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ABSTRACT: Dynamic secondary-ion mass spectrometry (SIMS) was used to measure equilibrium volume-
fraction profiles of a symmetric diblock copolymer at a polymer/polymer interface. The three polymers
were a saturated polybutadiene with 90% 1,2-addition (sPB90) homopolymer, a saturated polybutadiene
with 63% 1,2-addition (sPB63) homopolymer, and a sPB90—sPB63 diblock copolymer. The molecular
weights of the homopolymers were chosen such that the sPB90/sPB63 blend was deep in the two-phase
region. The experimentally determined volume-fraction profiles were compared with self-consistent-field
theory calculations (SCFT). The statistical segment lengths and the Flory—Huggins interaction parameter
were obtained independently from small-angle neutron scattering (SANS) measurements on a low
molecular weight, homogeneous binary sPB90/sPB63 blend. Thus, no adjustable parameters were used
in the SCFT calculations. Adsorption isotherms and the measured diblock copolymer volume-fraction
profiles are in excellent agreement with the SCFT calculations. This work demonstrates that Flory—
Huggins interaction parameters and statistical segment lengths determined by SANS can be used to

predict complex phase behavior, including interfacial adsorption of block copolymers.

Introduction

Blending polymers is an effective means to create new
materials with properties that cannot be achieved with
a single polymer. Because most polymers are strongly
immiscible in one another, the resultant blends are
emulsions, and like all emulsions additives are required
to stabilize them. The emulsification of immiscible
polymers using diblock copolymers has been extensively
studied. Diblock copolymers are known to adsorb at the
interface between homopolymers, thereby reducing the
interfacial tension, stabilizing the emulsion, and im-
proving the interfacial adhesion.!=® Both the processing
history and the properties of the interface are important
in determining the resultant emulsion behavior.

For some polymer blends, the interfacial tension can
be reduced to such an extent by the addition of suitable
block copolymers that the emulsion becomes thermo-
dynamically stable. These systems are termed micro-
emulsions. Because microemulsions represent an equi-
librium state, their behavior is independent of processing
history. The morphologies of microemulsions have been
extensively studied for blends of two homopolymers (A
and B) and a diblock copolymer (A—B).19719 The promise
of morphological control over the resultant emulsion
drives further study into the thermodynamics of these
ternary blends. A characteristic of emulsions is that
their behavior can be described in terms of interacting
interfaces; thus, an important first step in understand-
ing emulsions is to understand the interfaces. Consider-
ing the large research effort into the morphology of A/B/
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A—B ternary blends, (see refs 10-19 for representative
examples), the behavior of the interface itself has
received comparatively less attention.20-39

Properties of polymer/polymer interfaces, such as the
interfacial tension?°~2% and the amount of adsorbed
diblock copolymer,24~27:37:39 are amenable to experimen-
tal measurement. Forward recoil spectrometry (FRES),
neutron reflectivity,*? and dynamic secondary-ion mass
spectrometry (SIMS)*! have been used to measure the
adsorption of a diblock copolymer to a polymer/polymer
interface. Neutron reflectivity and SIMS have suf-
ficiently high resolutions (0.5 and 5 nm, respectively)
that they can measure the interfacial segment density
profiles. Conversely, the resolution of FRES (80 nm)
means that it is only useful for determining adsorbed
amounts. Numerous neutron reflectivity and SIMS
measurements have qualitatively confirmed the intui-
tive expectation that the A block of the diblock copoly-
mer extends into the A homopolymer phase, whereas
the B block extends into the B homopolymer phase.2528-35
Quantitative investigations of diblock copolymers at
polymer/polymer interfaces are scarce, and little work
has been done investigating the amount of adsorbed
diblock copolymer as a function of the copolymer con-
centration in the bulk (often referred to as the adsorp-
tion isotherm).24-27.37,38

In a rigorous set of experiments, Shull et al. and Dai
et al. used both FRES and neutron reflectivity to
construct adsorption isotherms for polystyrene (PS)—
polyvinylpyridine (PVP) diblock copolymers at a PS/PVP
interface.2526:37-39 The diblock copolymers studied by
Shull et al. and Dai et al. were all asymmetric with
much greater solubilities in the PS than in the PVP
phase. The adsorption isotherms were fit quantitatively
using self-consistent-field theory with the Flory—Hug-
gins interaction parameter, y, as an adjustable param-
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eter. In fact, these experiments were the first determi-
nation of y between PS and PVP.37 Self-consistent-field
theory using the same value of y was also found to
reproduce the volume-fraction profile of the diblock
copolymer at the interface measured by neutron reflec-
tivity.25

There is considerable debate in the literature about
the interpretation of experimentally determined y pa-
rameters. A body of literature suggests that y param-
eters determined from a particular mixture cannot be
used to predict the thermodynamic properties of other
mixtures with different volume fractions, molecular
weights, or polymer architectures.*2-44 The relationship
between y parameters determined by small-angle neu-
tron scattering (SANS) from homogeneous blends and
adsorption isotherms is not clear at this juncture.

Following the work of Shull et al. and Dai et al., we
investigate the adsorption of a symmetric A—B diblock
copolymer to a symmetric A/B polymer/polymer inter-
face. The polymers are model polyolefins: A is 90% 1,2
addition saturated polybutadiene, and B is also satu-
rated polybutadiene but with 63% 1,2 addition. Because
the polymers are rubbery and cannot be floated, a novel
method was developed to create supported multilayer
stacks. Dynamic SIMS was adopted to measure inter-
facial volume-fraction profiles of the diblock copolymer
which are then compared with theoretical predictions
based upon SCFT. The y parameter and the statistical
segment lengths were all determined previously from
small-angle neutron scattering (SANS) from homoge-
neous, binary A/B homopolymer blends.*> The molecular
weights of the homopolymers used in the SANS experi-
ments were considerably smaller than those used in the
adsorption experiments. Since all the input parameters
to the SCFT calculations are predetermined, rigorous
comparisons can be made between experimental and
theoretical results with no adjustable parameters. Three
comparisons were made: the adsorption isotherm, the
partition coefficient of the diblock copolymer between
the two homopolymer phases, and the distribution of
block copolymer segments at the A/B interface.

