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ABSTRACT: Block polymers assemble into a variety of phase-
separated morphologies based on volume fraction (φ) and
interactions (χ) of the respective blocks. The arrangement of
three different polymer blocks could either be a 3-arm star, with
each block having one terminus attached to a common junction
point or a linear A-B-C architecture. A versatile strategy is reported to synthesize a series of well-defined graft polymers that lie along
the unexplored continuum between a 3-arm star and an A-B-C linear triblock polymer architecture. Using the technique of single-
molecule insertion, precise control over the position of graft arm C along the B chain was achieved. A series of discrete graft
polymers (PMMA-b-PS-g-PEO) with fixed φ and prescribed ω values that lie on the continuum between a 3-arm star (ω = 0) and
linear triblock polymer (ω = 1) were synthesized. Morphological studies using small-angle X-ray scattering and conventional and
energy-filtered transmission electron microscopy reveal the transition between lamellae, perforated lamellae, and cylindrical
morphologies with systematic variation in the ω values, a trend attributed to the topological frustration and the associated χ values
between the three blocks. Molecular dynamic simulations of coarse-grained models were found to predict phase diagrams that are
consistent with the experimentally observed morphologies. Our results suggest that changes in ω lead to topological frustration
which is an important additional new design parameter that can be used to tune the morphology of multiblock polymers in addition
to φ and χ.

■ INTRODUCTION

Block polymers represent a class of materials composed of two
or more covalently attached incompatible polymers which
spontaneously segregate into self-assembled structures with
controllable dimensions and functionalities.1−4 Morphologies
observed for block polymers have been shown to enhance their
toughness, stress at failure, and creep resistance.4,5 The
simplest block polymer architecture is the A-B diblock,
where morphology is dependent on three experimentally
controllable factors: the overall degree of polymerization (N),
defined by the molecular weight of the polymer, the volume
fraction of the A component (φA), and the Flory−Huggins
interaction parameter, χAB, defined as the enthalpy generated
from the difference of like and dislike segment interactions.
Depending on the values of φA and χABN, a diblock polymer
can self-assemble into different equilibrium morphologies.1,3

Altering the morphology can be achieved by either adjusting
the molecular weight at a fixed φA or by changing φA.
The tunability of linear block polymers can be significantly

enlarged by increasing the number of blocks, which can phase-
separate to form multidomain structures used for gas
separation and solar cells,6−8 water purification membranes,9,10

fuel cell and batteries,11−13 and the emerging technology of
three-dimensional photonic crystals.14,15 However, the tuning
parameters remain the same (φ and χ). If the compositional

blocks remain the same (χ is constant), then adjusting the
volume fraction of the blocks (φ), the degree of polymer-
ization N remains the only tunable parameter to alter the
morphology. The change in molecular weight often leads to a
change in polymer morphology which can lead to a detrimental
change in the properties of the material such as stress at failure,
viscoelasticity, and transport properties.4,16,17 In addition, for
AnBn type polymers, conformational asymmetry can also be
used to tune block polymer morphology.18,19

Among the various multiblock polymer architectures, the
linear triblock polymer and the 3-arm star architecture have
been studied extensively, both experimentally and theoretically.
Many complex morphologies have been observed for both
architectures.2,4,20−42 The 3-arm star and A-B-C linear triblock
architectures have the same constitutional blocks, with the
placement of the C block at the junction of an A-B diblock
polymer leading to the 3-arm architecture or positioning the C
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block at the terminus of the B block leading to a linear triblock
architecture. Conceptually, starting with the 3-arm star,
transitioning the position of the C block in discrete intervals
along the B arm would ultimately lead to the generation of the
A-B-C linear triblock polymer. These unexplored architectures
lie along the continuum between a 3-arm star and an A-B-C
linear triblock polymer. The structural complexity of such
continuum architectures can be represented using an equi-
lateral triangle with the 3-arm star located at the midpoint and

each of the vertices representing one of the three possible
linear triblock polymer combinations (Figure 1). For the
progression from the 3-arm star to each of the different linear
triblock polymers, there are two possible pathways to each
vertex.
The investigation of these continuum graft polymers first

requires the development of suitable synthetic methodologies
for the preparation of these novel structures. Full character-
ization through a combination of experimental and theoretical

Figure 1. Diagram illustrating the complexity of the possible progression of an A-B-C 3-arm star to linear triblock polymers. The 3-arm star is
located at the midpoint of an equilateral triangle, and each vertex represents one of the three possible linear polymer architectures. The continuum
graft polymers connecting the central 3-arm star to each vertex can be traversed in two pathways. The expansion shows the investigated continuum
progression from the PMMA (red)-b-PS (blue)-g-PEO (green) A-B-C 3-arm star to A-B-C linear triblock polymer.

