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ABSTRACT: The segregation kinetics of deuterated polystyr-
ene (d-PS) within the grain boundary regions of a lamellar
poly(styrene-b-isoprene) copolymer is analyzed using a
combination of electron imaging and grain mapping as well as
ultrasmall and small-angle neutron scattering. Solute segrega-
tion is limited to high-angle grain boundaries (that is,
boundaries between grains having misorientations that exceed
a threshold value). The accumulation of d-PS is found to be uniform across high-angle boundaries, reaching an equilibrium local
concentration of solute within the boundary regions of about 52 vol %. This is interpreted as a consequence of d-PS segregation
enabling the relaxation of perturbed chain conformations in the boundary regions, thus reducing the elastic strain energy that is
stored in high-angle boundaries. The elastic strain energy is estimated using a continuum layer deformation model and
compared to the experimental (relative) boundary tension that is determined by analysis of dihedral angles at grain boundary
triple junctions. A McLean-type interface adsorption model is demonstrated to quantitatively capture both the kinetics and the
extent of solute accumulation within boundary regions. The model reveals that the rate of segregation is sensitive to the mobility
of the solute while the limiting concentration of solute within high-angle boundaries is determined by the energy of grain
boundary defects. The results provide a basis for the interpretation of structure coarsening processes in block copolymer blend
systems that are often found to result in more granular microstructures (featuring smaller grain sizes) as compared to the
pristine block copolymer analogues and inform the development of processes for the strategic decoration of defects to enable
new functionalities in block copolymer-based materials.

■ INTRODUCTION

The ability to organize into periodic microdomain structures
has rendered block copolymer (BCP)-based materials
candidates for innovative material technologies in areas such
as photonics, energy storage, or photovoltaics.1−10 In
applications such as these, large-grained microstructures are
often preferred, and hence the development of “alignment
methods” to enable the fabrication of microstructures with
reduced defect densities continues to be a relevant area of BCP
research.11−13 While for thin films the applications of electric,
magnetic, or mechanical fields, thermal field gradients, and
chemo- and graphoepitaxy have been shown to effectively
guide structure formation depending on the material
composition, these methods typically are not practical to
align materials in the bulk state.13−22 Hence, for bulk BCPs,
the “engineering” of the grain structure is often limited to the
application of thermal annealing to induce grain coarsening.
The kinetics of grain growth will, in general, depend on
material characteristics (such as chain dynamics and the
presence of entanglements) as well the energetic and kinetic

parameters of microstructural reorganization. Understanding of
the mechanism of grain growth and the evolution of grain
boundary (GB) defect structures during thermal (or solvent)
annealing is therefore a subject that is of fundamental relevance
to both the science and engineering of BCP-based materials.
The mechanism of morphology evolution in BCP and BCP-

blend materials has been the subject of extensive research
during the past 20 years, however, mostly with focus on the
nucleation and growth process during the early state of
microphase separation.23−34 Pioneering work on the character-
ization of GB defects by the Thomas and Hashimoto groups
established the distinct types of GB structures in lamellar BCP
microstructures: twist (helicoid and Scherk surface) and tilt
(chevron, omega, and T-junction) boundary morpholo-
gies.35−40 Insight into the energetics of GB defects was first
provided by numerical simulations that revealed the energy of
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GB defects to sensitively depend on the GB type as well as the
misorientation between grains.41,42 The results further
suggested that the frequency of grain misorientations in
quiescent organized BCP microstructures follows a Boltzmann
distribution. Both predictions were experimentally validated by
Ryu et al. using triple-junction analysis.43 Numerical studies
also were the first to suggest thatin block copolymer/
homopolymer (BCP/hP) blendsthe segregation of hP solute
within GB regions can reduce the energy of GB defects.42 The
first experimental results to provide indirect support for this
hypothesis were provided by Burgaz et al., who attributed the
higher frequencies of T-junction grain boundaries in block
copolymer blends to the reduction of the energy penalty
associated with defect formation.44 It has since been shown
that the interaction of “solute species” with GB defects is a
general phenomenon that is also relevant to nanoparticle or
smaller molecular additives.45,46

While these previous studies have established the foundation
to interpret individual defect structures in BCP materials, much
less is known about the relationship between statistical
representations of microstructural characteristics and the
coarsening of BCPs during microstructure annealing. In two
previous papers (that we will refer to in the following as “Grain
Coarsening-I” and “Grain Coarsening-II”), we established the
grain coarsening characteristics in a lamellar poly(styrene-b-
isoprene) (PS−PI) model system.47,48 A procedure involving
stereological analysis of large area electron micrographs (using
serial imaging, reconstruction, and pattern matching and
filtering) was developed to evaluate the evolution of grain
size, orientation, and grain boundary structures during thermal
annealing of bulk films. Grain growth in the PS−PI test system
was found to proceed via the initial relaxation of “frozen-in”
kink boundary defects and the subsequent continuous grain
growth by relaxation of symmetric tilt GBs.47 The grain growth
kinetics was found to be consistent with normal grain growth
(as indicated by a grain growth exponent n ≅ 1.8), thus
suggesting that grain growth in BCPsjust as in metals or
ceramicsis driven by the reduction of the surface energy
stored in GB interfaces.47 The addition of PS homopolymer
was shown to reduce the growth rate in PS−PI/PS films; for
PS−PI blended with 10 wt % PS stagnation of grain growth was
observed after short annealing periods.48 The stagnation effect
was rationalized as a consequence of the segregation of PS
homopolymer into GB regions. This was argued to reduce the
energy of boundary defects and thus the driving pressure for
grain growth.48

The stagnation of grain growth due to additives highlights a
profound challenge for the fabrication of large-grained
microstructures in blended BCP systems. For example, the
success of alignment methods would be expected to depend on
the balance between the dynamics of microstructure alignment
and the kinetics (and extent) of solute segregation. The
purpose of the present contribution is to evaluate the role of
GB characteristics on both the rate of homopolymer
segregation and the limiting concentration of solute within
GB regions in a PS−PI/PS model system during thermal
annealing. The results reveal that homopolymer segregation
occurs during the early stage of thermal annealing and that the
distribution of solute is approximately uniform across GBs
exceeding a threshold misorientation θ ∼ 60°, reaching a final
volume fraction of PS within the GB of about 0.52. The
segregation kinetics is quantitatively described by a Langmuir−
McLean type isotherm model. This supports the conclusion

that segregation is driven by the associated release of elastic
energy that is stored in high-angle GB regions.
The structure of the paper is as follows: First, we outline the

process involving combined grain mapping analysis as well as
small- and ultrasmall-angle neutron scattering to determine the
homopolymer concentration within grain boundary structures
during thermal annealing of the PS−PI/PS blend system. The
results of grain mapping analysis will be presented to establish
the relevant morphological parameters (such as grains size,
grain size distribution, misorientation of grain boundary
interfaces, and relative grain boundary energy) that motivate
the assumptions underlying the neutron scattering analysis.
Subsequently, ultrasmall-angle neutron scattering will be used
to quantitatively determine the concentration of homopolymer
solute within grain boundary regions. In the final part of the
paper we will present a statistical model to rationalize the
experimental trend of solute segregation.