Experimental Method

Polymer Synthesis. Polybutadiene was synthesized via
anionic polymerization in hexane using tetrahydrofuran (THF)
as a polar additive to control the percent of 1,2- vs 1,4-addition.
All reagents were purified under high vacuum. A trial-and-
error method was employed to develop a calibration curve for
the dependence of the percent 1,2- and 1,4-addition on initiator
(sec-butyllithium) concentration and molar ratio of THF to
initiator. A diblock copolymer of polybutadiene, with a different
percent 1,2-addition for each of the blocks, was synthesized
by sequential polymerization, in which the THF concentration
in the reactor was adjusted after completing the polymeriza-
tion of the first block. An aliquot of the first block (precursor)
was isolated and terminated for characterization purposes,
prior to the addition of the second block. The polymers were
dried fully under vacuum at room temperature until they
reached constant weight. They were then saturated (in solution
in cyclohexane) using either hydrogen or deuterium gas in a
Parr high-pressure reactor at 95 °C with a 5% palladium on
barium sulfate catalyst. The hydrogenated polymers were
again dried under vacuum at 150 °C for several days. In this
paper, we use the nomenclature sPB90 and sPB63 to describe
saturated polybutadienes (with 90% and 63% 1,2-addition,
respectively). The nomenclature hPB90/dPB90 and hPB63/
dPB63 is used to distinguish between hydrogenated and
deuterated polymers. Additional details of synthesis proce-
dures can be found in ref 46.
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Figure 1. Diagram of the constructed polymer film.

Table 1. Polymer Properties

polymer My, (kg/mol™) PDI % 1,2 p(gem™)
hPB90 homopolymer 220 1.02 88 0.86
hPB63 homopolymer 187 1.02 63 0.86

dPB63—dPB90
diblock copolymer

38—41 1.02 63—92 0.91

Polymer Characterization. The molecular weights and
architectures of the polymers were determined on a Waters
2690 gel permeation chromatography (GPC) system with a
Viscotek triple detector. The three detectors (light scattering,
viscometry, and refractometry) enabled the determination of
the absolute number- and weight-averaged molecular weights

(M, and M) and the polydispersity index (PDI) of the
homopolymers and the block copolymer. The molecular weight
of the block copolymer precursor was determined using only
refractometry and an sPB calibration curve due to limited
sample quantities. The refractive indices of the polybutadiene/
THF solutions were independent of the percent of 1,2-addition
in the range of our experiments; this simplification enabled
the characterization of the block copolymer. NMR spectroscopy
was used to determine the percent 1,2- and 1,4-addition in all
of the samples to an accuracy of +1%. An aliquot of the
precursor of the diblock copolymer was analyzed by NMR. The
extent of 1,2-addition of the second block was then determined
from the known molecular weights of the precursor and diblock
copolymer and the percent of 1,2-addition of the precursor. The
pure diblock-copolymer melt was previously determined using
small-angle neutron scattering to be disordered at room
temperature,’” in agreement with mean-field predictions
(y(N = 10, see Table 4). The two homopolymers are strongly
immiscible (/N = 25, see Table 4). The characteristics of the
polymers used in this study are summarized in Table 1. Labels
for the polymers are based on our targets. Samples wherein
the percent 1,2-addition deviated more than 2% from the
targets were discarded.

Film Preparation. Most of the polymer films used in this
investigation consisted of a trilayer of hPB90/hPB63/hPB90.
The films were capped with 50 nm thick polystyrene (PS)
layers on either side, as illustrated in Figure 1. The dPB90—
dPB63 diblock copolymer was, in most cases, initially dissolved
in the topmost hPB90 layer. The substrates used for the
capped films were silicon wafers that had been oxidized for
2 h at 1000 °C in air to create a 90 nm layer of oxide on the
surface prior to use. First, a 50 nm film of PS was spin-coated
onto the oxidized silicon surface at 3000 rpm using a 0.5 wt %
polymer solution in toluene. The PS film helped to prevent
dewetting of the sPB films and also allowed for the construc-
tion of a symmetric film. The next sPB layer could not be
directly spin-coated onto the PS film because this procedure
would dissolve the polystyrene. It was also not possible to float
an sPB film because the rubbery nature of the film caused it
to shrivel on the surface of the water.*® Instead, as portrayed
in Figure 2, the sPB film was spin-coated onto a piece of freshly
cleaved mica (3000 rpm using a 2 wt % polymer solution in
toluene) and then transferred onto the PS-coated silicon wafer.
The transferring technique used was an adaptation of that
described by Scheffold et al.“® One end of the piece of mica
was dipped into a drop of water, held there for several seconds,
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Figure 2. Schematic of the technique to transfer a rubbery
polymer film from a piece of mica onto a PS-coated silicon
wafer. The mica is gently lowered onto the silicon wafer, and
a drop of water spreads between the two, transferring the
rubbery polymer film from the mica onto the PS-coated silicon
wafer.

removed with a small drop of water still clinging to the end,
and set upright at the edge of the silicon wafer (Figure 2). The
mica was then slowly lowered onto the silicon wafer until the
mica and wafer touched. When the mica was peeled off, a
smooth film of sPB remained on the PS film. The second and
third sPB films were deposited in a similar manner. Finally,
a 50 nm layer of PS was floated onto the top of the sandwich
following a common practice in dynamic SIMS experiments.*!
The top and bottom sPB90 films were 150 nm thick while the
center sPB63 film was either 150 or 300 nm thick. The films
are labeled F[xx], where xx is the overall volume fraction of
the A—B block copolymer in the three sPB layers of the film.
The characteristics of the films used in this study are sum-
marized in Table 2. The symbols included in Table 2 are those
used to represent the data in Figures 11 and 14. Except in
three films (F'[0.091], F[0.121], and F[0.156]), the copolymer
was initially confined to the top layer.

