relation (eq A3) describes forward propagation (from
segment 1 to segment s). An analogous recursion rela-
tion describes backward propagation (from segment ri
to segment s):

G;""(z, s|r') =
Gi(z, S)/llb 1l st+2 bs+1bs+2 ib5+2(z + b s+ 1|rl) (A4)

The initial values can easily be guessed as Gi(z,1|1) =
Gi(z,1)/3 for the forward propagation and G;Pri*1(z,ri|ri)
= Gi(z,r")/3 for the backward propagation. To be able to
apply the recursion relation (eq A3) throughout the
system, one needs to define the bonds b1 (=zs=1 — Zs=0)
and byiv; (ZZs=riy1 — Zs = ). In that case, a “ghost”
segment s = 0 is introduced,3* where it is quite legiti-
mate to assume that the three possible conformations
(1, L, and V) in which the “ghost” segment is involved
carry the same bending energy for any chain type; hence

the respective Boltzmann factors are equal @5 =

71°°0 = ;0 = 1) Similarly, a “ghost” segment is
added at the other end of the chain in order to define
bond bii; and thus extend the applicability of the
backward recursion relation up to the segment just
before the last segment.

The volume fractions for a specific chain type are

found using the “connectivity law” or “composition law”33

i G™zslD)wy , G (z, s|r')

(7) = A5
#(@) s—lzbsﬂ Gi(z.5) (A3)

The “composition law” expresses how the volume frac-
tions depend on the statistical weights, and hence, on
the segment potential. If the total amount ©; of molecule
i is known, the normalization constant, C;, is directly
obtained from

O.

YR (A6)
rG;(r,1)
where Gi(r',1) = 5, 55,iGi’(z,rf|1).

The segment potential profiles are calculated self-
consistently using a numerical method initially devel-
oped by Evers et al.> and modified®334 in order to
incorporate chain stiffness. In this numerical method a
set of coupled nonlinear equations is solved by the
Powell method.52 During the solution of the equations,
it is taken into account that the segment potential has
an excluded volume part, which is independent of the
segment type, whereas the full occupancy condition,
Si¢i(z) = 1, is assumed for every layer z.

Appendix B

The Flory—Huggins interaction parameters y between
the two different types of segments (styrene and pyri-
dine or styrene and methyl methacrylate) used in the
present study are estimated independently of the present
experiments by investigating simpler systems.

For the polystyrene/poly(methyl methacrylate) sys-
tem, Fischel and Theodorou3® estimated ypspmma by
matching the width of the interface between the respec-
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Figure 11. SCF calculations on a PS—PV2P 60—60 ordered
diblock copolymer film: volume fraction profiles of both styrene
(dashed line) and pyridine (solid line) along one period of the
ordered microdomain morphology calculated for ypspvop = 0.1.
For this value of ypspvoe the interfacial width is 45 A, in
agreement with experimental data.®® The dotted line is a guide
for the evaluation of the interfacial width.

tive homopolymers estimated from the self-consistent
mean-field (SCF) model with experimental neutron
reflectivity data;®’ this gave ypsipmma = 0.0463 for the
annealing temperature of 170 °C within the present
definition of a Flory segment. Note that capillary waves
and their influence on the experimental interfacial
widths were not considered explicitly in the one-
dimensional SCF model treatment; their effect is ab-
sorbed into the value of the fitted parameter y. Although
this may lead to values of the effective y, which are
much different from those estimated by other methods
(0.0372 for that system?37:53), use of the present estimates
was adequate to describe the structure and thermody-
namics of the interface between PS and PMMA in the
absence and in the presence of a PS—PMMA diblock at
the interface.

To estimate the interaction parameter for the poly-
styrene/poly(2-vinylpyridine), yps/pvop, SCF calculations
were performed for a thin film of an ordered (pure) poly-
(2-vinylpyridine)-block-polystyrene diblock copolymer
investigated by Anastasiadis et al.®®¢ The diblock was
PS—PV2P 60—60 with characteristics M,, = 100 000, M,
=108 000, Niotal = 996, and fps = 0.465 annealed at 170
°C. The surface induced orientation of the copolymer
microdomains parallel to the free and the substrate
interfaces allowed the investigation of the morphology
by neutron reflectivity, which gave an interfacial width
a; = 45 + 3 A (when fitted with a hyperbolic tangent
E\rofile) and a long period Ly = Lps + Lpvop =536 £ 4

SCF calculations were performed on a ~1900 A film
of PS—PV2P 60—60 using the molecular parameters of
Table 3 and treating ypsipv2p @s an adjustable param-
eter. Figure 11 shows the volume fraction profiles of
both styrene and pyridine along one period of the
ordered microdomain morphology calculated for ypsipvop
= 0.1. For this value of ypspv2p, the calculated interfacial
width was 45 A, i.e., equal to the experimental value.

Moreover, to test the credibility of the SCF ap-
proximation, the long period of the lamellar diblock was
investigated. Figure 12 shows the calculated Helmholtz
free energy as a function of the long period of the diblock
for XPSIPV2P = 0.11 and XPS/IPV2P = 0.10 (Wlth and without
considering the influence of chain stiffness). The free
energy is calculated with reference (usually denoted by
) to a state where the molecules of each component are
in independent, homogeneous, pure phases (a hypo-
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Figure 12. Calculated Helmholtz free energy as a function
of the long period of the PS—PV2P 60—60 diblock for ypspev2e
= 0.10 (solid line) and ypspv2p = 0.11 (dashed line) including
the modification due to chain stiffness, whereas the dotted line
is the calculation for ypspvor = 0.10 without considering the
influence of chain stiffness.

thetical state for a diblock copolymer, which is ordered
at the temperature of interest). The random mixing
approximation applies to the entire lattice of the refer-
ence phase (i.e., the composition is uniform, ¢ai” = rai/
r’), whereas the free energy, with respect to the refer-
ence state, is given by®

A — A* Inr'c Pai*AnePei™
P — Z(ai _ _ ; _
Lcoka T r , 2
da(2)upn(2) Pa@xaslde(2)U
T + (B1

It is clearly seen from Figure 12 that the correct long
period is predicted when ypspvep = 0.10. The dotted
curve in Figure 12 is for ypspvop = 0.10 but when the
chain stiffness is not included in the calculation. It is
concluded that if the chain stiffness is not taken into
account, one cannot achieve good agreement between
experimental and SCF results for both the long period
of the lamellar structure and the interfacial width. Once
more it is emphasized that this effective y (which
includes the effects of the capillary waves) leads to a
self-consistent description of the data;3¢ its arithmetic
value should not be compared with those estimated by
other procedures (e.g., 0.1092 in ref 54 or 0.0724 in ref
55).
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