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ABSTRACT: The morphology of binary blends of poly(styrene)—poly(2-vinylpyridine) (PS—PVP) diblock
copolymers of the type (A—B). + (A—B)g was examined in a thin-film geometry using neutron reflection
(NR), transmission electron microscopy (TEM), and self-consistent field (SCF) calculations. Blends of
symmetric diblock copolymers (faq =~ fas ~ 0.5) revealed a localization of the lower molecular weight
diblock copolymer and stretching of the higher molecular weight diblock copolymer near the AB interface
that is qualitatively consistent with the data of a prior study by Mayes and co-workers. Blends of
asymmetric diblock copolymers of the type fao < 0.5 and fag > 0.5 having similar molecular weights (N
~ Np) and with ~50% overall composition of a chemically similar block in the blend, a0~ 0.5, revealed
molecular-level mixing of the two components and the formation of a single-phase morphology. A lamellar
morphology was formed even when the individual components exhibit a nonlamellar morphology in the
pure melt state. In general, the morphological characteristics are well anticipated by SCF calculations.
After accounting for fluctuations at the interface, spatial distributions of the individual components in
the blend obtained by SCF calculations were in close agreement with the NR data. For diblock copolymers
near the order—disorder transition, a y value higher than the bulk was necessary to fit the experimental
data, suggesting an enhancement of ordering in the thin films near the transition due to the presence of

the surfaces.

Introduction

Diblock copolymers exhibit a wide array of morphol-
ogies in the ordered state ranging from a simple layered
morphology to a complex bicontinuous structure. In
classical treatments of the thermodynamics of diblock
copolymers, the phase behavior is governed by two
parameters: (a) fa, the volume fraction of the A block
in an A—B diblock copolymer; and (b) ¥N, the product
of the AB interaction parameter (y) and the number of
repeating units in the polymer chain (N). The sym-
metry of the microstructure (viz. lamellar, hexagonal,
BCC, etc.) is chiefly determined by fa and to a smaller
extent by yN. Nonetheless, in many instances, varying
fa is the only means of influencing a particular morphol-
ogy in the diblock copolymer morphology map. This
method of controlling the morphology involves the
synthesis of copolymers having a particular fo and is
tedious and may not be economically viable.

Blending is an attractive alternative to manipulate
structural properties of diblock copolymers. Blending
offers the potential to access properties intermediate to
those of the pure components in a continuous manner.
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The parameters that dictate the thermodynamics of a
blend are the molecular characteristics of the individual
components and the blend composition. The number
of parameters can easily get large. Even in the simplest
system, i.e., binary blends (o + ) of AB diblock
copolymers, (A—B)J/(A—B)g, there are six parameters
that control the phase behavior of the blend: AB
segment—segment interaction parameter y, degrees of
polymerization N, and Ng, volume fraction of the A block
in the individual copolymers faq and fag, and volume
fraction of the o component in the blend (¢). EXx-
perimentall~? investigations have been designed to pro-
vide insights into the general structural features of di-
block copolymer blends along with theoretical efforts0-13
that have furnished detailed analyses of the blend-phase
behavior. These studies have focused on two issues
pertaining to blending: (a) the miscibility of the con-
stituents of the blend and (b) the morphology of the
blend in relation to the morphology of the pure diblock
copolymer components.

A guantitative comparison of the structural features
predicted by the theoretical models to the experimental
data in binary blends of symmetric and asymmetric di-
block copolymers has not been reported previously, to
the best of our knowledge. In this report, we test the
predictive power of SCF calculations through compari-
son with composition profiles in binary blends of diblock
copolymers obtained from experiment. Blends of poly-
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Table 1. Molecular Characteristics of the PS—PVP
Diblock Copolymers Employed in This Study

PS—PVP 1078 Mp,

copolymers @ g/mol Mw/Mp fpsP morphology®
SVv25/d48 (d60) 57 1.09 0.48 LAMd
SV26/d48 (d120) 124 1.10 0.48 LAMd
SV27/h49 (h120) 110 111 0.49 LAMd
SV4/h30 22.2 1.05 0.303 HEX®
SVv10/d35 21.2 1.05 0.34g HEXd¢
Sv8/d38 20.2 1.05 0.37s5 la3d®
SV12/d40 21.8 1.06 0.399 LAMde
SVv13/d63 21.7 1.05 0.63; LAMe®
SV9/d65 20.5 1.05 0.65; HPL®
SV1/h68 18.7 1.13 0.679
SV14/d70 21.8 1.05 0.703 HEX®

a dPS and hPS refer to perdeuterated and unlabeled poly(sty-
rene) blocks in the copolymer. Details of the synthesis for the
copolymers are provided in ref 14. b Calculated using pnps = 1.05
glemd, pgps = 1.13 g/cm?3, and ppyp = 1.14 g/cm?®. ¢ LAM, HEX, HPL,
and la3d notation correspond to lamellar, hexagonal cylinders,
hexagonal perforated layered, and gyroid morphologies, respec-
tively. 9 Morphology of copolymers deduced from reflectivity mea-
surements this work and ref 28. ¢ Morphology of copolymers
deduced from SANS, TEM, and rheology.*