A Sentech SE400 ellipsometer was used to characterize the
film thicknesses. Thicknesses of the actual films used were
not measured, but rather films spun from the same solution
onto silicon wafers were measured in their place. The thick-
nesses of the films, as spun onto the mica, were measured and
controlled to within 2% of the target. However, some minor
changes in the film thickness occurred during the process of
transferring the films from the mica onto the silicon wafer.

All films were annealed at room temperature for at least
1 week before the SIMS measurements were made, since the
dPB90—dPB63 diblock copolymer has to diffuse from the top
hPB90 layer to the bottom hPB90 layer during equilibration.

Secondary Ion Mass Spectrometry (SIMS). The dy-
namic SIMS measurements discussed in this article were
taken with a Physical Electronics 6650 instrument using a
3 kV, 60 nA beam of Oz " ions at 60° off normal incidence, which
was rastered over a 0.04—0.09 mm? region. A static, defocused,
350—500 V electron beam was used for charge neutralization.
Negative ions of H, D, C, and Si were monitored as a function
of time from an electronically gated area that was 15% of the
rastered area. At room temperature, the polymers under
investigation were well above their glass transition temper-
ature, so it was necessary to perform the SIMS measurements
on a liquid nitrogen cooled cold stage which reached a
temperature of approximately —100 °C. More details regarding
SIMS depth profiling of polymers can be found in a review
article by Schwarz et al.! Measurements were made on five
different days spanning several months so that the ion-beam
quality was not constant across all samples. The instrument
parameters for the different days are given in Table 3.

Theory

The free energy of mixing for the three components
in our films is described by Flory—Huggins theory

Fv _ &4 o ®aB
W—ZTAID(ﬁA‘FZTBID(bB‘}‘mlnd}AB‘F
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where F/V is the free energy density of mixing, v is the
reference volume upon which N and y are based, N is
the number of reference volume units in a polymer
chain, y is the Flory—Huggins interaction parameter,
¢ is the volume fraction of a polymer species, and f is
the volume fraction of A monomers in the diblock
copolymer. The subscripts A, B, and AB refer to the
homopolymers A and B and the diblock copolymer AB.
Although this equation is sufficient for describing the
phase behavior of homogeneous blends, it cannot be
used to describe nonhomogeneous regions such as an
interface.

The interfacial composition profile between coexisting
polymer phases containing block copolymers is predicted
using one-dimensional self-consistent-field theory
(SCFT).3849-51 Qur methods for obtaining concentra-
tion profiles by SCFT are thoroughly described else-
where.#546:52 The essence of SCFT is that the interac-
tions between different polymers are replaced by inter-
actions with equivalent external fields. With these
proposed external fields, the volume-fraction profile of
each polymer species is found that minimizes the free
energy. Self-consistency then requires that the external
fields, produced by these volume-fraction profiles, are
consistent with the external fields originally proposed.
Self-consistency is achieved by numerical iteration.

For the purposes of this work, the end result is the
volume-fraction profile of the diblock copolymer,
¢aB(2), across the interface between two homopolymers,
where z is depth into the film. The volume-fraction
profile depends on y, the two statistical segment lengths,
la and [g, the chain lengths of the two homopolymers,
Nj and N3, and the two blocks of the diblock copolymer,
Nap and Npp, and the overall composition of the film.

Determination of Parameters for SCFT. Room
temperature (296 K) values of the y parameter between
sPB90 and sPB63 and the two statistical segment
lengths used in the calculations were determined previ-
ously by fitting the random-phase approximation (RPA)
to small-angle neutron scattering from binary homo-
polymer blends*® and are given in Table 4. The deter-
mination of these parameters and their application to
SCFT are discussed in ref 45. We assume that the value
of y between sPB90 and sPB63 is independent of the
level of deuteration. This is reasonable given the
magnitude of the y parameter.5354 The self-consistent-
field calculations thus contain no adjustable parameters.

Reduction of SIMS Data. A typical result from a
dynamic SIMS measurement for one of the trilayer films
is presented in Figure 3, corresponding to film F[0.069]
in Table 2. The number of counts of H, D, C, and Si
ions are given vs time for completeness, although only
the H and D counts are used here. For a dynamic SIMS
profile, sputtering time corresponds to depth into the
film. The # = 0 edge in Figure 3 represents the upper
surface of the top polystyrene layer, which is followed
by the hPB90/hPB63/hPB90 trilayer, the bottom poly-
styrene layer, and finally the oxidized silicon substrate.
Because the diblock copolymer is the only deuterated
component in the film, the D counts reflect the concen-
tration profile of diblock copolymer through the film.
The extremely low D counts in the two PS layers of
Figure 3 show that the diblock copolymer is confined to
the sPB trilayer, while the two peaks confirm positive
adsorption of the diblock copolymer at the two hPB90/
hPB63 interfaces. To remove artifacts due to charging
(notice the drift in the C and H counts in Figure 3), the
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Table 2. Films Examined

symbols used in

initial volume fraction of

Figures 11 and 14 thickness (nm) diblock copolymer
upper lower
day interface interface name top A middle B bottom A top A middle B bottom A

1 O F[0.025] 150 150 0 0.050 0 0

O F[0.053] 150 150 0 0.105 0 0

O F[0.101] 150 150 0 0.201 0 0

NE« F[0.196] 150 150 0 0.391 0 0
2 A A F[0.016]a 150 150 150 0.049 0 0

A A F[0.016]b 150 150 150 0.049 0 0

A A F[0.016]c 150 150 150 0.049 0 0

A A F[0.035] 150 150 150 0.105 0 0

NE + F[0.130] 150 150 150 0.391 0 0
3 ° ° F[0.007] 150 300 150 0.029 0 0

° [ ] F[0.022] 150 300 150 0.086 0 0

® ° F[0.043] 150 300 150 0.173 0 0

° ° F[0.057] 150 300 150 0.227 0 0

° ° F[0.069] 150 300 150 0.274 0 0

& <& F[0.091] 150 300 150 0.182 0 0.182
4 & O Fl0.121] 150 300 150 0.242 0 0.242

NE NE F[0.156] 270 300 270 0.242 0 0.242
5 [ ] [ ] F[0.0003] 150 300 150 0.0012 0 0

® () F[0.0015] 150 300 150 0.0060 0 0

° ° F[0.0027] 150 300 150 0.0107 0 0

° ° F[0.0053] 150 300 150 0.0210 0 0

@ NE = nonequilibrated interface.

