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ABSTRACT: We use broad-band dielectric spectroscopy (BDS)
and small-angle X-ray scattering (SAXS) to investigate the impact
of architectural asymmetry in the miktoarm star copolymer on the
dielectric polymer relaxations. The miktoarm copolymers studied
contain one or two polystyrene (PS) chains of constant molecular
weight and two identical poly(cis-1,4-isoprene) (PI) chains with
varied molecular weights. Using the chains in the PI block as
dielectric probes, we find that the architecturally asymmetric
miktoarm star copolymer systems (PSPI2) feature distributions in
chain relaxation times and dielectric relaxation strengths that are
not dependent on molecular weight or morphology, in stark
contrast to the effects of morphological confinement observed for
symmetric diblock systems (PS-b-PI or PS2PI2). Along with
evidence from the SAXS measurements regarding phase separation, these results are attributed to influences from chain stretching
within the framework of the Gaussian chain model for block copolymer systems. As such, the molecular architecture in block
copolymers happens to be a versatile handle to control polymer chain dynamics and, ultimately, the macroscopic physicochemical
properties in architecturally complex polymers.

■ INTRODUCTION

In recent years, increased attention has been given to
architecturally complex block copolymers (BCPs) due to the
remarkable properties that are attributed, either directly or
indirectly, to the special connectivity of the polymer chains.1−3

Advances in synthesis techniques have afforded precise control
over the BCP chain topology, which add molecular
architecture as an additional molecular handle to tune the
properties of these BCP materials.4−9 One such architecture is
the miktoarm star copolymer, which comprises two or more
blocks containing multiple homopolymer chains, or “arms”,
that are covalently connected at a central junction point.10,11 A
particularly notable feature of the asymmetric miktoarm star
copolymer (e.g., ABn, which has one arm of polymer “A” as a
block and “n” arms of polymer “B” as a block) is the reduced
domain sizes that are formed during self-assembly with high-
molecular-weight blocks compared to those of linear diblock
copolymers with similar block molecular weights.12 Addition-
ally, intricate self-assembled morphologies that are less
accessible to or not possible for linear BCPs, such as “brick
and mortar”, Frank−Kasper σ, and A15 morphologies, have
been reported to form due to architectural asymmetry in the
miktoarm star copolymer.13−21 In addition to the broad-range
morphologies, BCPs with the miktoarm star architecture have
also displayed superior macroscopic physical properties

compared to their linear counterparts, such as increased
Young’s modulus, elastic recovery, and enhanced ionic
conductivity.14,20,22−34 The enhanced material properties
observed for the miktoarm star copolymers likely arise from
contributions of the molecular architecture to morphology and
macroscopic dynamics. Although the dynamics of the polymer
chains and segments within each block, which ultimately
govern the macroscopic properties, are extensively reported for
linear BCP systems,35,36 the possible correlations between
architecture and dynamics in BCPs with complex architectures
remain speculative due to lack of systematic experimental data.
In this study, we investigate the relationships between BCP
molecular architecture and dynamics and make inferences
about the nature of chain stretching as well as interfacial
energies as functions of the self-assembled phase separation
and block molecular weights.
This work employs broad-band dielectric spectroscopy

(BDS) to investigate the dynamics of poly(cis-1,4-isoprene)
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(PI) chains and segments in seven miktoarm star copolymers
with glassy polystyrene (PS) counterblocks. The polymers
studied include three symmetric (A2B2) and three asymmetric
(AB2) miktoarm polymers, where “A” refers to the polystyrene
[PS] block and “B” refers to the polyisoprene [PI] block, and
the PI volume fraction ϕPI is also systematically varied. The
self-assembled microstructures and domain length scales are
measured using small-angle X-ray scattering (SAXS). We
observe that the architecturally asymmetric miktoarm star
copolymer systems (PSPI2) feature distributions in chain
relaxation times and dielectric relaxation strengths that are not

dependent on molecular weight or morphology, in stark
contrast to the effects of morphological confinement observed
for symmetric diblock systems (PS-b-PI or PS2PI2). This
disparity is argued to be due to reduced energies of chain
stretching for the asymmetric systems.