(styrene)—poly(2-vinylpyridine) (PS—PVP) diblock co-
polymers were investigated in two sets of controlled
experiments. In the first set of experiments, we exam-
ined the morphology of a binary blend of symmetric
diblock copolymers with varying fractions of one of the
diblocks (varying ¢., constant fa, ~ fag ~ 0.5, and
constant No/Npg). In the second set of experiments, we
studied the morphology of binary blends of asymmetric
diblock copolymers, with fa o + fas ~1 and Ny =~ Ng and
varying Af = |fa — fagl. Neutron reflectivity (NR) and
transmission electron microscopy (TEM) were employed
as complementary methods to examine the morphology
in the direction normal to the substrate (NR) and in the
plane containing the substrate/film interface (TEM). NR
measurements provide quantitative information on the
blend morphology. PS composition profiles in the blends
were obtained by deuterium labeling the PS block in
one of the components. The volume fraction profiles
obtained from NR were compared with the SCF calcula-
tions.

Experimental Section

PS—PVP diblock copolymers with both hydrogenated (hPS)
and perdeuterated (dPS) polystyrene block were employed in
the experiments. The copolymers were synthesized by one of
us, Rastislav Levicky (symmetric copolymers), and by Mark
F. Schulz (asymmetric copolymers) using the sequential
anionic polymerization technique described elsewhere.* The
molecular characteristics of the copolymers used in this study
are presented in Table 1. Copolymers in this report are
referenced by the abbreviation indicated in the first column
of Table 1. Copolymers in the first three rows of the table are
symmetric diblock copolymers, while the rest are asymmetric
diblock copolymers.

Thin films of copolymer blends for reflection measurements
were prepared in a class 10 clean room. Silicon substrates of
diameter 10 or 5 cm having a nominal thickness of 0.476 cm
and (111) orientation were used in this study. Substrates were
cleaned in a 30—70% hydrogen peroxide—sulfuric acid mixture
at 120 °C for 5 min, rinsed in deionized water, and dried with
ultrahigh-purity nitrogen. Prior to spin coating, the thickness
of native oxide (generally 10—25 A) on the substrate was
measured by ellipsometry. Solutions for spin-coating thin
films of copolymer blends were prepared by co-dissolving
measured quantities of two copolymers in toluene followed by
filtering using a 0.45-um PTFE filter. A few milliliters of the
filtered solution was placed on the cleaned substrate and spun
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at speeds ranging from 1000 to 2500 rpm. Spinning speeds
and the concentration of the copolymer solution were ap-
propriately changed to obtain films of the desired thickness.

The copolymer films were annealed for 72 h at 165—170 °C
in a vacuum (20 mTorr). Prior to annealing, the film thickness
was measured by ellipsometry and X-ray reflectivity. In
ellipsometric measurements of PS—PVP films, the refractive
index for A = 6328 A was fixed at 1.58.15 X-ray measurements
of the film thickness were facilitated by the large electron
density contrast between the copolymer film and the substrate
and the weak electron density contrast between PS and PVP
which resulted in well-resolved oscillations in the data. The
frequency of these oscillations was used to determine the film
thickness. Film thickness measurements by these two tech-
niques are related to each other through the oxide layer
thickness. Due to a large electron density contrast between
the copolymer film and the native oxide layer, the thickness
measurement by X-ray reflectivity yields the copolymer film
thickness, while owing to a weak refractive index contrast
between the copolymer film and the native oxide, ellipsometric
measurements yield the sum of the native oxide and the
copolymer film thickness. After correcting for the native oxide
thickness, the agreement between the two methods was better
than 20 A.

Wetting of the substrate by the PVP block and segregation
of the dPS block to the air interface due to a lower surface
tension induces an orientation in the film morphology. In
symmetric diblock copolymers, this results in lamellae oriented
parallel to the two surfaces. If the film thickness is not
compatible with the domain period in the film, the bilayer
adjacent to the free surface (air) is incomplete with regions of
islands or holes.’® These features on the free surface compli-
cate NR data analysis, particularly in very thin films. To
facilitate NR data analysis, the presence of these features in
annealed films was minimized by appropriately adjusting the
amount of spin-coated copolymer. Several attempts were often
necessary to generate optimum samples with minimum (<15%)
islands/holes.

The composition of a spin-coated film was evaluated by gel
permeation chromatography (GPC) and compared with the
values used to prepare spin-coating solutions. This was done
to assess if the procedures employed for spin coating (e.g.,
filtration) altered the composition of the blend in the thin film.
These tests were performed on binary mixtures of d60/h120
(see Table 1) on two test samples having different blend
compositions. The thin-film blend composition was determined
by linearly combining the pure component GPC traces to fit
the GPC trace of the blend. The compositions determined from
the GPC analysis of thin films and the original spin-coating
solutions were within 4%.