Table 3. SIMS Parameters

etch rate, nm s™!

current voltage area gate
day (nA) (kV) (um?) (%) mean st dev
1 60 3 200 x 200 15 0.806 0.060
2 60 3 250 x 250 15 0.542 0.010
3 60 3 250 x 250 15 0.548 0.022
4 60 3 300 x 300 15 0.327 0.009
5 60 3 200 x 200 15 0.771 0.042
Table 4. SCFT Parameters®

x 0.00642 Np 3600

Ia 0.491 nm Nap 790

lB 0.749 nm NBb 730

Na 4230

@ [ is the statistical segment length, N is the number of reference
unit volumes in a polymer, A is sPB90, B is sPB63, and Ab and
Bb are the respective blocks of the diblock copolymer. All param-
eters are based upon a reference volume of 100 A3,

deuterium counts were normalized by the sum of both
deuterium and hydrogen counts, D/[D + H]. This ratio
was then adjusted to account for deuterium counts from
the homopolymers (D/[D + H] = 0.000 57 for hPB63 and
0.000 19 for hPB90, as compared to the natural abun-
dance of 0.000 12) and normalized with a conversion
factor such that the total calculated volume fraction of
the diblock copolymer in the film matched the known
overall concentration. To convert sputter time to depth,
a mean etch rate for each day’s analysis was calculated
from the target thicknesses of the sPB layers. These
mean etch rates are listed in Table 3 along with the
standard deviations of the calculated etch rates.

Once the D/[D + H] ratio has been converted to the
volume fraction of diblock copolymer, ¢ap(¢), and the
sputtering time has been converted to film depth, a
volume-fraction profile can be constructed, ¢ap(z). A
typical volume-fraction profile thus obtained is shown
in Figure 4 for film F[0.069]. ¢ap(z) is the volume
fraction of diblock copolymer, and z represents depth
through the film where the origin is at the vacuum/PS
surface. It is clear that our normalizing procedure
removes the drift that is evident in Figure 3.

The relationship between the actual volume-fraction
profile of the diblock copolymer through the film,
@aB(2)actual, and the measured volume-fraction profile,
¢aB(2)s1vs, is determined by convolution with the instru-
ment resolution function R(z), as follows:

Pap@)sims = R@)PAR2) sctual
= fdx R(x)¢AB(Z + x)actual (2)

where R(z) is normalized such that fdz R(z) = 1. The
integral is taken over the region where R(z) is nonzero
(=100 to 100 nm). The instrumental resolution was
determined from measurements of sharp homopolymer/
homopolymer interfaces as described in Appendix A and
is given in Figure 5. We assume for simplicity that the
instrumental resolution function is independent of
particular location within the film.

Results and Discussion

Upon returning to the data obtained from film F[0.069]
shown in Figure 4, we see that while there is clearly
positive adsorption at the two hPB90/hPB63 interfaces,
the diblock copolymer is not adsorbed at the two
PS/hPB90 interfaces. When the sample was prepared,
all of the diblock copolymer in F[0.069] was initially in
the upper hPB90 layer. After annealing the sample for
1 week at room temperature, the diblock copolymer is
distributed throughout the trilayer stack. Redistribution
requires that, the diblock copolymer molecules diffuse
across the two hPB90/hPB63 interfaces and the inter-
vening hPB63 layer. The equality of ¢ap in the top and
bottom hPB90 layers, the symmetry of the adsorption
peaks, and the constant block copolymer concentration
attained in the middle hPB63 layer provide unambigu-
ous proof that our systems are at equilibrium.

The only films showing qualitatively different behav-
ior to that shown in Figure 4 were films F[0.196],
F[0.156], and F[0.130]. An example is shown in Figure
6, which plots the volume-fraction profile of the diblock
copolymer for film F[0.130]. The peak in the diblock
copolymer concentration in the top hPB90 layer is
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Figure 3. Raw dynamic SIMS data for film F[0.069].
Number of counts 1n each collection interval for four
ions: carbon (C), hydrogen (H), deuterium (D), and
silicon (Si). Vertlcal ashed lines demark the interfaces
between the various layers shown in Figure 1.
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Figure 4. Measured volume fraction profile of diblock copoly-
mer across film F[0.069].
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Figure 5. Instrumental resolution function derived from the
hPB90/dPB63 and dPB63/hPB90 bilayers shown in Figure 15a.

believed to be a result of phase separation of the initial
diblock copolymer/homopolymer blend. It appears in
Figure 6 that the second interface is equilibrated so data
from this second interface in F[0.130] are included in
later plots. Film F[0.196] contained only one sPB90/
sPB63 interface (the film contained an sPB bilayer
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Figure 6. Measured volume fraction of diblock copolymer
across film F[0.130]. The left-most peak is attributed to phase
separation of the diblock copolymer from the homopolymer in
the upper hPB90 layer.
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Figure 7. Measured volume fraction profile of diblock copoly-
mer across film F[0.069] (open circles) with the unconvoluted
SCF'T calculated volume fraction profile (dashed line) and the
SCF'T calculated volume fraction profile convoluted with the
instrumental resolution function (solid line).