■ MATERIALS AND METHODS
Seven miktoarm star copolymers are investigated in this study: three
with the three-arm miktoarm architecture PSPI2, three featuring the
four-miktoarm star architecture PS2PI2, and one with the three-arm
miktoarm architecture PS(PI−PS′)2 with one arm of PS connected to

Table 1. Details of the Miktoarm Star Copolymers Investigated in This Study

molecular weight (kg/mol)

architecture ID sample ID MwPS,arm
MwPS,block

MwPI,arm
MwPI,block

MwPS′arm
ϕPI

a Đb

PSPI2 18k−10k2 18 18 10 20 0.565 1.05
18k−18k2 18 18 18 36 0.7 1.02
18k−32k2 18 18 32 64 0.806 1.01

PS2PI2 16k2−9k2 16 32 9 18 0.396 1.04
16k2−24k2 16 32 24 48 0.636 1.01
16k2−52k2 16 32 52 104 0.791 1.08

PS(PI−PS′)2 18k(12k−3k′)2 18 24 12 24 3 0.538 1.06
aTotal volume fraction of PI in polymer by x(x + y)−1, where x = MwPI,block

ρPI
−1 and y = MwPS,block

ρPS
−1 with ρPI = 0.83 g/cm3 and ρPS = 0.969 g/cm3.

bĐ denotes polydispersity index.

Figure 1. SAXS scattering profiles for the three-arm miktoarm star copolymers with intensities in arbitrary units. The 18k−18k2 and 18k−32k2
polymers (a, b) adopt a spherical PS morphology with similar PS domain sizes. The 18k(12k−3k′)2 polymer (c) forms PS cylinders. The 18k−10k2
polymer forms lamellae and was published previously and reproduced with permission.40 A sketch of each polymer architecture is the inset in each
plot, with the blue indicating PS blocks and red indicating the PI block. The error associated with the determination of the peak q values is ±0.0004
Å−1.
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two diblock copolymer arms PI−PS′. PS′ indicates a different
molecular weight from that of the main PS block. The main physical
characteristics of each copolymer are listed in Table 1. All of the
polymers were prepared by anionic polymerization in all-glass reactors
with break-seals, distilled benzene as the solvent, and butyl-lithium as
the initiator, as previously reported.4,7,8 These conditions are known
to generate PI with high cis-1,4 microstructure (70% cis-1,4, 23%
trans-1,4, and 7% 3,4) exhibiting monomeric dipole alignment
converging to the primary junction point with the PS block.5

Respective chlorosilane linking agents were used to control the chain
topology in the miktoarm star copolymers.4,37 Absolute molecular
weights were determined using size exclusion chromatography
(Agilent 1260 Infinity II GPC, 1.0 mL/min tetrahydrofuran (THF)
mobile phase at 25 °C) with a Wyatt Dawn Heleos 8 multiangle light
scattering detector, ViscoStar III, and an Optilab T-rEX from typical
polystyrene standards and appropriate refractive index increments
(dn/dc). It is worth noting that the PS block of the PSPI2 copolymers
has been isotopically substituted (deuterium for hydrogen) for
possible future neutron scattering and 1H NMR studies. Differences
between deuterated and nondeuterated PS have been shown to be
negligible in self-assembled phase separation and in the dielectric
response of the PI chains measured by BDS at temperatures below the
dynamic glass-transition temperature of deuterated PS (Tg ∼ 105
°C).38,39

Small-angle X-ray scattering (SAXS) measurements were per-
formed using an SAXLab Ganesha instrument with a 50 kV Cu
Xenocs Genix ULD point source and a 170 μm pixel, 20 Hz Dectris
Pilatus 300k detector at 25 °C. The samples for SAXS measurements
were hot-pressed under a N2 atmosphere at 150 °C for 20 min to
form a polymer film of ∼100 μm thickness, annealed for 48 h at 430 K
under N2, then cooled to room temperature, and sandwiched between
two layers of Kapton tape. The scattering profile of Kapton was
directly subtracted from the measured spectrum of each sample as a
background, assuming additivity of the corresponding intensities.
A Novocontrol high resolution Alpha dielectric analyzer equipped