■ MATERIALS AND METHODS
Materials. Poly(styrene-b-isoprene) (PS−PI) with molecular

weight Mw = 91 kg/mol (45 kg/mol-b-46 kg/mol), molecular weight
dispersity index Mw/Mn = 1.07, and volume fraction of polystyrene
component ϕPS = 0.46 was purchased from Polymer Source. The
degree of segregation is estimated to χN = 57 at the annealing
temperature (T = 130 °C), where χ is the Flory−Huggins parameter
and N is the degree of polymerization. Fully deuterated polystyrene
(PS-d8, in the following abbreviated as d-PS) with molecular weight
Mw = 20 kg/mol and molecular weight dispersity index Mw/Mn = 1.08
was also purchased from Polymer Source. Toluene (HPLC grade)
was purchased from Sigma-Aldrich. All materials were used as
received without further purification. PS-grafted gold nanocrystals
(AuPS) were synthesized following previously published proce-
dures.47,48 The particle core diameter of AuPS particles was
determined to be dAu = 3 nm by electron microscopy; the molecular
weight of grafted polystyrene was 11.5 kg/mol.

Film Preparation. PS−PI film with a deuterated polystyrene
weight fraction of 10 wt % was prepared by dissolution of appropriate
amounts of homo- and copolymer in toluene (concentration 5 wt %).
Using densities for the individual polymer systems of ρPI = 0.92 g/
cm3, ρPS = 1.04 g/cm3, and ρd‑PS = 1.12 g/cm3 results in a d-PS
volume fraction of 0.088 in the final films. Films of ∼350 μm
thickness were cast at T = 23 °C at a partial pressure of toluene of p =
80 mbar (pressure was controlled using a modified Büchi Rotavapor
R-200); the time for solvent evaporation was 8 h. Samples were
thermally annealed under vacuum at 130 °C for 0, 3, 24, 72, and 168
h. PS−PI/AuPS as well as PS−PI/d-PS blends were prepared by
mixing of appropriate amounts of material to result in a final
concentration of 5 wt % solute in toluene solution and subsequent
solvent evaporation at 80 mbar (see above).

Transmission Electron Microscopy (TEM). Electron imaging of
BCP microstructures was performed using a JEOL 2000 FX electron
microscope operated at 200 kV. Imaging was based on the amplitude
and phase contrast, and images were recorded by a Gatan Orius
SC600 high-resolution camera. Prior to electron imaging, films were
cryo-microtomed at −120 °C using a LEICA EM FCS cryo-
ultramicrotome and stained with OsO4 (selective staining of PI
domains) that was obtained from EM Sciences. PS−PI/AuPS films
were imaged without further staining.

Microstructure Analysis. Analysis of the grain characteristics as
well as type and frequency of grain boundary defects was performed
by image analysis following a procedure that has been described in
detail in Grain Coarsening-I.47 Analysis of the relative energies of
boundary defects in block copolymers and their blends was performed
by analysis of dihedral angles as described in Grain Coarsening-II.48

Differential Scanning Calorimetry (DSC). DSC measurements
were performed using a TA Instruments DSC 250 with ramping rate
of 10 °C/min. Sample amounts of ∼7 mg were placed in a Tzero
aluminum pan, and nitrogen gas was purged during measurement.
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The measurement was performed four times, and the results have
shown good reproducibility.
Ultrasmall/Small-Angle Neutron Scattering (USANS/SANS).

USANS and SANS were performed at NCNR (NIST Center for
Neutron Research, Gaithersburg, MD). The BT5 USANS instrument
covers a q-range between 3 × 10−5 and 2.5 × 10−3 Å−1 with neutron
wavelength λ = 2.4 Å and Δλ/λ = 6% (where q denotes the scattering
vector). The NGB-30m SANS instrument covers a q-range between
0.001 and 0.6 Å−1 using standard three detector geometries (1 m with
an 0.25 m detector offset, 4 m, and 13 m) with λ = 6 Å neutrons and
the neutron lens setting at 8.13 Å neutron wavelength with a
wavelength spread of Δλ/λ = 14%. USANS and SANS experiments
were performed separately on each beamline, and the data were
subsequently combined for invariant analysis. The data reduction was
performed using software based on IGOR Pro that was provided by
NIST.49−51 To apply invariant analysis (which assumes the presence
of two phases with uniform scattering length density in each), the
scattering arising from thermal concentration fluctuations of d-PS
within the PS host domains was corrected for the effect of thermal
concentration fluctuations. The details of the background correction
process are provided in the Supporting Information.