Neutron reflection measurements were conducted at the
National Institute of Standards and Technology (NIST, Gaith-
ersburg, MD)Y” and at the Missouri University Research
Reactor (MURR, Columbia, MO)*® on fixed-wavelength reflec-
tometers. The wavelengths of the radiation used were 4.77 A
(NIST) and 2.35 A (MURR). The resolution of the instruments
(Ak/K) under the conditions used to collimate the neutron beam
was determined by fitting the reflectivity data from a standard
sample and was found to be 0.027 (half-width at half-
maximum of the Gaussian spread). Background signals were
measured on select samples with the detector offset by ~0.1°
from specular reflectivity. This correction was insignificant
for the experiments described here. The coherent scattering
length densities (SLDs) of dPS, hPS, PVP, SiO, and Si
(substrate) were calculated as 6.42 x 1076, 1.43 x 10°%, 1.93
x 1076, 3.45 x 1075, and 2.08 x 107, respectively, in units of
A-2. Correction due to incoherent scattering and absorption
was insignificant. Neutron reflectivity data were analyzed by
constructing layers of constant SLDs and smearing the
interfaces with an error function. Reflectivity curves were
calculated from the assumed SLD profiles and compared with
measured data. This procedure was carried out iteratively by
employing statistical error minimization techniques until the
agreement between the calculated reflectivity and the experi-
mental reflectivity data was satisfactory.



3500 Koneripalli et al.

In thin films of copolymers having in-plane structure,
morphology characterization by neutron reflectivity was not
straightforward. Hence, transmission electron microscopy
(TEM) was used to characterize the lateral structure in the
film. Thin films of the copolymer were spun-cast from filtered
toluene solutions on approximately 4-cm-diameter mica sub-
strates. Film thicknesses were measured by X-ray reflectivity,
and the samples were thermally annealed. Films were floated
off the substrate onto deionized water and captured on 400-
mesh Cu grids and then stained in I, vapor for ~6 h and
examined using a JEOL 1210 instrument operating at 120 kV.

Theory

Our experimental results are compared to the SCF
theory of Helfand.’® The extension of this theory to
multicomponent blends is described for the canonical
ensemble by Hong and Noolandi?® and for the grand-
canonical ensemble by Matsen.?! The latter ensemble,
in which concentrations are controlled by a chemical
potential, is most appropriate for calculating phase
boundaries and coexistence regions. Our calculations
focus on the one-phase regions with a fixed concentra-
tion ¢4, so we employ the canonical ensemble.

In the self-consistent theory, the molecular interac-
tions experienced by the A and B segments are replaced
by the fields, wa(r) and wg(r), respectively. This allows
the statistical mechanics of each AB diblock copolymer
species to be evaluated. To do this, the contour of the
(AB), diblock is parametrized from its A end to its B
end by s = 0 to N,. Then the partition function, gq-
(r,s), of the (0,s) portion of the chain is calculated with
segment s fixed at r. It satisfies

d
30a(r9)

£2,29%0,(1,) — Wa(N)q, () if 0 <5 < fo,N,

22V, (r.5) — Wa(Na, (1S) if faaN, <5 <N,

6
)

with the initial condition gq(r,0) = 1. For the diblock
molecules examined here, we assume that the A and B
statistical segment lengths, a, and ag, are equal. Next,
a second partition function, q(r,s), is calculated for the
(s,N) portion of the chain with segment s fixed at r. It
satisfies eq 1 with the right-hand side multiplied by —1
and the initial condition g*(r,N,) = 1. The total
partition function of the molecule is

Qu = [du(r.s)ax(r,s) dr )

which can be evaluated with any value of s. Once this
procedure is repeated for the (AB)g diblock molecule, the
A and B segment distributions can be calculated using

Vo,

2 = g N.¢ [oreNegy(rs)ax(r.s) ds) +
V(l - ¢a) fa,
o, | SN g(r)ar.s) ds) (3)
Vo

9a(r) = 5o BT 9)T2(r.s) ds) +

QuN,
V(1 — ¢,
ﬁ(ﬂ:‘;\‘ﬁ Gp(r.S)aj(r.s) ds) (4)
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Figure 1. Neutron reflectivity data (open symbols) and the
calculated reflectivity (solid lines) for a binary blend of h120/
d60 PS—PVP diblock copolymers with ¢ni120 = 0.16, 0.30, and
0.60 and a blend of d120/d60 with ¢g120 = 0.40. The sample
with ¢g120 = 0.40 is a blend of d120/d60 (the PS block in both
components is perdeuterated), while the rest of the samples,
¢n120 = 0.16, 0.30, and 0.60, are blends of h120/d60 (the PS
block of the shorter diblock is perdeuterated). The arrows
indicate the critical wave vector, k., in the profiles.

In each expression, the two terms correspond to contri-
butions from the (AB), and (AB)z molecules, respec-
tively.

The fields representing the molecular interactions
must be adjusted to satisfy the self-consistent field
equations, Wa(r) = y¢g(r) + &(r) and wg(r) = x@a(r) +
&(r). The function &(r) is a Lagrange multiplier used to
enforce the constraint of bulk incompressibility, ¢a(r)
+ ¢s(r) = 1. The average value of &(r) is immaterial,
so we set f&(r) dr = 0. In the present study, we
numerically solve these equations for the lamellar phase
where all the functions are uniform in the x and y
directions and periodic in the z direction with a period
D. Once the solution is obtained, the free energy of the
lamellar phase is given by

F _ ¢a 1- d)a
- = __In Qa_
ksTVp, N, N/)’

InQ; +

2f ¢a(r)ge(r) dr (5)

where V is the volume of the melt and po is a common
segment density. The final step is to minimize F with
respect to D in order to find the equilibrium domain
spacing.