with a Quatro Cryosystem temperature control was employed to
perform dielectric measurements with an applied electric field of 0.5 V
in a frequency range of 10−1−106 Hz at temperatures of 220 K ≤ T ≤
400 K at 10 ± 0.2 K steps. The polymer films were prepared in the
same manner as the SAXS samples, but rather than being sandwiched
between Kapton tape, they were inserted between two 10 mm brass
electrodes with a fixed spacing achieved using two 100 μm diameter
silica rods. The polymers were annealed in the cryostat under a N2
atmosphere at 430 K for >18 h with constant isothermal dielectric
measurement until no change to the dielectric spectrum was observed,
which indicated successful thermal equilibration. The polymers were
then cooled to 290 K, and the dielectric response was measured. In
this study, only the dielectric data at T ≤ 360 K are presented and
discussed. Due to the high Tg of the PS block, contributions from its
segmental dynamics at T ≤ 360 K occur at frequencies slower than
our experimental spectral window (<10−1 Hz), allowing access to
chain and segmental dynamics of the PI blocks tethered to the glassy
PS interface.

■ RESULTS AND DISCUSSION

Microstructural Characterization by Small-Angle X-
ray Scattering (SAXS). Figure 1 shows the SAXS profiles for
the 18k−10k2, 18k−18k2, 18k−32k2, and 18k(12k−3k′)2
polymers plotted versus the scattering vector, q. The SAXS
profiles of the symmetric four-arm miktoarm copolymers are
given in Part A of the Supporting Information. The 18k−10k2
and 16k2−24k2 copolymers form lamellar morphologies with
domain spacings of 24.6 and 33.2 nm, respectively, as
previously reported.40 From Figure 1, the 18k−18k2 and
18k−32k2 copolymers appear to self-assemble into spherical
PS morphologies in a continuous matrix of PI. Transmission
electron microscopy (TEM) images (see Part A of the
Supporting Information for details) confirm the assignment

of the morphologies and reveal that, in addition to PS spheres,
some cylindrical domains are also observed for the 18k−18k2
polymer. The mean diameters of these spherical PS domains
are ∼18 ± 1.2 nm for both systems as calculated using the
expression dsph,PS(SAXS) = (4π/q*)(2ϕPI/π√3), where q* is
the scattering vector of the first Bragg peak.41 The spacing
between PS spheres and an extent of long-range order is
increased for the 18k−32k2 copolymer as indicated by the
SAXS peaks at higher q values and TEM images. For the final
two PS2PI2 miktoarm copolymers, the microstructures are
interpreted as oriented PI spheres for 16k2−9k2 and PS
cylinders for 16k2−52k2 (see Figures S2 and S3). In Figure S4,
the q* values are observed to decrease with increasing PI block
molecular weight for both PS2PI2 and PSPI2 architectures, but
q* decreases faster with molecular weight for the four-arm
miktoarm copolymers in agreement with previous reports of
smaller domain spacings observed for the asymmetric
miktoarm architecture.12,42

The 18k(12k−3k′)2 copolymer forms PS cylindrical
morphology as indicated by the higher-order SAXS peak at q
= √3q* in Figure 1c. For linear PS−PI diblock copolymers
with ϕPI = 0.5, lamella structures are typically expected.
However, the A(BA′)n architecture has previously been shown
to form cylinders of the A block for ϕB = 0.5.22,31,43 To
compare the 18k(12k−3k′)2 copolymer to similar polymers
from the literature, the block-asymmetry parameter (τbi =MPS/
[MPS + MPS′]), which quantifies end-block bidispersity of the
PS and PS′ chains, is calculated to be τbi = 0.856. This value
suggests that there is no deflection in the cylinder−gyroid
phase transition region and corroborates our assignment of the
higher-order SAXS peak to the formation of cylindrical
morphology for the 18k(12k−3k′)2 polymer.31,44,45 Compar-
ing the two three-arm miktoarm star copolymers with ϕPI ∼
0.5 in Figure 1c,d, it is interesting that the q* for 18k(12k−
3k′)2 is larger than that of the 18k−10k2 polymer,
corresponding to a smaller distance between PS domains in
the 18k(12k−3k′)2 polymer even with a larger-molecular-
weight PI block. This disparity inevitably implies that the PI
chains are more stretched across the PI block in the 18k(12k−
3k′)2 system. This picture is analogous to that of the well-
studied PI chains in a PS−PI−PS triblock copolymer and will
be discussed in more detail in the context of dielectric
relaxations for the 18k(12k−3k′)2 copolymer in the Dynamics
and Structure of the PS(PI−PS′)2 Miktoarm Architecture
(BDS and SAXS) section.46