■ RESULTS AND DISCUSSION
The material system of this study is based on the PS−PI block
copolymer that also served as model system in our previous
studies.47,48 The copolymer has a molecular weight of Mw = 91
kg/mol with a near symmetric composition (Mw,PS = 45 kg/
mol, Mw,PI = 46 kg/mol, PS volume fraction ϕPS ∼ 0.46) and
thus forms a lamellar microstructure. The PS−PI is in the
intermediate segregation regime with a degree of segregation
χN ∼ 57 at the annealing temperature (T = 130 °C).52 To
enable the characterization of microstructure evolution via
neutron scattering, fully deuterated PS (d-PS) with Mw,d‑PS =
20 kg/mol was used as a solute. This molecular weight was
chosen to enable the miscibility of the solute within the BCP
host domain (which generally requires the molecular weight of
the homopolymer to be less than of the corresponding block)
and to be comparable to the molecular weight of the
hydrogenous PS (h-PS) that was used in Grain-Coarsening-
II.48 Similar to the h-PS analogue, full dispersion of the d-PS
within the host BCP was observed up to volume fractions of
0.2 with no discernible indication of macrophase separation or
order−order transition (results not shown here). Because of
the similar miscibility characteristics of h-PS and d-PS solutes,
both systems will in the following be assumed to be athermal;
thus, any effect of isotopic labeling on the interaction between
PS-host domain and d-PS will be neglected. For microstructure
analysis, a concentration of 10 wt % d-PS within PS−PI was
used. This concentration was chosen for three reasons: First,
the analogous amount of solute was previously demonstrated
to induce grain stagnation in the PS−PI matrix (Grain
Coarsening-II); second, this concentration was found to
provide sufficient scattering contrast to enable the character-
ization of solute segregation using neutron scattering; and
third, to ensure that the system remains within the lamellar
regime for all tested experimental conditions.
The kinetics of solute segregation was evaluated using a

combination of small- and ultrasmall-angle neutron scattering
(SANS/USANS) and grain boundary mapping. The approach
takes advantage of the significantly different scattering lengths
of 1H and 2H isotopes (b1H,coh = −3.7406 fm, b1H,incoh = 25.274
fm, b2H,coh = 6.671 fm, and b2H,incoh = 4.04 fm, where bi,coh and
bi,incoh represent the coherent and incoherent scattering length
of species i, respectively) that result in a scattering length
density (SLD) of d-PS that significantly exceeds the SLD of the

hydrogenous PS−PI matrix.53 Specifically, assuming a mass
density of ρh‑PS = 1.04 g/cm3, ρd‑PS = 1.12 g/cm3, and ρh‑PI =
0.92 g/cm3 for h-PS, d-PS, and PI, respectively, the scattering
length density of the individual components follows as SLDh‑PS
= 1.40 × 10−6 Å2, SLDh‑PI = 2.70 × 10−7 Å2, and SLDd‑PS =
6.41 × 10−6 Å2. Because scattering in the ultrasmall-angle range
is attributable to SLD heterogeneities on the micrometer scale
(i.e., comparable to the size of grains), USANS scattering can
be assumed to arise predominantly due to the scattering of the
grain boundary regions that are enriched with d-PS solute. The
scattering data can thus be interpreted on the basis of a two-
phase material consisting of a matrix with “smaller” SLD that is
constituted of the PS−PI lamellar structure with small amount
of uniformly distributed d-PS (the lamellar fine structure is not
“visible” in the USANS range) and the grain boundary regions
that are enriched with d-PS solute and thus exhibit a “larger”
SLD. The scattering contrast between matrix and boundary
regions can be described based on the scattering relation of a
general two-phase material as

∫
π ϕ ϕ

Δ = −

=
−

∞
I q q q

( SLD) (SLD SLD )
1
2

1
(1 )

( ) d

2
HAGB m

2

2
HAGB HAGB 0

2

(1)

where ϕHAGB is the volume fraction of grain boundary regions
that are decorated with d-PS solute, I(q) is the scattering
intensity at scattering vector (modulus) q, SLDHAGB denotes
the scattering length density of the decorated GB regions, and
SLDm is the scattering length density of the grain interior (i.e.,
the average SLD of PS−PI/d-PS).50 The last term in eq 1 is
related to the scattering invariant Q via ∫ q2I(q) dq = (4π)−1Q.
If ϕHAGB is known, for example, through grain mapping
analysis, then the scattering contrast and thus composition of
GB regions can be determined. We note that the use of the
subscript “HAGB” is motivated from the observation that
solute segregation is limited to high-angle GB defects (see the
following discussion). The structural model that underlies the
scattering analysis is illustrated in Figure 1.
As indicated in Figure 1, not every GB is expected to be

decorated with d-PS, but only those GBs having a grain
misorientation angle that exceeds a threshold value, θcrit, will
induce solute sequestration. This was first proposed by Listak
et al., who argued that for solute segregation to occur, the
release of stored elastic strain energy upon segregation has to
outweigh the energy cost associated with the entropy loss due
to concentration of the solute within the boundary region.54

Because the stored elastic strain energy increases with
misorientation, so does the propensity of GBs to induce
solute segregation. Boundaries with a grain misorientation
angle exceeding the threshold for solute segregation will in the
following be denoted “high-angle grain boundaries (HAGB)”.
Because not all grains are bounded by high-angle boundaries,
the scattering of PS−PI/d-PS blends in the USANS regime
cannot be directly related to grain size but rather will be
interpreted in terms of a general two-phase structure via eq 1.
This is a difference to earlier studies by Cohen and co-workers,
who applied ultrasmall-angle X-ray scattering to determine the
average grain size in lamellar BCPs.55

To determine the threshold misorientation for solute
sequestration, the structure of GBs was analyzed in a PS−PI
blended with corresponding amounts of PS-tethered gold
nanocrystals. This approach was first used by Listak et al. to
analyze the role of misorientation on solute segregation.54 The
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authors observed that appropriately modified, small nanocryst-
als undergo grain segregation similar to homopolymer solutes
and can thus be used as “tracer inclusions” to evaluate solute
segregation. The threshold angle for HAGBs can then be
determined by evaluating the aggregation of particle fillers
within GB regions of varied misorientation before and after
annealing of the film for 72 h at T = 130 °C. Gold was chosen
as a model system because of its high electron density and the
availability of established synthetic procedures for surface
modification. PS-tethered gold nanocrystals with an average
particle diameter ⟨dAu⟩ = 3 nm were synthesized using a
modified Brust−Schiffrin method.56−58 The molecular weight
of PS ligands was 11.5 kg/mol, and the grafting density was
determined (by TGA analysis) to be about 1.1 nm−2, which
corresponds approximately to the specifications of particles
systems that were previously used by our group.54 The
miscibility of AuPS particles within the PS host domain was
confirmed prior to annealing by validating the absence of
particle aggregates in large area electron micrographs of PS−
PI/AuPS blends prior to annealing (results not shown here).
The influence of GB misorientation on particle segregation is
illustrated in Figure 2 which depicts the distribution of the

number of particles per aggregate within grain boundary
regions as a function of tilt angle for near-symmetric tilt grain
boundaries (a total of 107 GBs was analyzed). Symmetric tilt
GBs were chosen as a reference because this boundary type
constitutes the large majority of GBs within lamellar BCP
microstructures.59−61 The figure reveals that particle segrega-
tion within GBs exhibits a rather sharp transition within the
range of tilt angles from θ = 51° to 60°. Based on the data
shown in Figure 2, the threshold misorientation angle for
HAGBs is thus defined as θcrit = 60°. Interestingly, the number
of particles that segregate within HAGB regions shows only a
weak dependence on the misorientation angle; an approx-
imately equal number is observed for GBs with misorientation
angles in the range 61°−140°. This trend is consistent with the
corresponding trend of GB energy with grain misorientation
that has been found to level off at misorientation angles above
about 80° due to a transition of the GB structure from
Chevron to Omega-type (see Grain Coarsening-II).48