rather than a trilayer); thus, data from this film will
not be used. In film F[0.156], diblock copolymer was
initially loaded into both the top and bottom films so
that both interfaces were affected by nonequilibrated
behavior. The initial volume fraction of diblock copoly-
mer in the top layers of these nonequilibrating films
were 0.391 for F[0.196] and F[0.130] and 0.242 for
F[0.156] (see Table 2). The well-equilibrated films with
the highest initial concentration of diblock copolymer
in their top layers were films F[0.121], F[0.069], and
F[0.057] with initial volume fractions of 0.242, 0.274,
and 0.227, respectively. It is clear that at an initial
diblock copolymer volume fraction of around 0.25 there
is a crossover from films that are equilibrated to ones
where nonequilibrating behavior is seen.
Self-consistent-field theory was used to generate
theoretical volume-fraction profiles of the diblock co-
polymer across the trilayer to compare with those
determined experimentally. The initial guess required
to start the SCFT iteration process was chosen such that
the two hPB90 layers have roughly the correct thick-
nesses (see Table 2). Figure 7 compares the theoretical
predictions with the experimental results for film
F[0.069]. Figure 8a provides a close-up view on a



Macromolecules, Vol. 38, No. 9, 2005

1 T
a) LY

F[0.069]

0.01 |- B
0.001 L L
100 150 200 250 300
z (nm)
1 T
b) F[0.007]
0.1
o
'S~<
0.01
0.001

z(nm)

Figure 8. Volume fraction profiles of the diblock copolymer
across the interface between the two homopolymers for films
(a) F[0.069] and (b) F[0.007]. Open circles are the reduced
SIMS data points, the dashed line is the prediction from self-
consistent-field theory, and the solid line is the SCFT predic-
tion convoluted with the proposed instrumental resolution
function.

logarithmic scale of the left interface in Figure 7, and
Figure 8b is the equivalent plot for a trilayer film with
an order of magnitude less diblock copolymer, F[0.007].
The experimental data points are presented as open
circles while the uncorrected theoretical SCFT profile
is represented by a dashed line. The SCFT profile is
shifted such that the first peak position matches the
experimental data. The solid line represents the theo-
retical interfacial profile convoluted with the instru-
mental resolution function. In Figure 8a, the fit around
the peak shows remarkable agreement between theory
and experiment. There is, however, a discrepancy in the
volume fractions of diblock copolymer in the bulk, away
from the interface. Theory incorrectly predicts the
partition coefficient of the diblock copolymer between
the two polymer layers. This discrepancy could be due
to an error in our measurement of the diblock copolymer
symmetry, f, or it could be due to the application of an
independently determined parameter measured from a
50/50 blend of two homopolymers to the dilute limit
where the volume fraction of the diblock copolymer in
the bulk phases is only 0.02. Figure 8b shows similar
behavior, but assessment of agreement between theory
and experiment away from the peak is difficult due to
the experimental noise. The success of the resolution
function (Figure 5) obtained from the homopolymer
bilayer experiments is also worth noting. The agreement
between experiment and theory at the PS/hPB90 inter-
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Figure 9. Volume-fraction profiles for the A and B blocks of
the diblock copolymer across a homopolymer/homopolymer
interface predicted from SCFT. The dashed and solid lines are
the volume fraction profiles for the sPB90 (A) and sPB63 (B)
blocks of the diblock copolymer, respectively.

faces (Figure 7, z = 50 and 700 nm), where the volume
fraction of diblock copolymer drops abruptly, is entirely
due to the resolution function. The SCFT calculations
do not explicitly model these interfaces. Rather, they
are treated as reflective boundary conditions.

The SCFT calculations provide additional insight into
the nature of the adsorbed layer that is not provided
by our SIMS experiments. Figure 9 shows the volume-
fraction profiles of the two blocks of the sPB63—sPB90
copolymer separately as calculated by SCFT. The origin
of the surfactancy of the amphiphilic diblock copolymers
is evident from this plot. The sPB90 block of the diblock
copolymer extends from the interface (at z = 0) into the
sPB90 homopolymer, and the sPB63 block of the diblock
copolymer extends into the sPB63 homopolymer. The
difference in height between the two peaks is a mani-
festation of the large difference between the statistical
segment lengths of sPB90 and sPB63, which are 0.49
and 0.75 nm, respectively (based on a reference volume
unit of 100 A3).4

The agreement between theory and experiment, seen
in Figures 7 and 8, applies to all of the films that were
studied. Equilibrium adsorption is adequately charac-
terized by four parameters: the volume fraction of
diblock copolymer in the hPB90 film, ¢ap/a, the volume
fraction of diblock copolymer in the hPB63 film, ¢ap/s,
the amount of diblock copolymer adsorbed at the
interface, I', and the width of the diblock copolymer
volume-fraction peak, 0. Calculation of T is based on the
Gibbsian surface, as pictured for the F[0.069] film in
Figure 10. The nominal location of the Gibbs dividing
surface was chosen to be the position of the peak in the
volume-fraction profile. Then I', which has units of
nanometers (volume of diblock copolymer per unit area),
is given by the hatched area in Figure 10. Also defined
in Figure 10 are ¢ap/a and @ap/s, the diblock copolymer
concentrations in the two surrounding bulk phases,
sufficiently far away from the interface.

Parts a and b of Figure 11 plot I' as a function of ¢ap/a
and ¢ap/, respectively. The symbols represent measure-
ments from the various films listed in Table 2, whereas
the curves represent SCFT predictions. The solid curve
gives the theoretical predictions using y = 0.0064,
lspBoo = 0.49 nm, and Ilsppg3 = 0.75 nm, obtained from
SANS (all parameters are based on a reference volume
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Figure 10. Volume fraction of diblock copolymer through an
hPB90/hPB63 interface for film F[0.069]. The crosshatched
area represents the adsorbed amount, T