Figure 2. MW distribution of PS chains before and after SMI of PFPMI using ESI-MS (left), GPC traces for PS, PS-PFPMI (right) demonstrating
efficient chain extension with styrene after SMI.
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investigations was conducted to reveal the resultant
morphologies as a function of graft position along the
continuum. As a result of these preparative and character-
ization investigations, we describe systematic changes in the
morphology as a consequence of variation in graft position
resulting in topological frustration, all the while keeping the
conventional tuning parameters for block polymer morphology
χ, N, and φ constant. To test this hypothesis, we investigated
one pathway of the progression of an A-B-C 3-arm star to a
linear triblock polymer. Utilizing synthetic methodologies,
well-defined polymethyl methacrylate (PMMA) (red)-b-
polystyrene (PS) (blue)-g-polyethylene oxide (PEO) (green)
continuum graft architectures were prepared (Figure 1) for
experimental morphological characterization and predictive
theory investigations.

■ RESULTS AND DISCUSSION

Synthesis of PMMA-b-PS-g-PEO Continuum Graft
Polymers. Controlling the monomer sequence can have a
profound impact on the overall properties of polymers.43,44

With the development of controlled polymerization techni-
ques, notable progress has been made in developing protocols
to regulate the monomer sequence within polymers.43,45,46

Using multistep controlled radical polymerization in con-
junction with single molecule insertion (SMI), polymer
architectures ranging from a 3-arm star, discrete continuum
graft polymers, and linear triblock polymers were synthesized.
The set of requirements for SMI includes a functional
molecule to be inserted only once at the polymer chain-end
with high fidelity and maintaining the ability to control
subsequent chain extension for a defined polymer chain
growth. Additionally, SMI must also provide a site for efficient
grafting of the third polymer chain.

Maleimides have a strong preference toward cross-
propagation with styrene over homopolymerization.43,47 In
the absence of a styrene monomer, the pentafluoro phenyl
ester maleimide (PFPMI) inserts only once at the polymer
chain-end with high fidelity. Pentafluoro phenyl esters rapidly
undergo quantitative substitution with amine nucleophiles
providing a site for efficient grafting.48 As a proof of concept,
the SMI of the PFPMI molecule was performed after the
controlled synthesis of a moderate molecular weight (MW) PS
as confirmed by ESI-MS where an increase in the MW of the
synthesized PS by 383.23 g/mol corresponding to the MW of
PFPMI, validating a single insertion of the PFPMI molecule at
the PS chain-end (Figure 2). After the successful insertion of
PFPMI, the chain extension was performed using styrene as
confirmed by 1H NMR and gel permeation chromatography
(GPC) (Figure 2, Supporting Information Figure S1). A shift
in the molecular weight distribution was observed from 3.9 kg/
mol for PS-PFPMI to 21 kg/mol for PS-PFPMI-PS
homopolymer with a narrow dispersity (<1.1), confirming
the ability of PS-PFPMI chains to initiate controlled growth of
PS. This was followed by subsequent grafting of amine-
terminated PEO utilizing the activated ester chemistry,
confirming the third and final requirement for SMI
(Supporting Information Figure S2). Selecting the MW of
PS prior to SMI allows for placement of the grafted side chain
at specific locations along the continuum.
With the successful demonstration of the SMI technique, we

utilized this methodology for the synthesis of discrete PMMA-
b-PS-g-PEO block polymer architectures which lie along the
unexplored continuum between a 3-arm star and an A-B-C
linear triblock polymer (Scheme 1). For the beginning of the
continuum, the synthesis of a 3-arm star was performed by
reversible addition fragmentation transfer (RAFT) polymer-
ization to prepare a PMMA homopolymer. Performing the