Results and Discussion

Blends of Symmetric Diblock Copolymers. Fig-
ure 1 shows the neutron reflectivity profiles from binary
blends of PS—PVP diblock copolymers. The molecular
characteristics of these copolymers are given in the first
three rows of Table 1. The copolymers will be refer-
enced as d60, d120, and h120, where the letter of the
alphabet indicates whether the PS block is protonated
or perdeuterated and the number is the approximate
molecular weight in thousands. Data from a h120/d60
blend having volume fractions of h120 equal to 0.16,
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0.30, and 0.60 and a blend of d120/d60 having a volume
fraction of d120 equal to 0.40 are presented in Figure
1. Inthe samples with ¢n120 = 0.16, 0.30, and 0.60, only
the PS block of the smaller molecular weight component
(d60) is perdeuterated, whereas in the sample with ¢qg120
= 0.40, the PS blocks of both components are perdeu-
terated. The calculated reflectivities are shown as solid
lines in Figure 1. At low values of ko, departure in
the reflectivity data from the idealized total reflection
(log(R) = 0) is an experimental artifact. This occurs
because the projected area of the neutron beam at low
angles is greater than the area of the sample. Data with
k.o smaller than 0.006 A~ were not used in the
reflectivity calculations. The position of the critical
wave vector, k¢, are indicated by arrows. This value
varies in correspondence with the average SLDs of the
film (or, in this case, the blend composition).

The SLD profiles used to calculate the reflectivities
in Figure 1 are shown in Figure 2. In these profiles,
the film/air interface occurs at z = 50 A. The sharp
spike in the profiles at higher values of z is due to the
thin native oxide (~15 A) present on Si substrates. This
feature is representative of the film/substrate interface
in all the SLD profiles. The PS-rich and the PVP-rich
regions are labeled in the top SLD profile and can be
similarly identified in the other SLD profiles. All the
samples composed of 1.5 bilayers with PS and PVP
blocks located at the air and substrate interfaces, re-
spectively. In profiles with ¢n120 = 0.16, 0.30, and 0.60,
nonuniformity of the SLD in the PS domain occurs due
to the difference in the SLD values of the dPS and hPS
chains (higher and lower SLDs, respectively). The pro-
files show a localization of the dPS (short) chains to the
PS/PVP interface and hPS (long) chains to the center
of the PS domain. The degree of nonuniformity in the
SLD of the PS region increases as the volume fraction
of h120 increases in the blend (see profiles with ¢ni20 =
0.16, 0.30, and 0.60). In the ¢n120 = 0.60 sample, how-
ever, there is considerable asymmetry in the distribu-
tion of the short and the long PS chains in the domain
adjacent to the substrate. In the monolayer immedi-
ately adjacent to the substrate, there is a greater frac-
tion of the short chains than the film average. Such
inhomogeneities in the distribution of the components
could be due to strong adsorption of the PVP to the sub-
strate that would necessitate considerably longer an-
nealing periods to eliminate asymmetric chain distribu-
tions. The asymmetry in the chain distributions present
in the ¢n120 = 0.60 sample and not present in the other
samples suggests that this is a nonequilibrium-type
effect. The average calculated SLD of the film in all
the profiles was within 3% of the experimental composi-
tion. In the sample, with ¢qg120 = 0.40, both the short
and the long PS chains are deuterated and, hence, the
PS regions appear uniform. The slight decrease in the
SLD in the PS domain adjacent to the air interface is
due to the presence of holes on the free surface.

The localization of short and long chains within a
domain of a binary blend of diblocks has been predicted
theoretically'213 and observed experimentally.” To
compare our experimental findings with the predicted
profiles from self-consistent field calculations, the SLD
profiles were transformed to volume fraction profiles as
follows. First, the SLD profile from the d120/d60 blend
(¢a120 = 0.40) was inverted to volume fraction profiles
using the known SLD values of dPS and PVP and the
measured interfacial profile between the dPS and the
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Figure 2. SLD profiles used to calculate the reflectivities
shown in Figure 1. The film/air interface in all the profiles is
at z =50 A. The spike in the SLD profile at approximately z

= 600 A is the native oxide and denotes the film/substrate
interface.

PVP domains. Next, it was assumed that in blends of
h120/d60, the interfacial region between the PS and
PVP was described by the profile obtained from the
d120/d60 sample. From the SLD profile of the h120/
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d60 blend and known SLD values for hPS, dPS, and
PVP, the volume fraction profiles of the hPS and dPS
blocks were calculated. The assumptions associated
with such calculations are (i) there is a negligible
isotopic effect between dPS and hPS and (ii) the
interfacial profile between the PS and PVP domains is
not affected by the blend composition. The latter is
shown to be a good assumption from the results pre-
sented below.