We note that the approximately constant number of particles
that are segregated within HAGBs motivates and supports an
important assumption that underlies the subsequent analysis of
USANS data; i.e., the concentration of d-PS within HAGBs
(and hence the respective SLDHAGB) is assumed to be uniform
across all HAGBs independent of grain misorientation.
To relate the total area of HAGB interfaces (which is

measured through grain mapping analysis) to the volume
fraction of solute within GB regions (which is measured
through neutron scattering via the parameter SLDHAGB in eq
1), the widthW of GB regions has to be known. For symmetric
tilt boundaries, W is related to the misorientation via W = 2R/
sin(θ/2), where R denotes the curvature radius of the
boundary. The latter can be determined from electron
micrographs of tilt GBs. Figure 3 illustrates the geometric
analysis of tilt GBs from electron micrographs along with the
corresponding values of the normalized GB width W/L (where
L = 72 nm represents the lamellar thickness) as a function of
misorientation for as-cast PS−PI/d-PS. The figure reveals that
the GB width is approximately constant with W/L ∼ 1 ± 0.15
independent of grain misorientation. This confirms previous
reports, for example, by Gido et al., who reported the GB

Figure 1. Illustration of model used to quantify solute segregation
using USANS. Panels on the left illustrate microstructure (d-PS is
highlighted in red). Panels on right show schematic representation of
the proposed scattering length density across the grain and grain
boundary for as-cast and annealed systems. The top figure illustrates
microstructure before thermal annealing. d-PS solute is uniformly
distributed across grain. Thermal annealing causes the segregation of
d-PS into high-angle grain boundary (HAGB) regions along with
increase of SLD. Low-angle grain boundaries (LAGB) are not affected
by solute segregation (this will be shown in the discussion below).
The figure on the bottom shows the simplified two-phase system of
annealed systems that is the basis for the interpretation of ultrasmall-
angle scattering data.

Figure 2. Box plot showing the distribution of the number of particles
νp,GB within (near-symmetric) GBs as a function of tilt angle after
thermal annealing of PS−PI/AuPS blends after 3 days of annealing at
T = 130 °C. Particle segregation was observed for tilt angles exceeding
a threshold value θ > 55°. Insets display representative transmission
electron micrographs of (near-symmetric) tilt GBs with misorienta-
tion angles θ = 36° (red) and 120° (blue). The grain boundaries are
indicated with dotted lines. AuPS nanoparticles are uniformly
dispersed at θ = 36° while segregation occurs for θ = 120°. Scale
bars are 200 nm.
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width to be equal to the lamellar spacing.61 Analogous
observations were made for particle-filled as well as pristine
PS−PI (see Grain Coarsening-II). Figure 3 hence justifies the
assumption that the width of HAGB regions is uniform and
equal to L. This allows to assign a volume AHAGBL (where
AHAGB denotes the total area associated with HAGBs) to the
GB regions that are available for solute segregation in PS−PI/
d-PS microstructures. If the volume fraction ϕHAGB of high
angle boundary regions within the microstructure is known,
then SLDHAGB (and hence the volume fraction of segregated
solute) can be determined from eq 1. This strategy will be used
below to quantify the extent and kinetics of solute segregation.
Grain mapping analysis was performed to determine AHAGB

as well as other morphological parameters such as average
grain size, grain size distribution, grain shape, distribution of
misorientation angles of symmetric tilt boundaries, and relative
GB energy as a function of tilt angle. The process for grain
mapping analysis involves computer-based image reconstruc-
tion and processing as well as stereological analysis of large
area micrographs and has been detailed in Grain Coarsening-
I.47 Figure 4 depicts a representative grain map of PS−PI/d-PS

after 72 h of thermal annealing at T = 130 °C. Adjacent
lamellae regions with a misorientation exceeding 15° are
differentiated as “separate grains” and identified by random
color assignment. Highlighted in bold lines are HAGBs that
separate grains with misorientation θ ≥ 60°. In the figure, the
x-axis denotes the in-plane direction parallel to sample/

substrate interface and the y-axis is the out-of-plane direction
perpendicular to the sample/substrate interface.
The grain map reveals a distinctive alignment of HAGBs

parallel to the in-plane direction of the substrate. This is
consistent with previous findings in Grain Coarsening-I where
the orientation of HAGBs in-plane direction was attributed to
in-plane stresses acting on the film during the late stages of
solvent evaporation.47 From the grain maps of as-cast and
thermal annealed samples, the evolution of the grain
microstructure during thermal annealing can be evaluated.
For example, Figure 5a depicts the evolution of the number-

average area of grains as a function of thermal annealing time
for the PS−PI/d-PS 10 wt % blend system. The figure reveals
that grain size rapidly increases after initiation of thermal
annealing; however, it levels off after annealing times longer
than 3 days. An analogous stagnation of grain growth was
reported in Grain Coarsening-II for the PS−PI system admixed
with a corresponding amount of hydrogenous PS.48 There it
was shown that grain stagnation results from the pinning of

Figure 3. Normalized boundary width W/L (normalized with respect
to the unperturbed lamellar spacing L = 72 nm) as a function of tilt
angle for PS−PI/d-PS in the as-cast state. The inset shows an
illustration of a symmetric tilt (Chevron) boundary morphology. The
tilt angle, θ, the radius of curvature, R, and the boundary width,W, are
indicated. An example of the analysis for a θ = 114° tilt boundary is
shown in the TEM image shown in the inset. The scale bar is 50 nm.