Scheme 1. Synthetic Strategy for the Synthesis of PMMA-b-PS1-PFPMI-b-PS2-g-PEO Continuum Graft Polymers
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SMI with the PFPMI molecule at the chain-end of PMMA
(Supporting Information Figure S3), followed by chain
extension using styrene, leads to the synthesis of PMMA-
PFPMI-PS diblock polymers with an active grafting site at the
junction of the two blocks. Utilizing the grafting to approach,
an amine-terminated PEO was grafted to the diblock polymer,
generating the 3-arm star architecture. Likewise, for the
synthesis of the end of the continuum, a controlled radical
polymerization of MMA followed by styrene leads to the
synthesis of PMMA-b-PS, and subsequent SMI of the PFPMI
molecule at the active chain-end yields PMMA-b-PS-PFPMI.
Grafting of amine-terminated PEO generates the linear triblock
architecture PMMA-b-PS-g-PEO. This further demonstrates
the versatility of the SMI technique which can be used to
synthesize polymer architectures adjusting the location of the
SMI on the polymer backbone.
For the synthesis of continuum graft polymers with discrete

ω values, PMMA homopolymers and PMMA-b-PS1 diblock
polymers with selected MWs were prepared. SMI of PFPMI
was performed on the synthesized PMMA-b-PS1 chains,
followed by chain extension using styrene to yield PMMA-b-
PS1-PFPMI-b-PS2 block polymers. We define the grafting
position (ω) for continuum block polymers as the ratio
between (PS1) and (PS1+ PS2)

mol. wt. (PS )
mol. wt. (PS PS )

1

1 2
ω =

+

where PS1 is the PS MW prior to SMI and PS2 refers to the PS
MW after the SMI. Thus, ω = 0 refers to a 3-arm star and ω =
1 refers to a linear triblock polymer. Through a detailed
understanding of the polymerization kinetics of styrene
polymerization, SMI allows for the synthesis of PMMA-b-
PS1-PFPMI-b-PS2 block polymers with prescribed degrees of
polymerization of PS1 and PS2, resulting in a defined ω value.
Amine-terminated PEO was then grafted to the synthesized
PMMA-b-PS1-PFPMI-b-PS2 block polymers to yield PMMA-b-
PS-g-PEO continuum graft architectures of exact ω values. To
ensure high chemical purity and narrow dispersity of the
synthesized continuum graft polymers, selected solvent
mixtures were used to remove PMMA, PS, and PEO
homopolymer contaminants as described in the Supporting
Information.
The chemical and molecular weight characterization of the

synthesized continuum graft polymers was performed using 1H
NMR, 19F NMR, and GPC (Supporting Information Figures
S4 and S5). The 1H NMR signals at δ ≈ 3.6 ppm correspond
to the methylene proton of the ethyl ester of PMMA and
signals between δ values 6−8 ppm correspond to the aromatic
protons of PS. After successful grafting of amine-terminated

PEO, a new resonance appears at a δ value of 3.65 ppm
corresponding to the −CH2−CH2−O− protons for the PEO.
The individual volume fraction for each polymer block was
calculated using 1H NMR by integrating the peak area for
specific protons corresponding to the individual blocks. The
representative GPC traces for PMMA-b-PS-g-PEO graft
polymers show no homopolymer or diblock contamination,
thus demonstrating the high efficiency of this synthetic
methodology and the precise control over the molecular
weight and dispersity. (Table 1).

MD and Morphological Characterization. Investigation
of the phase morphology and evolution kinetics of the
materials was performed using a mesoscale molecular dynamics
method. Dissipative particle dynamics (DPD) is a simulation
technique that typically maps multiple chain “mers” into highly
coarse-grained “particles” to study the mesophase formation of
block polymers with various molecular architectures.49−51

Accordingly, DPD can model physical phenomena occurring at
the larger time and spatial scales than typical molecular
dynamics. DPD incorporates the Flory−Huggins χ parameter
by adding a scaling factor aij to a repulsive conservative
potential; that is, aij ≈ aii + 3.27χij, when aii = 25 for a particle
number density (ρ) of 3. Accordingly, the scaling factors for
our system are aPMMA−PS = 40, aPS−PEO = 43.8, and aPMMA−PEO
= 25.7.52 A bond force (FB) is added to connect bonded DPD
particles with a linear spring, FB = −krij, where the stiffness
constant k = 4 in conventional DPD reduced units.49−51