Volume fraction profiles of the dPS block in blends of
h120/d60 and profiles from SCF calculations are com-
pared in Figure 3. The profiles are from the bilayer
adjacent to the substrate. The bilayer dimensions are
normalized so that it extends from arbitrary units of
—0.5 to +0.5. The molecular characteristics of the
copolymers, viz. faq, fag, No, and Ng, used for SCF
calculations are listed in Table 1. In the absence of
experimental data, the statistical segment length of PVP
was assumed to be identical to that of (structurally
similar) PS. Accurate data on the Flory—Huggins
interaction parameter (y) are difficult to obtain. Indirect
methods, such as fitting experimental data to theory,
are generally used to estimate y. For PS and PVP, the
¥ parameter at 170 °C is estimated to be ~0.1.222% For
purposes of comparison, SCF calculated profiles for y =
0.10 as well as y = 0.14 are plotted together with the
experimental data. The agreement between the experi-
mental data and the SCF profiles is reasonably good
for the samples with ¢ni20 = 0.16 and 0.30. In the
strongly segregated regime, the SCF profiles for y = 0.10
and 0.14 are not very different from one another,
although it appears that the y = 0.10 profiles are more
closely matched with the experimental data. The
interfacial width between PS and PVP domains from
the SCF calculations is sharper than suggested by
experiment. This discrepancy is discussed below. In
the sample with ¢n120 = 0.60, however, asymmetry in
the chain distributions precludes a direct comparison
with the SCF calculations. From the SLD profile for
the ¢ni120 = 0.60 sample in Figure 2, it is clear that there
is a greater concentration of d60 chains adjacent to the
substrate and a depletion of d60 chains in the center
domain. Thus, the PVP domain width adjacent to the
substrate is proportionately smaller than the results in
the artificial spike (due to the native oxide) in the
composition profile in Figure 3. The qualitative features
of the profile, such as the volume fraction of dPS at the
center of the domain, are in agreement with the SCF
calculations. The domain spacings were also in good
guantitative agreement with SCF calculations, as well
as with the SSL result derived in (12) and other diblock
copolymer systems.1?

Blends of Asymmetric Diblock Copolymers. The
molecular characteristics of the asymmetric diblock
copolymers used in this study are given in the bottom
half of Table 1. The copolymers are identified by the
abbreviations indicated in the table. For example, in
the sample SV4/h30, “SV4” refers to the sequence
number of the synthesized PS—PVP diblock copolymer
(consistent with ref 14) and “h30” refers to a hydroge-
nated PS block in the diblock copolymer with volume
fraction of 30%.

Figure 4 shows the reflectivity profiles from the neat
diblock copolymer samples SV12/d40 and SV10/d35. The
reflectivity data from SV12/d40 were analyzed employ-
ing methods described previously, and the SLD profile
obtained is presented in Figure 5. The copolymer
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Figure 3. Volume fraction of dPS (short) chains from experi-
ment (open symbols) and self-consistent field calculations (solid
lines) for three blend compositions. Profiles correspond to the
samples of Figure 1 and Figure 2.

sample SV12/d40 exhibits a lamellar morphology with
dPS and PVP domains parallel to the substrate and the
dPS block segregating to the air interface while the PVP
block is segregated to the substrate interface. The small
decrease in the SLD values in the profile adjacent to
the air interface is due to the presence of holes on the
free surface of the film. The width of a dPS domain is
about 40% of the spatial periodicity of the film, consis-
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Figure 4. Neutron reflectivity data (open symbols) from
samples SV12/d40 (a) and SV10/d35 (b). The solid line is the
calculated reflectivity profile from an assumed SLD profile
shown in Figure 5. Neutron reflection fit for sample b was not
obtained. The in-plane structure for sample b is shown in
Figure 6.
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Figure 5. Scattering length density (SLD) profile in sample
SV12/d40 used to calculate the reflectivity shown in
Figure 4a.

tent with the 40% dPS volume fraction in the copolymer.
In general, the presence or absence of Bragg reflections
in the reflectivity profiles can be used to make qualita-
tive inferences on the structure in the film. The unequal
widths of the domains give rise to strong first- and
second-order Bragg reflections in the reflectivity profile
(Figure 4a) at ko ~ 0.0195 and at k,o ~ 0.037,
respectively. For alternating domains of equal widths,
only odd Bragg reflections (1, 3, 5, ...) would be observed.
The presence of even reflections is thus indicative of
asymmetry in the domain widths. Sample SVv10/d35,
which forms a cylindrical morphology in the bulk state,
shows first-order Bragg reflection and only a weak
second-order Bragg reflection (Figure 4b). This suggests
weak compositional order in the direction perpendicular
to the film/substrate interface. Figure 6 isa TEM image
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Figure 6. TEM image of a 569-A-thick film of SV10/d35 spun-
cast on a mica substrate and annealed at 150 °C for 72 h. The
view direction is perpendicular to the substrate/film interface.
The dark regions are iodine-stained PVP domains, while the
light regions are the PS domains. The phase-separated mor-
phology is cylinders, and the cylindrical domains are oriented
parallel to the film/substrate interface.