Figure 4. Grain map representing microstructure of PS−PI/d-PS (10
wt %) annealed at 130 °C for 3 days. Random (gradient) color
assignment is used to distinguish adjacent grains with misorientation
exceeding 15°); the x- and y-axes represent the in-plane and out-of-
plane (i.e., normal to substrate) orientation of the film. HAGBs with
misorientation angle θ > 60° are highlighted with thick black lines.

Figure 5. (a) Evolution of number-averaged grain cross-sectional area
⟨A(t)⟩ for the PS−PI/d-PS 10 wt % blend system. The grain size
increases with thermal annealing time, and the rate of grain growth
decreases with annealing time. Error bars correspond to one standard
deviation. Inset shows plot of volume fraction of HAGB (θ > 60°) as a
function of thermal annealing time. The volume fraction decreases
exponentially with thermal annealing time and remains constant after
about 20 h of annealing. (b) and (c) show log-normal probability
plots representing grain size distribution for as-cast (t = 0 h) and after
7 days (t = 144 h) of thermal annealing. The middle red solid lines of
each plot indicate log-normal distribution; the two dotted lines
represent the 95% confidence intervals. Blue shaded areas delineate
the range of grain sizes that was considered for grain structure analysis
(see ref 47 for more information about the analysis process). Both
grain size distributions follow a log-normal distribution except for the
small grain size range where artifacts during processing of images
render the analysis inconclusive.
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GBs due to solute segregation.48 The very similar results for
both systems not only illustrate reproducibility but also
confirm the assumption that the effect of PS solute on grain
coarsening in PS−PI is independent of deuteration. As shown
in the inset of Figure 5a, the increase of grain size is
accompanied by the rapid relaxation of HAGBs after initiation
of thermal annealing, eventually reaching a level state of ϕHAGB
∼ 0.027 (where the volume fraction has been calculated using
stereology and assuming a GB thickness of L; see the
Supporting Information). As will be shown below, the
stagnation of HAGB content can be attributed to the
segregation of d-PS solute within GB regions. Grain size
distributions in as-cast (Figure 5b) and thermal annealed
systems (Figure 5c) can be described by a log-normal
distribution as is typical for systems undergoing “normal
grain growth”.62,63 The occurrence of a log-normal grain size
distribution after 7 days of thermal annealing is worthwhile
noting because it might be expected that the “freezing-in” of
HAGBs after ∼40 h of annealing (as seen in the inset of Figure
5a) might result in deviations from normal grain growth. The
result implies that the pinning of HAGBs freezes grain
coarsening as a whole, a conclusion that is also supported by
the data shown in Figure 5a.
While grain mapping provides insight into a wide range of

microstructural features, the experimental process is not
practical to produce a more detailed temporal resolution or
to provide information about the distribution of homopolymer
solute within the copolymer matrix. For this purpose, a
combined small- and ultrasmall-angle neutron scattering
(SANS/USANS) analysis of the PS−PI/d-PS system was
performed. It is important to note the different information
that is contributed by the scattering data in the ultrasmall and
small-angle range. USANS experiments extended over the
range of the scattering vector 3 × 10−5 Å−1 < q < 2.5 × 10−3

Å−1, thus yielding information about the structure on a length
scale ds ∼ 2π/q ≈ 0.220 μm, which is comparable to the
dimension of GB interfaces. In contrast, the scattering of PS−
PI/d-PS lamellae is expected to not contribute to the q
dependence in this regime since LqUSANS ≪ 1.
To perform invariant analysis, the combined q range of

USANS and SANS was considered. Note that the application
of eq 1 for two-phase system requires that (1) the system
contains only two phases, (2) the boundary between the two
phases be sharp, and (3) the scattering length density of each
phase is uniform. However, in real materials, inhomogeneities
exist, for example, due to thermal density fluctuations and/or
thermal concentration fluctuationsboth are expected to
contribute to the scattering at higher q. As our material system
is in the solid state (measurements are being performed at
room temperature), the scattering from thermal density
fluctuation is assumed to be small compared to the
contribution from concentration fluctuations. To correct for
the scattering due to concentration fluctuations of d-PS, a
correction method reported by Hashimoto and co-workers was
applied (it is detailed in the Supporting Information).64 As
illustrated in Figure 6c, the effect of concentration fluctuations
is most pronounced in the high-q range of the SANS data. The
correction reveals the q−4 scaling of the scattering intensity that
is indeed expected in the high-q range (Porod region).64 For
the purpose of invariant analysis, the scattering data were thus
extrapolated according to q−2 and q−4 in the low- and high-q
range.

Using the extrapolated scattering data, we calculated the
invariant via Q = 4π∫ q2I(q)dq, and subsequently the scattering
contrast between HAGB regions and matrix, ΔSLD, was
calculated according to eq 1. Figure 7 displays the evolution of
ΔSLD as a function of annealing time of PS−PI/d-PS systems
along with the corresponding invariant (shown in the inset of
Figure 7). The low scattering strength of the as-cast system
(which is orders of magnitude less than the corresponding
value of annealed systems) confirms that ΔSLD is minimal in
the as-cast state and strongly increases after initiation of
thermal annealing to reach a final value of ΔSLD ≅ 2.5 × 10−6

Å−2 after about 40 h of annealing time. This supports the
interpretation that the d-PS solute is initially uniformly
distributed within the microstructure of as-cast films.
Subsequently, during thermal annealing, d-PS rapidly diffuses
into HAGB regions, thus resulting in the increase of scattering