To simulate the effect of both grafting position and the
molecular weight of PEO on the PMMA-PS backbone, the
volume fraction of PMMA and PS is always kept equal by
fixing the number of backbone beads to N = 20, with NPMMA =
10 and NPS = 10. Due to the coarse grain nature of the model,
the grafting point for PEO is considered on the PS2 segment;
hence, the graft position (ω) for simulations is calculated by
NPS1/N(PS1+PS2−1) resulting in ω values between 0 for the 3-arm
star and 1 for the linear triblock. The simulations were
performed in the canonical ensemble (NVT) with a cubic 24 ×
24 × 24 box containing 41,472 DPD particles and using
periodic boundary conditions. Since the density is kept
constant and the molecular weight of PEO is variable, this
leads to a variation in the number of molecules in the system.
All simulations were initially performed by setting all the
interaction parameters aij as 25, which correspond to an
athermal melt. This generates a well-mixed distribution of
chains in the simulation box. Then the values of aij were set to
the above-mentioned aij values representing the appropriate
block χ parameters. The system was then allowed to relax to an
equilibrated morphology for 5 × 108 time steps. The final state
of the simulation was taken as a prediction of the continuum

Table 1. Compositions and Morphologies of the 25-18-ω and 30-32-ω Continuum Graft Polymersa

sample ID PMMA (kg/mol) PS1 (kg/mol) PS2 (kg/mol) PEO (kg/mol) d (nm) morphology

25-18-0 25 0 25 18 39 perforated lamellae
25-18-1/3 25 8 16 18 30 disordered cylinder
25-18-2/3 25 16 8 18 26 perforated lamellae
25-18-1 25 25 0 18 43 perforated lamellae
30-32-0 30 0 30 32 52 cylinders
30-32-1/3 30 10 20 32 35.3 cylinders
30-32-2/3 30 20 10 32 33 perforated lamellae
30-32-1 30 30 0 32 31.1 cylinders

aX-Y-ω; where X denotes the equal MWs of PMMA and PS in a series, Y denotes the corresponding MW of the PEO arm, and ω denotes the
grafting position.
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graft polymer morphology for comparison to the experimental
observations.
Experimental morphological characterization for the differ-

ent series of graft polymers with varying ω from 0 to 1 was
performed using transmission electron microscopy (TEM) and
small-angle X-ray scattering (SAXS). For traditional TEM
observations, that is, bright-field imaging, ruthenium tetraoxide
(RuO4) was used to stain ultra-microtomed samples. A
rationale for the contrast observed on the stained samples is
as follows: assuming that the PMMA will decay to some extent
due to well-known e-beam instability during room temperature
TEM measurements,53 it will appear as the brightest phase
(Supporting Information Table S3) on the TEM images. Since
we only consider contrast generated through elastic scattering,
the PEO will show the lowest intensity due to the heaviest
staining. The PS phase will be mostly unstained and the
PMMA phase is not stained by RuO4.

54,55

Therefore, we assume that the PEO will be the darkest phase
and the PS will have a brightness between PMMA and PEO.
For PMMA-b-PS-g-PEO graft polymers, the progression of χ
values is; χPMMA−PEO < χPMMA−PS < χPS−PEO. With χPMMA−PEO
being small, the PEO chains would prefer mixing with the
PMMA chains, but due to the topological frustration in the
system, a certain degree of PS-PEO chain mixing is assumed.
Since PMMA and PS are immiscible, we only consider the
contrast between the PMMA-PEO and PS-PEO mixed phases.
Based on these assumptions, the PS-PEO will have a contrast

intensity intermediate between PEO and PS, and PMMA-PEO
is likely to have a similar contrast to the pure PS phase.
To avoid the uncertainties related to staining, we performed

zero-loss energy-filtered TEM (ZL-EFTEM) for the unstained
sample series 30-32-ω to obtain a more artifact-free, that is,
impact of the heavy metal staining agent,56 representation of
the morphologies formed by these continuum graft copoly-
mers. Postprocessing analysis for both bright-field TEM images
of the stained samples as well as the ZL-EFTEM images of the
unstained samples was performed by applying two-dimen-
sional-FFT filtering by removing high-frequency noise through
the application of a circular mask with a size slightly larger than
the respective domain spacings measured by SAXS, that is, all
frequencies smaller than the measured expected domain
spacings are removed.57 For the unstained samples, the
interpretation is different since the elastic scattering contrast
of the three polymers contributes a neglectable amount to the
overall contrast. In addition, we assume that both the PMMA
and PEO do not experience considerable beam damage under
cryo- and low-dose conditions. The compositional differences
in the unstained samples appeared adequate to generate
sufficient contrast which resembles the morphologies observed
for the stained samples as depicted in the Supporting
Information Figure S9a−d.
To rationalize the contrast observed via ZL-EFTEM, we

consider the following: PEO, as well as PMMA, have 2 oxygens
atoms per monomer and almost equal densities (PEO: 1.21 g/
cm3; PMMA: 1.18 g/cm3); PMMA has 4 carbons in