of 100 A3). The theoretical adsorption isotherm is a
sensitive function of the y parameter. This is depicted
by the upper and lower dashed curves in parts a and b
of Figure 11, which represent adsorption isotherms for
x at 0.0070 and 0.0058, respectively, corresponding to
+10% deviations from the measured value. The maxi-
mum value of ¢ap/a that is allowed theoretically is 0.083
(for y = 0.0064), as indicated by the vertical dashed line
in Figure 11a. This value is the concentration of diblock
copolymer at the binodal and thus demarks the change
from a stable to a metastable mixture. Similarly, the
maximum value of ¢ap/p that is allowed theoretically is
0.054 (Figure 11b). When ¢apa reaches 0.083 (or,
equivalently, ¢app reaches 0.054), theory predicts the
formation of a separate homogeneous block copolymer-
rich phase (method of common tangent planes with the
Flory—Huggins equation, eq 1). This behavior is seen
in the solid lines in Figure 11a,b as a sharp upward turn
in the adsorption isotherm. In Appendix B, we show that
at the binodal (¢ap/a = 0.083) an interfacial monolayer
of diblock copolymer exists in equilibrium with a bulk
homogeneous diblock copolymer-rich phase. Thus, ad-
sorbed amounts greater than the adsorption isotherm’s
first intercept of the binodal in Figure 11 correspond to
SCF'T solutions that are not thermodynamically stable
(analogous to the binodal region of the van der Waals
equation of state). Nevertheless, we include these
unstable and metastable solutions in the plots for
completeness. It is evident that the dependences of I'
on ¢ap/a and ¢app obtained by theory and experiment
are in excellent agreement. At very low concentrations
of diblock copolymer, the correction for background
deuterium is of the same magnitude as the amount of
deuterium from the diblock copolymer. ¢ap/a and ¢aps
are, thus, very sensitive to this background correction.
The slight discrepancy between experiment and theory
at low concentrations of diblock copolymer in Figure 11a
is most likely due to this sensitivity. In Figure 11b, ¢ass
was calculated to be less than zero for a number of films
with very low diblock copolymer concentrations (i.e.,
detected deuterium counts were lower than the proposed
background). These points are not included in Figure
11b. We note that the adsorption isotherm does not
depend on factors such as film thickness or where the
block copolymer was placed initially.

We define o to be the width of the interfacial peak in
the diblock copolymer volume-fraction profile. ¢ was
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Figure 11. Adsorption isotherms. The dependence of the
adsorbed amount, I', on (a) ¢apa and (b) ¢apms. Three SCFT
theoretical isotherms are plotted along with the experimental
SIMS data. The solid line corresponds to theory using the y
value of 0.0064 previously determined while the two dashed
lines were calculated using y values of 0.0058 and 0.0070. The
vertical dashed line denotes the concentration of diblock
copolymer at which formation of a diblock copolymer-rich
phase is predicted. Correspondence between the different
symbols and the different films is shown in Table 2.

found by fitting a Gaussian curve to the upper half of
the volume-fraction peak (e.g., Figure 10) and setting o
to the fitted standard deviation. Widths for the SIMS
adsorption peaks (open circles in Figure 8) are plotted
in Figure 12 against the amount of diblock copolymer
adsorbed and have been corrected for the effects of
instrumental resolution. The results from the upper
hPB90/hPB63 interface are given by the filled diamonds
while the results from the lower hPB63/hPB90 interface
are given by open diamonds. Widths for the SCFT
calculations (dashed curves in Figure 8) were calculated
in the same manner and are given in Figure 12 by the
dashed line. To compare these theoretical widths with
the experimental ones, it is necessary to take into
account the effects of capillary-wave broadening. Since
the interfacial tension decreases with increasing ad-
sorbed diblock copolymer, the amount of capillary
broadening is predicted to increase with adsorbed
amount. Capillary broadening is given by

ET | [Amax
m&&%m(l ) (3)

min
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Figure 12. Width (standard deviation) of the volume fractions
peaks plotted vs the amount adsorbed. Filled diamonds are
experimental widths from the upper hPB90/hPB64 interfaces
while the open diamonds are experimental widths from the
lower hPB90/hPB64 interfaces. All experimental data have
been corrected for the effects of instrumental resolution. The
lower dashed line gives the widths of the volume-fraction peaks
calculated using SCFT. The solid line modifies these theoreti-
cal widths to include the predicted effects of capillary waves.
The two lines terminate at the binodal.
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Figure 13. Interfacial tension, y, is plotted against ¢apa. The
solid line gives the interfacial tension calculated by SCFT, and
the vertical dashed line indicates the binodal concentration
of diblock copolymer. The interfacial tensions for adsorbed
diblock copolymer amounts greater than 17 nm are not
included, since these do not correspond to thermodynamically
stable solutions (see Appendix B).

where y/[Ac’Ois the rms amplitude of capillary fluc-
tuations, y is the interfacial tension, and Apax and Ayin
are the maximum and minimum wavelengths of fluc-
tuations.?>5¢ We use Amax = 200 um (the size of the SIMS
crater) and Ay, = 3 nm (the width of the homopolymer/
homopolymer interface). The interfacial tension is cal-
culated using SCFT as described in ref 45. Figure 13
plots the interfacial tension, calculated from SCFT,
against the volume fraction of diblock copolymer in the
A homopolymer phase. The vertical dashed line in
Figure 13 indicates the binodal block copolymer con-
centration. The final predicted width including the
effects of capillary broadening is given in Figure 12 as
the solid line. It was mentioned earlier that the experi-
mentally measured volume-fraction profile peak widths
were corrected for the effects of instrumental resolution.
The measured instrumental resolution function is shown
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Figure 14. Partition coefficient, ¢apa/¢asms, of the diblock
copolymer between the two homopolymer phases is plotted
against ¢apa. The two solid lines indicate the ratio predicted
from the Flory—Huggins model with the hPB90 fraction of the
diblock copolymer, f, being 0.52 or 0.55.

in Figure 5 and has a peak width of 6.6 nm. However,
this resolution function was measured by profiling a
homopolymer/homopolymer interface with some finite
thickness (3.2 nm from SCFT) and predicted capillary
broadening (3.1 nm). The actual instrumental resolution
is thus (6.62 — 3.22 — 3.12)12 = 4.9 nm, and it is this
number that is used to correct the experimental data.