Figure 6. (a) Illustration of probe length scale of USANS and SANS
along with the respective features of the microstructure giving rise to
scattering. USANS scattering is due to grain-scale features such as
HAGBs, while SANS scattering arises from the local lamellae
structure. High-angle boundaries are highlighted in red to indicate
selective segregation of d-PS solute. (b) Combined plots of USANS
and SANS for PS−PI/d-PS 10 wt % after thermal annealing for 0, 3,
24, 72, and 168 h at T = 130 °C. The scattering intensity I(q) in the
USANS range increases by 3 orders of magnitude during thermal
annealing. (c) Data for PS−PI/d-PS 10 wt % (annealing time is 3 h)
after background correction (i.e., correction from scattering due to
thermal concentration fluctuations). Also shown is the Debye model
fit.
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contrast along HAGBs that saturates after annealing times of
about 40 h once a limiting concentration of solute within
HAGB regions has been reached.
To relate the experimental contrast in scattering length to

the concentration of d-PS within HAGB regions several
assumptions were made: first, the concentration of solute is
uniform across all HAGBs; second, the thickness of HAGBs is
equal to the lamellar spacing L independent of the amount of
segregated d-PS; and third, the system can be represented as a
two-phase material consisting of HAGB regions (partially filled
with d-PS) and a uniform matrix with average scattering length
density SLDm. With ΔSLD = SLDHAGB − SLDm being known,
the individual scattering length densities of boundary regions
and grain matrix can then be determined to be a function of
composition using eqs 2 and 3 as
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Here x denotes the relative fraction of d-PS that is segregated
to the boundary (with respect to the total amount of added d-
PS), ϕHAGB is the volume fraction of HAGBs, and ν is the total
volume fraction of d-PS in the blend. Using these definitions, it
can be seen that the terms xν/ϕHAGB and (ϕHAGB − xν)/ϕHAGB
in eq 2 correspond to the respective volume fractions of d-PS
and PS−PI in HAGB regions. Similarly, in eq 3 the term (1 −
x)ν/(1 − ϕHAGB) is the fraction of d-PS still present within the
matrix, and [(1 − ϕHAGB) − (1 − x)ν]/(1 − ϕHAGB) is the
volume fraction of PS−PI in the matrix. SLDHAGB and SLDm
are therefore determined by the respective volume fractions of
d-PS and PS−PI in the boundary and matrix regions and their
respective scattering length densities (SLDd‑PS = 6.41 × 10−6

Å2 and SLDPS−PI = 10−6 Å2). With ϕHAGB being known from
grain mapping analysis (see the inset in Figure 5a) and ν = 0.1
being determined from the composition of the blend, the
relative fraction x of d-PS solute that is segregated within
HAGBs as well as the composition of HAGBs and matrix can
be determined from the invariant analysis (via ΔSLD) through
eqs 2 and 3. Figure 8 displays the evolution of the relevant
compositional parameters during thermal annealing: the

relative fraction of d-PS that has segregated within HAGB
regions (see Figure 8a) and the composition or volume
fraction of d-PS in HAGBs and the PS−PI matrix (see Figure
8b).
Several pertinent features should be highlighted from the

data shown in Figure 8. First, the figure reveals that already in
the as-cast state an imbalance in the distribution of d-PS exists.
While a uniform distribution of d-PS would correspond to a
volume fraction of 0.088, the respective volume fractions of d-
PS in HAGBs and matrix in as-cast film are found to be 0.116
and 0.086. We attribute the modest accumulation of solute
within HAGB regions of as-cast films to the accelerated
dynamics during the late stages of solvent evaporation that
enables some degree of solute diffusion. Note that the
proximity of measured values to the expected value for
uniform distribution also demonstrates the overall accuracy of
the process used to determine the concentration of d-PS from
ΔSLD. Second, thermal annealing initiates the rapid
segregation and accumulation of d-PS within HAGB regions.
After 3 h of annealing ∼14% of the added d-PS has segregated
into HAGB regions (see Figure 8a) corresponding to a d-PS
volume fraction of 0.25 within the boundary regions (see top
panel in Figure 8b). The trend further suggests that after about
40 h of thermal annealing the concentration of d-PS in HAGB
regions saturates at CHAGB = 52 vol %. Because the overall
volume fraction of HAGB regions is rather small (ϕHAGB = 0.07
in the as-cast state; see the inset in Figure 5a), the
accumulation of d-PS within HAGBs has only a minor effect
on the volume fraction of solute within the matrix which is

Figure 7. Plot of SLD contrast between HAGB regions and grain
matrix as a function of thermal annealing time at T = 130 °C. The
SLD contrast was calculated via eq 1 (see text for more details). The
SLD contrast increases and saturates with thermal annealing due to
segregation of d-PS solute within HAGB regions. The inset shows a
plot of the invariant Q = 4π∫ q2I(q)dq as a function of thermal
annealing time (see text for more details). Lines are introduced to
guide the eye.

Figure 8. (a) Plot of the relative fraction of d-PS segregated to the
boundary x(t) as a function of time of thermal annealing at T = 130
°C. (b) Evolution of the composition of (top) HAGB and (bottom)
matrix phase as a function of thermal annealing time. The red bar
represents the volume fraction of d-PS solute (calculated via x(t)ν/
ϕHAGB(t) for boundary regions and via (1 − x(t))ν/(1 − ϕHAGB(t))
for the matrix), and the gray bar represents the respective volume
fraction of PS−PI in both HAGB regions and matrix. Because HAGB
regions represent only a small fraction of the total volume, the
significant increase of the volume fraction of d-PS in HAGB regions
during thermal annealing (from 0.12 at t = 0 to about a fraction of
0.52 at t = 168 h) is accompanied by only a modest decrease of the
volume fraction of d-PS in the matrix (from 0.086 to about 0.075).
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found to decrease from 0.086 (at t = 0) to a final value of
0.075.
To understand the driving force for solute segregation,

Figure 9 displays the evolution of the relative GB surface

tension γrel of symmetric tilt boundaries during thermal
annealing that was determined by analysis of dihedral angles
of GB triple junctions (details on the experimental process are
provided in ref 43).43 Figure 9a displays the dependence of the
relative GB energy on the misorientation (i.e., the tilt angle)
for the PS−PI/d-PS system after 0, 3, and 168 h of thermal
annealing. Note that GB energies are normalized with respect
to the respective value at tilt angle θ = 45°, which was chosen
because for θ < θcrit = 60° no solute segregation was observed,
and hence GB energy should not be affected by thermal
annealing. Consistent with previous reports, the GB energy
increases with tilt angle and levels off at θ ≅ 85° due to a
transition in GB structurethis transition and its impact on
γrel(θ) have been discussed in detail in Grain Coarsening-I.47 A
pertinent feature of the results shown in Figure 9a is the
reduction of the relative energy of HAGBs during thermal
annealingthe reduction reaches about 30% at θ = 160°.
Interestingly, the evolution of the fractional GB tension
γrel(160°)/γrel(θ = 45°) shown in Figure 9b reveals that the
majority of the energetic stabilization of HAGBs occurs within
the first 24 h of thermal annealing.
The inset in Figure 9b reveals that the decrease of the