Figure 3. Representative figures for the (a,b) lamellae (d,e) cylindrical, and (g,h) perforated lamellae morphologies observed using DPD
simulations and the mimicked contrast through simulations for the experimentally observed morphologies (c,f,i), respectively. Scale bar −100 nm.
Image (c) corresponds to 25-8-1 (Supporting Information Figure S7d), (f) corresponds to 30-32-1/3, and (i) corresponds to 30-32-2/3.
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comparison to 2 for the PEO per monomer resulting in a
higher oxygen density and therefore higher inelastic scattering
cross-section for PEO. PEO should therefore appear darker
than PMMA in ZL-EFTEM (Supporting Information Table
S3). Since PS is only composed of carbon, one could,
therefore, expect that it would be the brightest phase in ZL-
EFTEM, compared both to PEO and PMMA. Even though the
PMMA shows some decay due to electron beam degradation,
this contrast will not change. The PS is only composed of
carbon, and one could, therefore, expect that it would be the
brightest component in EFTEM. PS, however, has an aromatic
ring which shows plasmon scattering that might decrease the
intensity of the PS phase to some extent. The important
conclusion is that whether the PMMA decays or not, it will be
the brightest phase and the PEO might be darker than or
equally dark as the PS phase. We do not believe that it is
reasonable to include mixed phases in these considerations but
for the sake of completeness, their intensities should be equal
to those observed in the stained samples.
To establish a strong correlation between the morphologies

predicted using DPD simulations and those observed by TEM,
the representative snapshots for the morphologies predicted
are first shown in Figure 3a,d,g and are then processed onto a
grayscale in Figure 3b,e,h, respectively. Since the TEM images
were obtained by staining the polymer thin film using RuO4,
with staining affinity decreasing from PEO to PS to PMMA, we
assigned a RuO4 staining probability (Pstain) to each polymer
bead type: P

n i
n

istain
1
2 1 α= ∑ = , where n is the number of

particles in the interaction sphere (rc = 1) and αi = 1, 1.5, and 2
for PMMA, PS, and PEO, respectively. The representative
simulated morphologies treated by this staining probability
profile suggest that in the morphologies observed by TEM, the
PMMA-PEO mixed-phase should appear as the lighter phase
and the PS-PEO mixed-phase as the dark phase. These
simulated morphologies not only appear similar to the
experimentally obtained TEM images (Figure 3c,f,i) but also
provide a better understanding of the behavior of the RuO4
stain for these continuum graft polymers.
For the 25-18-ω series, SAXS data are shown in Figure 4A

and TEM in Figure 5a−d. For the 3-arm star (ω = 0), the
observation of two SAXS peaks in the ratio of 1:2 could be
consistent with any ordered morphology but the correspond-
ing TEM is indicative of a lamellar structure with PMMA-PEO
mixed-phase forming one domain while a PS-PEO mixed-
phase forming the other domain. Moving along the continuum

to graft positions ω = 1/3 and 2/3, weak higher-order SAXS
peaks are observed in the sequence 1, √3, 2, √7. This is
suggestive of a hexagonally packed cylindrical morphology or
perhaps bcc spheres with the √2 peak absent. The TEM
image of 25-18-1/3 is most consistent with poorly ordered
spherical domains, although it is also possible for disordered,
worm-like cylinders to produce such an image with PS-PEO
mixed-phase forming the hexagonally packed cylinders within a
PMMA-PEO matrix. The poor long-range order evident in the
TEM is consistent with the weakness of the higher-order SAXS
peaks. TEM images of the 25-18-2/3 morphology (Figure 5c)
show a layered structure with morphological complexity within
the layers. We conclude that the morphological assignment of a
layered structure with a hexagonal arrangement of perforations
(responsible for the higher-order SAXS peaks) is most
consistent with the data. For the perforated lamellae
morphology, the PS-PEO and PMMA-PEO mixed domains
form the layered structure with PMMA-PEO perforations
running through them. For the linear triblock, 25-18-1, the

Figure 4. SAXS measurements for (a) 25-18-ω and (b) 30-32-ω series.