The experimental results in Figure 12 show that the
width of the adsorbed block copolymer layer increases
from 8 to 14 nm as the adsorbed amount increases from
0 to 20 nm. Theory predicts an increase from 6 to
13 nm as the adsorbed amount increases from 0 to
17 nm (the upper limit set by the binodal). The fact that
the SCFT calculations predict this trend in the layer
thickness with independently determined y, /;, and N;
parameters is a remarkable demonstration of the ro-
bustness of the experimentally determined parameters
and the theoretical constructs developed to characterize
polymer interfaces. In Figure 12, the experimental peak
widths from the lower hPB90/hPB63 interface (open
diamonds) give widths slightly larger than the peak
widths of the upper interface (filled diamonds). This is
probably due to the dependence of the instrumental
resolution function on depth which we ignored.

In Figure 14 we plot the partition coefficient of diblock
copolymer between the two coexisting phases,
dap/a/ daB/B, against ¢apa. The experimental data do not
support a clear trend for the dependence of ¢pap/a/ panmB
on ¢ap/a. Instead, the data are scattered between 1.5 and
3.5. The expected value of ¢apa/¢papm (the partition
coefficient) is calculated from Flory—Huggins theory (eq
1), since it is not a property of the interface. For a binary
polymer blend, the phase-equilibrium calculation is
solved by the common-tangent method. For a ternary
polymer blend, the problem is essentially the same, but
the tangent lines are now planes. The calculated
oa/a/ papmp ratio is a sensitive function of the block
copolymer asymmetry, . Theoretical predictions are
shown (solid curves) for f = 0.52, the measured value,
and f = 0.55. The experimental data are in better
agreement with the = 0.55 curve. This may be due to
the finite polydispersity of our sample or error in our
calculation of the diblock-copolymer asymmetry, /. In
any case, the deviations between theory (f = 0.52) and
experiment are not large, especially when one considers
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the fact that the actual concentrations of the block
copolymer in the bulk phases are lower than 2% in most
of the films.

We conclude this section by addressing the behavior
of the films at high diblock copolymer loadings. In films
F[0.196], F[0.156], and F[0.130], a nonequilibrating peak
in the diblock copolymer concentration was observed
where the block copolymer was initially loaded (Figure
6). These peaks were seen when the initial volume
fraction of diblock copolymer in the top layer approached
0.25. The room temperature spinodal for a binary blend
of sPB90 and sPB63-sPB90 is at ¢ap = 0.249 (i.e., the
second derivative of the free energy with volume fraction
is set to zero). It therefore seems possible that the
nonequilibrating peaks observed at high diblock copoly-
mer loadings are the result of macrophase separation
in the bulk by spinodal decomposition.

The behavior predicted by SCFT at high diblock
copolymer loadings is a monolayer of diblock copolymer
at the homopolymer/homopolymer interface in coexist-
ence with a third block copolymer-rich phase. This is
established by comparing the interfacial tensions of
different interfacial phases (monolayer, trilayer, etc.) as
discussed in Appendix B. From a practical perspective,
the reduction of the interfacial tension is important.
Figure 13 plots the interfacial tension, calculated from
SCF'T, against the volume fraction of diblock copolymer
in the A homopolymer phase. The interfacial tension at
the binodal (vertical dashed line), calculated from SCFT
(y = 0.09 mN m™1), is the minimum realizable tension
and corresponds to an 89% reduction of the interfacial
tension with no diblock copolymer present (y = 0.76 mN
m™1!). Addition of diblock copolymer thus enhances
compatibilization up to a volume fraction of around
0.05—0.08 (depending on the relative amounts of the two
homopolymers), after which additional diblock copoly-
mer does not lower the interfacial tension but initiates
a separate diblock copolymer-rich phase.

Conclusions

We performed dynamic SIMS experiments to study
the adsorption of a diblock copolymer to a polymer/
polymer interface. The polymer system under investiga-
tion consists of three polymers: a saturated polybuta-
diene with 90% 1,2-addition (hPB90) homopolymer, a
saturated polybutadiene with 63% 1,2-addition (hPB63)
homopolymer, and a deuterated dPB90—dPB63 diblock
copolymer. Thin films were constructed and annealed
for a week at room temperature. Experimental data
were compared with self-consistent-field theory (SCFT)
calculations using the statistical segment lengths and
a Flory—Huggins interaction parameter obtained previ-
ously from small-angle neutron scattering of binary
homopolymer blends. Good agreement between the
SCFT predictions and experimental measurements was
obtained without adjustable parameters.

More quantitative comparisons between theory and
experiment were made by describing the volume-frac-
tion profiles with four parameters: the amount ad-
sorbed at the interface, I', the width of the peak at the
interface, o, the volume fraction of diblock copolymer
in the hPB90 layer, ¢apa, and the volume fraction in
the hPB63 layer, ¢apmp. The adsorption isotherms, I" vs
¢ap/a and I' vs ¢app, show good agreement between the
measured isotherms and those predicted with SCFT.
The width of the interfacial diblock copolymer volume-
fraction peak, o, is quantitatively in agreement with
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SCFT at low adsorbed amounts and qualitatively shows
the same increase in width predicted with increasing
adsorbed amount, I'. The measurement of the partition
coefficient, ¢ap/a/danmB, ON Pap/a 1s in reasonable agree-
ment with the SCFT calculations.

Although the more practically useful interfacial ten-
sion was not measured in this study, it can be calculated
using SCFT, so that if the adsorption isotherm is
successfully predicted by SCFT, then we can be confi-
dent in our theoretical calculations of the interfacial
tension. Studies of polymer compatibilization can thus
take advantage of the predictive powers of self-consistent-
field theory using parameters derived from scattering
from homogeneous polymer blends.
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Appendix A. SIMS Resolution Function