relative GB energy with thermal annealing correlates with the

accumulation of d-PS in HAGB regions. Maximum stabiliza-
tion is observed after 168 h of thermal annealing, i.e., when d-
PS reaches a saturation volume fraction of 0.52. This
presentsto the authors’ knowledgethe first direct exper-
imental correlation between solute segregation and GB energy.
We hypothesize that the stabilization originates from the
release of stored elastic strain energy that is caused by the
relaxation of perturbed copolymer chains in the boundary
region upon solute segregation. This implies that the extent
and kinetics of solute segregation should be linked to the strain
energy content of HAGB interfaces. To test this hypothesis, a
statistical adsorption model was adopted to predict the rate of
segregation as a function of GB energy.

Langmuir−McLean Model To Describe Solute Segre-
gation in Lamellar Block Copolymer Systems. To better
understand the kinetics of d-PS segregation within HAGB
regions of the PS−PI/d-PS microstructure as well as the
limiting concentrations of solute within matrix and boundary
regions, we follow the approach by McLean.65,66 McLean’s
model is commonly described as an extension of Langmuir’s
isotherm model to predict the segregation of foreign atoms
within grain boundary regions in metal alloys. Specifically, the
equilibrium composition of a system undergoing segregation of
a solute is given by
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where XGB is the fraction of GB area decorated with solute, Xm
is the overall concentration of solute in the matrix, and ΔE
denotes the energy change associated with the segregation of
solutes (whichin the case of solid solutionsis attributed to
the release of stored elastic strain energy).65,66 For the PS−PI/
d-PS system in this study, we identify XGB with the volume
fraction of HAGB that is decorated with d-PS (XGB = xν/
ϕHAGB) and Xm with the total filling fraction of d-PS (Xm = ν)
in the material. To apply eq 4, ΔE needs to be known as a
function of grain misorientation (i.e., tilt angle) across the
boundary. A process for calculating the absolute energy of tilt
GBs in PS−PI has been reported on the basis of self-consistent
field theory (SCFT); however, the simulation is limited to
systems in the weak segregation regime, and hence the results
cannot be directly applied to the present case.41 Because of the
absence of suitable simulation results, the GB energy was
estimated using a continuum layer deformation model. The
process used to estimate the energy of tilt boundaries will be
briefly outlined in the following.
To estimate the energy change ΔE associated with the

segregation of d-PS into HAGB regions, we assume that the
energy change is equal to the elastic strain energy Eel that is
released when solute accumulates in the boundary region and
allows (PS) chains within the boundary region (that are
perturbed from equilibrium) to resume their equilibrium
conformation. We assume that the relaxation process is
“complete”; i.e., the perturbed chains return to their full
equilibrium conformation upon segregation of the solute. The
omission of other contributions such as interface energy
between microdomains is motivated by the observation that
the microstructure of tilt GBs is not significantly altered upon
solute segregation, and hence the total surface energy
associated with the intermaterial dividing surface (IMDS)
should remain about constant. The net energy gain upon
relaxation of one PS chain in the boundary is thus estimated as

Figure 9. (a) Plot of relative GB tensions as a function of tilt angle
after 0, 3, and 168 h of thermal annealing in PS−PI/d-PS (10 wt %).
Grain boundary energy is normalized to respective values at θ = 45°
(see text for more details). Thermal annealing decreases the relative
GB tension of high angle boundaries by 16%. (b) Relative GB tension
at tilt angle 160° normalized by that of the longest annealed system.
The relative GB tension of high angle boundaries decreases rapidly
with thermal annealing. Inset shows plot of the relative GB tension at
θ = 160° normalized by γrel(θ = 45°) as a function of the volume
fraction d-PS (xν/ϕHAGB) in HAGB. The relative surface tension of
HAGBs decreases with increasing accumulation of d-PS.
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3kBT(h
2 − Re

2)/(2Re
2) where Re = nPS

1/2lPS is the equilibrium
end-to-end distance (nPS = 62.5 is the number of Kuhn
segments per PS chain and lPS = 18 Å is the Kuhn segment
length) and h is the end-to-end distance (or brush height) of
perturbed chains in the GB region.67 It is further assumed that
h ≈ Re for lamellae in equilibrium. The dependence of the
brush height h on the tilt angle can be evaluated using a
geometric approach first introduced by Gido et al., who
analyzed the energetics of symmetric tilt GB formation using a
continuum mechanical model.36 The approach evaluates the
effect of boundary formation on chain conformation by
analyzing the deformation of a two-dimensional slice through
a volume element parallel to the IMDS that is subject to a
bending deformation corresponding to a given tilt angle as
illustrated in Figure 10a. The deformation is assumed to be
affine and thus the end-to-end distance (or brush height) of
chains within the GB region can be determined by evaluating
the deformation of the slice. The approach starts out by
relating the interface area Σ(z) of the 2D slice at height z from
the IMDS to the chain surface area per junction Σ0 at the
IMDS via Σ(z) = (1 + 2Hz)Σ0 where H = 1/(2R) is the mean
curvature of the IMDS in the boundary. The latter is related to
the boundary width W and the tilt angle via R = W/(2 sin(θ/
2)). Assuming that the polymer is incompressible and recalling
that W = L (see Figure 3), h and subsequently Eel(θ) can be
determined to be a function of tilt angledetails of the
procedure are provided in the Supporting Information. Figure
10 depicts the geometry used to estimate the brush height h
and boundary energy Eel(θ) as well as the corresponding
results of the analysis.
The elastic strain energy Eel(θ) can be related to the GB

surface tension via γGB(θ) = Eel(θ)/(NAvΣ0(θ)) which is shown
in the inset of Figure 10c. The result reveals that boundary
tension is in the “mJ/m2” range and thus about 2 orders of
magnitude less than corresponding values in metals or
ceramics (a reflection of the entropic origin of the boundary
tension in block copolymers). The predicted trend of γGB(θ) is
in qualitative agreement with the experimental result (adopted
from ref 43) that is shown as red line in the inset of in Figure
10c, albeit it is noted that the model underestimates
(overestimates) estimates dγGB(θ)/dθ in the range of small
(large) misorientations. This is attributed to the transition of
the GB structure from Chevron to Omega morphology which
is not considered in the layer-deformation model. The values
for Eel(θ) that were determined using the geometric model are
within an order of magnitude of earlier SCFT results for the
surface energy of tilt GBs in weakly segregated PS−PI. For
example, Matsen reported for a symmetric PS−PI with degree
of segregation χN = 20 at θ = 85° a surface energy of EGB ≈ 1.4
kJ/mol, whereas our model yields Eel ≈ 7.7 kJ/mol.41 We
attribute the difference to the higher segregation strength in
our systems that is expected to raise the boundary tension.41