Figure 5. TEM micrographs for different continuum block polymers
with varying ω values (a−d) 25-18-ω, ω = 0, 1/3, 2/3, and 1,
respectively. Scale bar: 100 nm.
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SAXS shows four peaks with q/q* of 1, 2, 3, and 4 suggesting a
layered structure. However, the TEM of this sample shows a
complex structure within the layers and in some projections
(normal to the layers) hexagonal symmetry is evident. The
combination of the SAXS and TEM evidence points to the
morphology of hexagonally perforated layers for 25-18-1, with
the √3 and √7 SAXS peaks suppressed due to poor long-
range order and/or the form factor.
For the 30-32-ω series, Figure 4B shows the SAXS data and

the Supporting Information Figure S9a−d shows representa-
tive TEM images. Three of these samples (ω = 0, 1/3, and 1)
show higher-order peaks at integral multiples of the primary
peak q value. The SAXS data for ω = 0 is suggestive of a
layered morphology with a peak ratio of 1:3 which could be
consistent with any ordered morphology. However, the
corresponding TEM is indicative of a hexagonally packed
cylindrical morphology. Similarly, for ω = 1/3, weak higher-
order SAXS peaks are observed with a ratio of 1:√7 suggestive
of either a hexagonally packed cylinder or bcc-packed spherical
morphology. The corresponding TEM images in Figure 3f
confirm hexagonally packed cylindrical morphology. The SAXS
data for ω = 2/3 only shows the primary peak with the TEM,
suggesting a layered morphology with perforations through
these layers. For ω = 1, the SAXS data shows higher-order
peaks with a ratio of 1:2 suggestive of any ordered morphology
but the corresponding TEM images confirm the presence of
hexagonally packed cylindrical morphology.
Comparing the two series with the same degree of

polymerization of the PEO arm, the 25-18-ω and 30-18-ω
series (Supporting Information Figure S6), it can be observed
that a small increase in the χN value, can lead to a significant
change in the self-assembly behavior of these continuum graft
polymers. The domain spacing observed using SAXS for the
25-18-ω decreases from ω = 0 to ω = 2/3 and then starts
increasing as the graft position reaches ω = 1.0. However, for
the 30-18-ω series, a monotonic decrease in the domain
spacing was observed as the graft position for the PEO arm
changes from ω = 0 to ω = 1.0. The morphologies observed
using TEM for the 25-18-ω, varied from perforated lamellae
(ω = 0) to cylindrical morphology (ω = 1/3) then changed to
perforated lamellae morphology for the ω values of 2/3 and 1.
Whereas, for the 30-18-ω series, the morphology changes from
undulated lamellae (ω = 0) to perforated lamellae morphology
for ω = 1/3 and 2/3 and back to lamellae morphology for ω =
1. This change in the domain spacing trend using SAXS and
the variation in the morphologies observed using TEM with
respect to a small increase in the χN value could be attributed
to either the presence of a morphological phase boundary of
these continuum polymers or the difference in the topological
frustration for the two series of graft polymers.
ZL-EFTEM images (Figure 6) for the 30-32-ω series

support the morphologies observed using bright-field TEM
(Supporting Information Figure S9) and SAXS (Figure 4B).
While all samples show matching morphologies, the ZL-
EFTEM image for 30-32-1/3 stands apart and provides a more
in-depth understanding of the morphological complexity
observed for this composition. The domain spacing of the
bright-field TEM image in the Supporting Information Figure
S9b matches well with the domain spacing of 35 nm observed
by SAXS. The ZL-EFTEM image, however, shows an
additional spacing in the perpendicular orientation of about
20 nm (the distance of the steps in the “ladder-like”
morphology). When taking a closer look at the simulation in