that reveals the in-plane structure of the Sv10/d35
sample. The film was spun-cast on a mica substrate
with a thickness of 569 A and, then annealed at 150 °C
for 72 h and imaged in the direction normal to the film/
substrate interface. The image shows lateral correlation
with alternating regions of PS (light regions) and iodine-
stained PVP (dark regions). The bulk morphology of
SV10/d35 is cylinders, and the alternating light and
dark regions in Figure 6 are indicative of cylindrical
domains oriented parallel to the film/substrate interface.
A similar TEM measurement on a SV12/d40 sample (not
shown) produced an uniform image with no contrast
between the PS and PVP domains. This is because the
morphology in this sample is lamellar with the lamellar
domains oriented with interfaces parallel to the substrate/
film interface (consistent with the NR measurements).

Figure 7 shows the reflectivity profiles obtained from
binary blends of asymmetric diblock copolymers. In all
these samples, both components of the blend have a
perdeuterated poly(styrene) block (dPS) and the overall
volume fraction of dPS is about 0.50. In the blend SV12/
d40 + SV13/d63 (Figure 7a), the individual components
form a lamellar morphology in the bulk state (see Table
1). As discussed earlier, the neat diblock copolymer,
SV12/d40, forms a lamellar morphology with alternating
domains of dPS and PVP of unequal widths. The
signature of such a morphology is nth order (n = 1, 2,
3, ...) Bragg reflections as revealed by the reflectivity
profile in Figure 4a. On blending SV12/d40 and SV13/
d63, however, only the odd-order Bragg reflections (n
=1, 3, ...) are dominant and the second-order peak is
almost extinct. This suggests nearly equal widths of
the dPS and PVP domains and molecular mixing of the
two components. This is corroborated by the SLD
profile (Figure 8a) used to calculate the reflectivity curve
(Figure 7a). In the binary blend of SV10/d35 + SV9/
d65 (Figure 7b), both pure components exhibit a non-
lamellar morphology, and in the blend SV8/d38 + SV13/
d63 (Figure 7c), one of the components (SV8/d38) has a
nonlamellar morphology (see Table 1). The blend
morphology in both cases, however, is lamellar with dPS
and PVP domains of nearly equal widths and the
lamellar orientation parallel to the substrate. This can
be qualitatively inferred from the reflectivity profiles
shown in Figure 7 that reveal dominant odd-order Bragg
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Figure 7. Neutron reflectivity data (open symbols) from
binary blends of asymmetric diblock copolymers of dPS—PVP.
In all cases, both components of the blend have a perdeuter-
ated poly(styrene) block (dPS). The overall volume fraction of
the dPS block in each of the blends is nearly 0.5. The volume
fractions of the dPS block in each of the blend components is
indicated (see also Table 1). The solid lines are calculated
reflectivities with the SLD profiles shown in Figure 8.

reflections and weak even-order reflections and quan-
titatively from the SLD profiles in Figure 8. All the data
in Figure 7 were obtained from approximately ~1200-A
(seven bilayer) films. These relatively large thicknesses
were employed so as to minimize the interference
between oscillations due to the domains and those from
the film thickness. A lamellar morphology is formed
in these blends even if the films have a thickness of 450
A, or ~2.5 bilayers. This can be inferred from the
superposed reflectivity profiles in Figure 9. The two
pure components of the blend, SV12/d40 + SV13/d63,
form a lamellar morphology; thus, the blend morphology
is expected to be lamellar as well. In the blend SV10/
d35 + SV9/d65, even though the pure components do
not exhibit a lamellar structure, the superposition of the
reflectivity profile with that of SV12/d40 + SV13/d63
(Figure 9) suggests a lamellar morphology. This is
consistent with the data from the thicker films.

The domain period of copolymer SV12/d40 was de-
termined from neutron reflection measurements to be
171 A (see Figure 4a and Figure 5), while the domain
period of the blend SV12/d40 + SV13/d63 was 181 A.
This represents a stretching of the domain period by
5.8% with respect to the pure state.?* SCF calculations
also predict an increase in domain spacing, but it is
somewhat smaller. For y = 0.10 and 0.14, we calculate
a 2.4% and a 1.7% increase in the domain size, respec-
tively. The explanation is that a bimodal distribution
of blocks can fill space more efficiently than a mono-
disperse distribution by using its long blocks to fill the
center of the domain. Consequently, the entropic
stretching energy in the blend is reduced relative to that
in the neat diblock melt, which permits the domain size
to swell.

In blends of asymmetric diblock copolymers, the
difference in the pure component volume fractions (|faa
— fagpl) is correlated with the degree of asymmetry in
the spontaneous curvature of the system. As [faq — fagl
increases, a blend becomes progressively less stable
toward miscibility. The |fa« — fagl values for the data
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Figure 8. Scattering length density profiles of binary blends
of asymmetric diblock copolymers used to calculate the reflec-
tivities in Figure 7.