Dynamics for Symmetric PS2PI2 and Asymmetric
PSPI2 Architectures. For dynamics of the PI with cis-1,4
isomeric chemical structure, which is considered a model type-
A polymer, the time-dependent dielectric response function
Φ(t) is related to the complex dielectric function ε* by

∫ε ε ε Φ* − = −Δ π
∞

∞
−

t
t t

d
d

( ) e dft

0

i2
(1)

where ε∞ is the high-frequency (unrelaxed) value of the real
part of the dielectric function, Δε is the dielectric relaxation
strength, and f is the frequency of the applied electric field. The
alignment of the monomeric dipole moments within the
backbone of a type-A chain is such that they may be separated
mathematically into vectors that are perpendicular (μ⊥) and
parallel (μ∥) to the chain contour.47,48 In the imaginary part of
the complex dielectric function ε″( f) of PI, the averaged
polarization responses of μ⊥ are observed as a high-frequency,
low-temperature segmental process (i.e., α-relaxation) and the
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summation of the individual dielectric relaxations of μ∥ are
observed as the normal mode (i.e., chain) relaxation at lower
frequencies. When the time scales of these two relaxations are
well separated, Φ(t) is described by a linear combination of
the normalized autocorrelation function of the polarizations of
the nth and mth segmental dipole vectors separated into μ⊥

and μ∥ portions across all chains by

∑ μ μ μ μ

μ μ μ μ
Φ =

∑ ∑ ⟨ · ⟩ + ∑ ∑ ⟨ · ⟩
∑ ∑ ⟨ · ⟩ + ∑ ∑ ⟨ · ⟩

⊥ ⊥

⊥ ⊥t
n m t n m t

n m n m
( )

( ; 0) ( ; ) ( ; 0) ( ; )

( ; 0) ( ; 0) ( ; 0) ( ; 0)i

n m i i n m i i

n m i i n m i i

(2)

In eq 2, the first term represents the averaged relaxation of
the chain end-to-end dipole and occurs on the time scale of
polymer flow, and the second term represents the averaged
relaxation of segmental dipole vectors on the time scale of the
dynamic glass transition. Cross-terms between the polarization
of dipoles within a single chain have been experimentally
shown to be negligible due to the low dipole interaction
energies relative to the thermal motion of the segments.49 As
for the local correlation function C(n,t;m) = ⟨u(n;0)·u(m;t)⟩/
⟨u2⟩, cross-correlations among the dynamics and orientations
of bond vectors u(t) in a neighboring chain (as opposed to
polarization cross-correlations of dipoles) may not vanish due
to constraints on chain motion such as chain entanglements or
phase separation in block copolymer systems. Often, these
orientational correlations are considered within the Kirk-
wood−Fröhlich correlation factor g, which is contained within
the Δε term in eq 1.50,51 This will be discussed further in the
Dynamic Evidence of Reduced Chain Stretching section with
respect to eq 3 for the 18k(12k−3k′)2 polymer. For now, all
dipole motion and orientations are assumed to be incoherent,
where g is unity. Further details concerning the analysis of the
dielectric spectra are discussed in Part B of the Supporting
Information.
Figure 2a−c displays the imaginary part of the complex

dielectric function for the PSPI2 polymers at three
representative temperatures. The high-frequency α-relaxation
is observed at the lowest temperature, while the chain
relaxation is observed at low frequencies for all temperatures.
At the highest temperature, an increase in the dielectric loss
spectra is observed toward low frequencies, which scales as ε″
∼ f −1. This contribution is due to dc ionic conductivity arising
from trace impurities remaining after synthesis.52,53 The
spectral shape of the chain and α-relaxations for all miktoarm
star copolymers (except the 18k(12k−3k′)2 polymer) are
revealed in analysis of the master curves, which are produced
by shifting the ε″ spectra from 240 to 330 K by the
temperature-dependent shift factors aT, which are found in
Figure S7. These master curves confirm that the PI chain and
α-relaxations are well separated in the time domain (cf. eq 2)
and the spectral shapes of each relaxation are constant with
temperature.54 The master curve spectra in Figure S8 were fit
for each polymer using two empirical Havriliak−Negami
functions to reveal the spectral shapes of individual relaxations
at each temperature, as detailed in Part B of the Supporting
Information. For all of the polymers studied, the temperature-
dependent frequency of maximum loss (ωα,max = 2πfα,max) and
the spectral shapes of the α-relaxation are displayed in Figure
S12. The similarities in α-relaxation rates and spectral shapes
among all of the polymers suggest that all PI segments within a
block experience comparable local friction within the phase-
separated domains.55 Therefore, the miktoarm architectures in
this study do not affect molecular motion associated with the

length scales of the PI segments and, therefore, do not
significantly affect the dynamic glass transition of the PI
blocks.56−58