Figure 3b, one can see a similar arrangement of PS cylinders in
a matrix of PEO/PMMA which appears to show a tendency to
phase-separate independently. It is reasonable to assume that
the higher step width of the “ladder”-like domains observed in
the bright-field TEM image (Supporting Information Figure
S9b) is caused by the RuO4 stain which expands the PEO
phase to some extent. We do not observe this spacing in SAXS
since PEO and PMMA have the smallest electron density
difference of all components (PEO-PMMA = 0.14 vs PEO-PS
= 0.57 vs PS-PMMA = 0.42).
A comparison between simulated and experimental

morphologies for the PMMA-b-PS-g-PEO graft polymers
with respect to changes in ω and φPEO, where φPEO is the
volume fraction of PEO shows that the morphological
transitions predicted for various systems are in qualitative
agreement with experimental results based on SAXS and TEM
(Figure 7). Three ordered morphologies are observed:
lamellae, perforated lamellae, and cylindrical. For the lamellar
morphology, a PMMA-PEO mixed-phase formed one domain
while a PS-PEO mixed-phase formed the other domain.
Similarly, for the cylindrical morphology, the PS-PEO mixed-
phase formed the hexagonally packed cylinders within a
PMMA-PEO matrix. The formation of a PS-PEO mixed phase
for these morphologies can be attributed to the forced mixing
of the PS and PEO chains due to topological frustration
imposed by the grafting position. In the perforated lamellae
morphology, PMMA-PEO and PS-PEO mixed phases formed
the lamella domains with PMMA-PEO perforations running
through the PS-PEO domains. A few simulated perforated
lamellae morphologies initially predicted a continuous PS
domain, indicative of a bicontinuous phase, which disappeared
on equilibrating for a longer time (5 × 109 time steps).
Altogether, a general morphological trend is observed going

from a cylindrical to a lamellar morphology as the chain
architecture changes from a 3-arm star to a linear triblock
polymer. A similar change in morphology is observed in

Figure 6. ZL-EFTEM images of unstained samples (a−d) for samples
30-32-0, 30-32-1/3, 30-32-2/3, and 30-32-1. Scale bar for all images:
100 nm.
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diblock polymers, where on reducing the volume fraction of
one species relative to another, the morphology changes from
lamella to cylinder. However, here we can achieve the same
morphology transition without altering the volume fraction in
the system by changing the effective interfacial frustration
associated with varying ω. Morphologies with increasing
interfacial curvature tend to occur for either larger φPEO at
fixed ω or for decreasing ω at fixed φPEO, wherein with the
order of increasing curvature the morphologies are ranked as
lamellae < perforated lamella < cylinders. The discrepancies
between simulated and experimental results are seen for the
star architecture with φPEO = 0.39 and 0.43. These differences
may reflect some limitations of the DPD model adopted here
whose large extent of coarse graining may blur some important
molecular details, for example, in describing the constraints
around the grafting point and inaccurately capturing the
relative χN interactions.
To further probe the effect of interfacial frustration on

moving from a 3-arm star to A-B-C linear triblock polymers,
the φPEO = 0.31 system was considered, where a well-defined
transition from cylindrical morphology to lamellae was
observed in our simulations. We note that near this φPEO
value, the experimental system (i.e., 25-18-ω series) also
exhibits a similar high-to-low interfacial-curvature morpho-
logical transition upon increasing ω, but rather than
transitioning from cylinder to lamellae, the phase shifts from
perforated lamellae to lamellae. The calculated fraction of
PMMA beads interacting with PEO (ΦPMMA), which quantifies
the extent of mixing between these blocks, reveals a slight
decrease in their mixing as ω increases (Supporting
Information Figure S10). Due to the connectivity to the
interphase region between PMMA-PEO, PS-rich domains have
a higher concentration of PEO than PMMA-rich domains in
the 3-arm star as compared to the linear triblock. The
macroscopic morphology change occurs between ω = 0.33 and
0.44, where the cylindrical morphology changes to lamellae
morphology and is microscopically marked by a significant
increase in the extent of mixing of the fraction of PS with
PMMA or PEO (ΦPS). Figure 8a) shows that this trend in ΦPS
is expectedly accompanied by increasing potential energy (i.e.,
energetic penalty) between PS and PMMA + PEO beads.