04 J

in parts a, b, and ¢ of Figure 7 are 0.233, 0.304, and
0.257, respectively. Note that fa, + fas is nearly a
constant (1) and the degree of polymerization is also
nearly constant, N, ~ Ng (~200). Under these condi-
tions, self-consistent field calculations%13 predict that
the two blend components are molecularly miscible and
form a lamellar blend morphology consistent with our
experimental findings.
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Figure 9. Neutron reflectivity data (open symbols) from
binary blends of asymmetric diblock copolymers of dPS—
PVP. The profiles were obtained from samples with a film
thickness of about 450 A. The superposition of the reflectivity
profiles suggests a similar morphology (lamellar) in both
samples.
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Figure 10. Neutron reflectivity profiles (open symbols) from
binary blends of asymmetric diblock copolymers. The profiles
are vertically offset by two decades. In a, the short PS block
of the diblock is perdeuterated, while in b, the long PS block
of the diblock is perdeuterated. The solid lines are calculated
reflectivities from the SLD profiles in Figure 11.

In the morphology of the multicomponent samples
discussed thus far, blending is accompanied by changes
in packing constraints at the internal interfaces of the
ordered structure. Mixing of short and long chains
negates the spontaneous interfacial curvature associ-
ated with the individual components. Such rearrange-
ments introduce distortions to the chain configurations,
and the structural features can be addressed by pref-
erentially labeling either the short or the long chain (see
below).

Figure 10 shows reflectivity profiles from binary
blends of asymmetric diblock copolymers with contrast
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Figure 11. Scattering length density profiles used to calcu-
lated the reflectivities in Figure 10.

between the short and long PS blocks. In Figure 10a,
the short PS block is perdeuterated, while in Figure 10b,
the long PS block is perdeuterated. The total volume
fraction of PS in each of the blends is constant (faq +
fap~ 1). To facilitate neutron reflectivity data analysis,
it was desirable to minimize the number of interfaces
in the film. Hence, samples with a lower film thickness
corresponding to 2.5 bilayers were prepared.

Strong Bragg reflections are not seen in the reflec-
tivity profiles due to a lower film thickness and non-
uniform SLD in the PS-rich domains. The degree of
compositional asymmetry (|fa . — fasl) is 0.331 in Figure
10a and 0.400 in Figure 10b. From the results pre-
sented earlier (Figure 7 and Figure 8), a lamellar
morphology is expected in these blends. The solid lines
are reflectivity profiles calculated from the SLD profiles
in Figure 11. The agreement between experiment and
calculated reflectivity is reasonably good. There is,
however, a slight mismatch between the two in the
blend sample containing short dPS blocks. The bumps
at kz0 = 0.01 and 0.038 A~ are not well captured by
the calculated reflectivity profile. Model fitting of the
data is complicated by the recurrent changes in curva-
ture in the SLDs (Figure 11). The mismatch is not too
serious considering that all the qualitative features of
the experimental data are captured in the calculated
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profile. Variations in the SLDs in the PS domains are
due to a nonuniform distribution of the hydrogenated
and perdeuterated PS chains. Both SLD profiles in
Figure 11 indicate segregation of the long dPS chains
to the center of the PS domain and the short dPS chains
to the edges of the PS domains. These results are
qualitatively similar to the results from blends of
symmetric diblock copolymers discussed in the previous
section. Furthermore, in the SLD profiles of both
blends, there appears to be a slight asymmetry in the
distribution of the two components close to the substrate
interfaces. Deviations from a homogeneous distribution
of the two components near these surfaces could be due
to the pinning effect of the surfaces. This was observed
in a blend of symmetric block copolymers as well (for
the sample ¢n120 = 0.60 in the previous section). Longer
annealing times may be required to overcome such
effects. The origin of these effects is not fully under-
stood at present.

The SLD profiles were inverted to volume fraction
profiles using the procedures described earlier and
compared with SCF calculations. The molecular pa-
rameters needed for SCF calculations are provided in
Table 1. The portion of the volume fraction profile
between z ~ 150 and 350 A was used for purposes of
comparison with SCF calculations. The overall volume
fraction of PS (hPS + dPS) is 0.481 (Figure 11a) and
0.478 (Figure 11b). The results from the experiment
and SCF calculations for two values of the interaction
parameter, y = 0.10 and 0.14, are presented in Figure
12. Itis clear from the figure that the SCF calculation
predicts a sharper interface between the PS and the
PVP domains than the data suggest. The SCF profiles
also illustrate a greater sensitivity to y at lower N (cf.
Figure 3). It appears that a higher value of y is
necessary to fit the data from asymmetric blends than
the bulk value.

The higher value of y needed to model the lower
molecular weight data suggests an increased degree of
order in the film. This could be due to enhancement of
ordering arising from the presence of surfaces near the
order—disorder temperature (ODT). The copolymers
employed in the study of asymmetric blends (N ~ 200)
have order—disorder transitions in the vicinity of 200
°C, and the experiments in this study were conducted
at 165—170 °C, which is fairly close to the ODT.
However, the presence of surface-induced orientation
implies that the system is further from the ODT than
the bulk values would suggest. Regardless, SCF cal-
culations from the two values of y (0.10 and 0.14) yield
reasonable agreement to the data within the uncertain-
ties in the experiment.