The secondary-ion mass spectrometer instrumental
resolution, R(z), was quantified by measuring the
profiles of hPB90/dPB63 and dPB63/hPB90 films de-
posited on oxidized Si. These films were simple bilayers
of the two homopolymers with no diblock copolymer
added, but with the homopolymer dPB63 labeled with
deuterium. The sPB bilayers were capped both above
and below by PS films. The measured interfacial profiles
from the films are shown in Figure 15 as open circles.
¢B(2) is the volume-fraction profile of the dPB63 homo-
polymer through the film. For convenience, the origin
(z = 0) is located at the interface. The theoretical SCFT
interfacial profiles are plotted in Figure 15 as dashed
lines. Although the films themselves are 400 nm thick,
only the central 200 nm is included in the figures for
clarity. The difference between the theoretical interfa-
cial profile and that measured using SIMS is accounted
for by R(z), assuming that the SCFT calculations provide
an accurate representation of the actual homopolymer
interfacial volume-fraction profile. Because the theoreti-
cal interfacial profile is much sharper than the experi-
mental interfacial profile, the extraction of R(z) is
greatly simplified by assuming that the actual interfa-
cial profile is a step function. With this simplification,
R(z) is simply the derivative of the measured interfacial
profile. From Figure 15a we accurately find the deriva-
tive of the measured profile for z < 0. However, finding
the gradient for z > 0 is more difficult because the
volume fraction is essentially unity. For this reason the
data in Figure 15b are used to construct the right half
of the resolution function (z > 0), and Figure 15a is used
for the left half (z < 0). The resultant, normalized
resolution function, R(z), is presented in Figure 5. The
solid lines in Figure 15 represent the convolution of the
theoretical interfacial profile calculated from SCFT
(dashed lines) with R(z). The excellent agreement
between the experimental and convoluted interfacial
profiles is not surprising since the instrumental resolu-
tion function was based on these measurements. It is
worth noting that the shape of the instrumental resolu-
tion function reported here (Figure 5) is different from
that usually observed in SIMS experiments.?” The left-
side tail is larger than the right-side tail, implying that
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Figure 15. Experimental (circles) and theoretical (dashed
line) interfacial profiles of an (a) hPB90/dPB63 interface and
a (b) dPB63/hPB90 interface. The solid line represents the
theoretical profile convoluted with the proposed instrumental
resolution function.

polymer fragments tend to diffuse up into layers above
them more than they diffuse down into lower layers.
One possible explanation for this is that the ion beam
heats the surface, creating a temperature gradient
through the film and warming the surface above the
glass transition temperature. This temperature gradient
results in a varying diffusion coefficient which means
that a polymer fragment diffuses farther into the warm
upper surface of the film than it diffuses down toward
the colder side. That this behavior was not observed in
previous experiments is due to the much higher glass-
transition temperatures of polymers previously used in
SIMS experiments (PMMA, PS, PVP).

Appendix B. Determination of Interfacial Phase
Behavior

In this appendix, we describe the adsorption behavior
of the block copolymer near the binodal phase boundary.
It is seen in Figure 11a that the adsorption isotherm,
calculated by SCFT, turns up sharply in the vicinity of
¢ap/a = 0.083 and ascends vertically with small oscil-
lations. Accordingly, there is a range of block copolymer
concentrations, 0.071 < ¢apa < 0.083, where T is not
uniquely defined for a given ¢ap/a. We are not concerned
with concentrations ¢apa > 0.083 because this value is
the location of the binodal. If attempts are made to load
the film with block copolymer volume fractions in excess
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Figure 16. (a) Adsorbed amount of diblock copolymer, T, is
plotted against the volume fraction of the diblock copolymer
in the A homopolymer layer. A labels the point at ¢apa = 0 of
the adsorption isotherm, while B through F label the extrema
and correspond to those in (b). The vertical dashed line
indicates the value of ¢apa at the binodal. (b) Interfacial
tension, v, is plotted against the volume fraction of the diblock
copolymer in the A homopolymer layer. A labels the point at
¢ana = 0, while B through F label the extrema and correspond
to those in (a). The vertical dashed line indicates the value of
¢an/a at the binodal.

of 0.083, Flory—Huggins theory predicts the formation
of a third block copolymer-rich phase in which all of the
excess block copolymer will reside.

In Figure 16a, we focus on the portion of the adsorp-
tion isotherm in the vicinity of the binodal. Extrema in
the T vs ¢ap/a plot are denoted by B through F while A
denotes the origin (¢apa = 0) in Figure 11, which is off
the left edge of Figure 16a. The vertical dashed line
gives the location of the binodal. The region from A to
B (I' = 0—23 nm) corresponds to a monolayer, C to D
(I' = 39—55 nm) corresponds to a trilayer, and E to F
(' = 71—88 nm) corresponds to a pentalayer. An odd
number of layers is necessary to ensure that an A block
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protrudes into the A homopolymer and a B block into
the B homopolymer. Regions from B to C and D to E
are unstable since dT'ap/duas > 0 is a necessary condi-
tion for stability. It is important to note that the
predicted interfacial multilayers are obtained by a one-
dimensional SCFT calculation, whereas our system is
three-dimensional. Our SCFT calculations contain the
constraint that the amount of diblock copolymer ad-
sorbed per unit area is constant along the plane of the
interface. This constraint allows the calculation of
unstable and metastable regions of the adsorption
isotherm.

Determination of the value of T in the 0.071 < ¢ap/a
< 0.083 region requires a calculation of the free energies
of the different possible interfacial phases. The ap-
propriate free energy for comparing these different
scenarios is, in fact, the interfacial energy, y (i.e., this
is the free energy that is minimized at a set chemical
potential and temperature). Results from SCFT are
shown in Figure 16b where we plot the interfacial
energy, v, as a function of ¢ap/a, over the same region
as in Figure 16a. Points A through F in Figure 16b
correspond to those in Figure 16a as does the vertical
dashed line representing the binodal diblock copolymer
concentration. Note that y decreases when both I" and
¢ap/a increase (A to B, C to D, and E to F), whereas y
increases when I' increases but ¢ap/a decreases (B to C
and D to E). We find from Figure 16b that the y values
of the monolayer (A to B) are lower than those of the
trilayer (C to D) and the pentalayer (E to F) at all
diblock copolymer concentrations less than or equal to
the binodal (¢ap/a < 0.083). Thus, a monolayer is the
stable interfacial phase for all physical diblock copoly-
mer concentrations (0 < ¢apa < 0.083).
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