Because the relative boundary tension remains constant for θ >
85° (due to the Chevron/Omega transition; see Figure 9), we
use in the following Eel(θ = 85°) = ΔE = −7.7 kJ/mol as a
reference value for the energy change associated with solute
segregation into HAGB regions. The negative sign is
introduced to indicate that the energy is released upon solute
segregation. By use of eq 4, the limiting filling fraction of d-PS
within the boundary is predicted to be xν/ϕ ≈ 0.49, in
excellent agreement with the experimental value 0.52 that is
determined by neutron scattering analysis (see Figure 8).

Similar to the boundary segregation isotherm, the kinetics of
the segregation process can be evaluated if the energetic
driving force ΔE as well as the mobility of the constituents are
known. Specifically, the McLean result for the rate of solute
accumulation in GB regions is given as

−
−

= − [ ] [ ]
C t C

C t C
Bt Bt

( ) (0)
( ) (0)

1 exp erfcGB GB

GB max GB (5)

where tmax is the time for reaching steady state and B =
4Dα−2W−2 with D denoting the diffusion constant of the d-PS
and α = 6.8 denotes the ratio of d-PS concentration in GB
regions after and before the annealing process (i.e., x(t)ν/
ϕHAGB(t) at t = ∞ and t = 0).66 Figure 11 depicts the

Figure 10. (a) Illustration of geometry used to evaluate the brush
height h as a function of tilt angle. The chain on the concave part of
the IMDS stretches and the area per chain Σ0 decreases. (b)
Dependence of the brush height h (concave side) and area per chain
as a function of tilt angle. (c) Dependence of elastic strain energy
Eel(θ) on the tilt angle determined based on 3/2(kBT)(h

2 − Re
2)/Re

2.
Inset shows the corresponding dependence of grain boundary tension
on title angle along with the corresponding experimental trend of
γrel(θ) (red line; see text for more details). Highlighted in gray are
misorientations that are not observed experimentally due to the
transition from Chevron to Omega boundary morphology.
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normalized segregation rate [CGB(t) − CGB(0)]/[CGB(∞) −
CGB(0)] that was determined by USANS/SANS analysis
(square symbols) along with the predicted trend for solute
accumulation in boundaries using eq 5 (solid line). The only
unknown in eq 5 is the diffusion constant D that was
determined by fitting of the model to the experimental data.
The value inferred from the fit (D ≈ 2 × 10−14 cm2/s) is in
excellent agreement with experimental results for a very similar
material system reported by Lodge and co-workers.68

Several pertinent features in Figure 11 should be highlighted.
First, the excellent agreement between the predicted and
experimental trend for the rate of d-PS segregation (for
reasonable values of the diffusion constant) supports the
adequacy of the presented model to capture both the kinetics
and energetics of d-PS segregation in PS−PI/d-PS blends.
Second, model and experiment reveal that solute segregation
occurs during the early stage of thermal annealing; for the
particular case of PS−PI/d-PS, 50% of the solute is segregated
within the first 5 h of thermal annealing. The most important
governing parameter determining the segregation kinetics is
expected to be the diffusion constant D of the solute which is
sensitive to the molecular weight. The inset in Figure 11
displays the predicted influence of D on the solute
accumulation rate that was calculated based on eq 5. For low
molecular compounds with D ≈ 2 × 10−13 cm2 s−1, segregation
within only minutes of thermal annealing is expected. Also
implied by eq 5 is that the rate of solute accumulation increases
with the elastic strain energy that is released upon solute
segregation, although the effect is less pronounced (result not
shown here). It is noted that these predictions neglect any
effect of “enthalpy of mixing” between solute and matrix and
therefore are only adequate for athermal blends such as PS−

PI/PS. The role of solute−matrix interactions on GB
segregation is subject of our current research.

■ CONCLUSIONS

The segregation of solute additives (or impurities) into grain
boundary regions within granular microstructures is a
ubiquitous phenomenon in structured materials and often
found to determine both the microstructure and properties
that are attained through thermal processing of materials.
However, while solute segregation is commonly associated
with crystalline materials (where it is driven by the strong
energy penalty associated with the incorporation of foreign
atoms in a host lattice), our results reveal that the segregation
of additives is also prominent in amorphous block copolymer/
homopolymer blend systems in which “structure” occurs on
the mesoscale. Segregation of the solute is limited to grain
boundaries having misorientations exceeding a threshold value;
the distribution of solute within these “high-angle boundaries”
is approximately uniform and rapidly increases during thermal
annealing. For the particular case of a lamellar PS−PI/d-PS
blend, an ultimate d-PS volume fraction of 0.52 in the
boundary regions is observed after 10 h of thermal annealing at
T = 130 °C. The extent and kinetics of solute accumulation
within high angle boundary regions can be quantitatively
described using a Langmuir−McLean-type isotherm model
that attributes the partitioning of the solute to the release of
stored elastic strain energy as perturbed chains within the
boundary region resume their equilibrium conformation. The
model suggests that the segregation rate is primarily
determined by the mobility of solute in the matrix while the
limiting concentration of solute depends on the amount of
stored elastic strain energy. We hope that our results will
contribute to the better understanding of microstructure
evolution in granular block copolymer materials in the
presence of impurities (such as residual solvent or terminated
chains) or purposefully added fillers (such has in the case of
hybrid materials). The dense filling of boundary regions with
additives might furthermore present opportunities for the
design of novel functional materials in which networks of
suitably decorated high-angle boundaries serve as “percolating
path” to enable desired transport properties.
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