In Table 2, we provide domain sizes and interfacial
widths (interface width is defined as the inverse slope
of the tangent to the A—B composition profile at the
interface midpoint!®) obtained from experiment and SCF
calculations. The values from experiment for domain
periods and the interfacial widths are averaged over all
the bilayers in the film. The values from SCF are
obtained using 1/pp = 156 A3 and ap = ag = 6.7 A. The
calculated domain sizes for y = 0.14 agree well with
experiment, with one exception, which we will discuss
at the end of this section. The SCF calculation evalu-
ates the interfacial width assuming that the interface
is stationary, However, in experiments, capillary wave
fluctuations produce an effective broadening of the
interface.?> Reference 26 calculates a correction for this
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Figure 12. Volume fraction of long dPS chains (a) and short
dPS chains (b) from experiment (open symbols) and SCF
calculations.

effect. The mean-square displacement of the interface
from its average position is given by

kBT (imax)

In (6)
2ﬂVAB ;Lmin
where yag is the interfacial tension between the two
polymers and Amax and Amin are the maximum and
minimum wavelength of fluctuations. They are taken
to be equal to the domain period and the intrinsic
interfacial width, respectively.?6 yag is estimated using

the strong segregation theory of Helfand and co-work-
ers:?’

(AZ)°C=

172
YaB = aPokBT(%) (7)

The statistical segment lengths of PS and PVP are
assumed to be equal (=6.7 A), the density of the
copolymer, po is taken to be 1/pp = 156 A3, yielding the
values of yag at 170 °C to be 3.35 and 3.96 mJ/m? for
=0.10 and 0.14, respectively. The fluctuation correction
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Table 2. Comparison of Domain and Interfacial Widths Obtained from Neutron Reflection Experiments, from SCF
Calculations, and with Corrections Due to Interface Fluctuations?

domain width, A

interface width, A

theory uncorrected corrected
blends expt x =0.10 x=0.14 expt x =0.10 x=0.14 x =0.10 x=0.14
d120/d60 364 388 415 40.0° 21.9 18.0 31.6 28.3
SV12/d40 + SV13/d63 181 164 178 26.2 26.6 20.6 32.2 275
SV10/d35 + SV9/d65 176 162 175 29.7 274 21.0 32.8 27.7
SVv8/d38 + SV13/d63 180 160 174 29.4 27.1 20.8 325 27.6

aNote that y and N are calculated assuming 1/po = 156 A3.P Value for this sample is an artifact associated with NR fitting

(see text).

in the interfacial width is given by (2z[Az2)Y2 and is
added in quadrature to the intrinsic interfacial width
(obtained from SCF).

The structural features in the d120/d60 sample do not
agree well with the SCF calculations (see Table 2). The
domain size is significantly smaller than predicted, and
the interfacial width of 40 A is larger than expected.
The same copolymer (i.e., d60 and d120) in another set
of experiments?® where the samples were annealed at
185 °C yielded interfacial widths between 25 and 30 A,
consistent with all other PS—PVP copolymer samples
employed in this study. We believe that this is the
correct value for PS/PVP interfacial width and this value
does not vary significantly in the range of molecular
weights or blend ratios examined. The 40-A interfacial
width value for the d120/d60 sample is an artifact
associated with fitting of the neutron reflectivity profile
from the d120/d60 sample. This sample had holes on
the free surface that could not be exactly accounted for
in the SLD profile (in the domain adjacent to the free
surface). This result, however, was used in comparing
the SCF calculations with the h120/d60 blends and
contributes to the discrepancy between the two in the
interfacial zone. Clearly, the agreement between the
experimental profiles and SCF calculation (in Figure 3
the interfacial region) would be better if this discrepancy
was accounted for. It is difficult to draw definite
conclusions from the data with regard to the value of y
that would fit the composition profiles of symmetric
diblock copolymer blends. For the blends of asymmetric
diblock copolymers, however, the corrected interfacial
widths and the domain periods obtained for y = 0.14
agree well with experiment. A higher value of y (with
respect to bulk) as deduced from SCF calculations points
to surface-enhanced order in thin films.

Conclusions

We have obtained the short- and long-chain distribu-
tion profiles in binary blends of symmetric and asym-
metric diblock copolymers. The blend composition
profiles show nonuniformity in the distribution of the
chains with the longer chains segregating to the domain
centers and shorter chains more localized near the
interfaces. Blending diblock copolymers with opposite
signs of their spontaneous curvature resulted in mo-
lecularly miscible planar—lamellar morphology even
though the pure component morphologies were non-
lamellar. This was accompanied by stretching of the
chains so that the domain period of the blends was
slightly (~5%) larger than the domain period of either
of the pure components. In addition, under conditions
close to the bulk order—disorder temperature, ordering
in the thin films appeared to be enhanced due to the
presence of the film surfaces. After accounting for
fluctuations of the interfaces, self-consistent field cal-

culations were in quantitative agreement with the
asymmetric blends data. This work reaffirms the cap-
ability and reliability of self-consistent field calculations
to accurately describe multicomponent block copolymers
and other systems not readily accessible for experimen-
tation.
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