Since this increased interaction of PS with PEO is energetically
unfavorable, it is evident that this phase transition is driven by
the small change in the tethering point. This effect emphasizes
the idea that morphology can be controlled by changing ω. We
hypothesize that the increased mixing of PEO with both
PMMA and PS simultaneously is attained by chain stretching
of PEO, which would imply an increased conformational
frustration in the chain. The extent of chain stretching was
measured as the sphericity (S) of the PEO chain58 defined as S
= 3(λ2 + λ3)/2, where λ1, λ2, and λ3 are eigenvalues of the
inertial tensor and λ1 > λ2 > λ3. For a stiff rod-like chain S ≈ 0
and for an isotropic melt chain S ≈ 1. A nonmonotonic trend
in S for PEO chains as a function of ω (Figure 8b) was
observed. As ω increases, the sphericity slightly decreases as
the PEO stretches to mix with PMMA; however, at ω = 0.44, a
dramatic decrease in S was observed. This decrease in
sphericity supports our hypothesis that the chain stretching
is coupled to the increased mixing with PMMA: the chain
configurational entropic loss (associated with PEO stretching)
must be more than compensated by an increase in mixing
entropy, which in turn helps stabilize the emerging lamellae
phase. The sphericity of PEO in the lamellae morphology starts
increasing with ω exhibiting a large jump at ω = 0.77. This
increase in sphericity is due to a reduced interaction between
PS and PEO, leading to less frustration in the PEO chain. The
dramatic change in sphericity at ω = 0.77 is not accompanied
by a change in morphology; instead, it is linked to changes in
lamellae thickness. Indeed, the lamellae shows a minimum
thickness at ω = 0.77 (Figure 8c), which is accompanied by
increased mixing of PS with PMMA and PEO. For ω > 0.77,
the de-mixing of PS with the other components leads to a rapid
increase in lamellae thickness. This trend in lamellae thickness

Figure 7. Morphological phase diagram for the PMMA-b-PS-g-PEO
graft polymers obtained from DPD simulations. The symbols
represent the morphologies from experimental samples as observed
using SAXS and TEM.

Figure 8. Simulation results for φPEO = 0.31 system: (a) potential
energy and the fraction of PS beads (ΦPS) interacting with PMMA or
PEO as a function of ω, (b) sphericity of PEO chains, and (c)
lamellae thickness for varying ω and its comparison with experimental
domain spacing observed using SAXS for the 25-18-ω series.
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is in qualitative agreement with the d spacing trend observed
for the 25-18-ω series using SAXS as the lamella phase
becomes stable. Overall, the observed changes in lamellae
thickness relate to conformational changes in the constituent
chains associated with varying degrees of interblock mixing.
The sphericity of PMMA, PS1, and PS2 was also observed to
change with ω but changes were small, and any trend was
difficult to discriminate given the large statistical noise in the
results. We note that reduction in the sphericity of the PEO
segments will also be associated with an increase in chain
stiffness which may affect other macroscopic properties like
modulus and ionic conductivity.
In conclusion, the SMI of PFPMI and controlled RAFT

polymerization provided precise positioning of the third
polymer arm to prepare a 3-arm star and an A-B-C linear
triblock polymer. Importantly, this highly efficient method-
ology has been utilized to synthesize novel discrete graft
polymers which lie along the continuum between a 3-arm star
and an A-B-C linear triblock polymer. The morphological
characterization of these novel continuum graft polymers with
ω = 1/3 and 2/3 using SAXS and TEM shows a change in
morphologies, keeping the φ and χ constant. This approach of
architecture tuning by varying ω, leading to topological
frustration provides a new design parameter to control block
polymer morphology. The DPD simulations provide a more
comprehensive understanding of the effect of the full range of
ω on the phase behavior of the continuum graft polymers. The
morphologies observed for the synthesized continuum graft
polymers using SAXS and TEM and the theoretical predictions
from DPD simulations are in qualitative agreement. The
architectural landscape of the multitude of transitions between
a 3-arm star and the linear triblock polymer represented by the
ternary diagram in Figure 1 provides extensive possibilities for
achieving morphological complexities as a consequence of
topological frustration. The validation of the theoretical model
built here provides a platform to gain insights into possible
combinations of monomers (Figure 1, red, blue, and green),
overall MWs, respective volume fraction, and χN values to
obtain desirable morphologies. Realizing these structures will
require the development of additional molecular candidates for
utilization in the SMI technique.

■ MATERIALS AND METHODS
The details on synthetic procedures for preparation of monomers and
polymers, polymer characterization, sample preparation for SAXS,
TEM, and ZL-EFTEM, staining procedure, and estimated contrast for
TEM and ZL-EFTEM are provided in the Supporting Information.
Parameters for the DPD simulations are provided in the Supporting
Information.
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