In Figure 2d, the spectral shapes of the dielectric chain
relaxations of the PSPI2 polymers are normalized by PI volume
fraction (ϕPI) and the frequency of maximum loss ( fn). The
shapes and intensities of these processes are very similar, even
with increasing molecular weight and differences in morphol-
ogies among these polymers. This suggests that similar normal
modes are contributing to the dielectric chain relaxation for
these polymers.59 On the other hand, the spectral shapes of the
chain relaxations for the four-arm miktoarm copolymers
(PS2PI2) vary drastically among the samples, as shown in
Figure S14. These changes in PI chain relaxation spectral
shapes for the PS2PI2 polymers are qualitatively similar to that
observed for linear diblocks across different morphologies, as
displayed in Figure S15. The trend in PI chain relaxation shape
for different morphologies can be understood as follows. As
constraints on chain motion are increased due to changes in
morphology, the relaxation intensities associated with the
relaxations decrease relative to the α-relaxation and span a
wide frequency range, leading to “broadening” of the chain
relaxation spectra.60,61 According to the literature, an increase
in spectral broadening results from a significantly slowed
terminal chain relaxation. This slowing down of the terminal
chain relaxation increases as the morphology changes from a
continuous PI domain → lamellar → PI cylinders → PI
spheres.41 Spectral broadening is associated with increased
orientational anisotropy of chain conformations and dynamic
anisotropy along the chain contour with respect to the normal
vector from the domain interface, as well as increased
thermodynamic constraints.41,62,63 In this context, the
thermodynamic, or “osmotic”, constraints are expressed as
the requirement to maintain a constant segment density within
the domain, and as this effect increases, there is a decrease in
the available chain configurations (i.e., decrease in entropy).49

Figure 2. Dielectric loss spectra at various temperatures (circles: 260
K, squares: 300 K, triangles: 360 K) for PSPI2 polymers (a−c). Data
in (a) are reproduced from ref 16 with permission. In (d), the spectral
shapes of chain relaxation spectra are presented by normalizing ε″ by
PI volume fraction (ϕPI) and frequency by the frequency of maximum
loss ( f n) to facilitate comparison. The error bars are smaller than the
sizes of the symbols, unless specified otherwise.
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Within the framework of the monodisperse homopolymer
Gaussian chain model, the coarse-grain segments take on
random configurations in all directions. On the other hand, for
the Gaussian chain in phase-separated block copolymers, there
is an increased segmental stretching required to maintain a
constant density within the domain corresponding to a
decrease in the number of available configurations.64 In the
strong segregation limit, the area per molecule within the
interface is directly proportional to the free energy of mixing
required to maintain the interface and is inversely related to
the stretching energy that is imposed by elastic forces on the
junction points. These two contributions constitute the total
free energy that drives phase separation.64 It has been
determined that the area per molecule within the interface
increases for the asymmetric miktoarm copolymer (AnBm,
where n ≠ m) compared to that for the symmetric miktoarm
(n ≠ m) and linear diblocks.40,65,66 Consequently, the
asymmetric PSPI2 architecture has lower stretching energies
compared to the symmetric architectures that display similar
morphologies. Therefore, the differences in the osmotic
constraint on PI chain motion that is required to maintain
constant segment density among differing domain geometries
are reduced for the PSPI2 polymers. The reduced osmotic
constraint then causes a decrease in the orientational
anisotropy of chains with respect to the interface resulting in
similar dielectric normal mode spectral shapes in Figure 2d for
the three PSPI2 polymers. A schematic of this effect is
displayed in Figure 4b.
Dynamics and Structure of the PS(PI−PS′)2 Miktoarm

Architecture (BDS and SAXS). We now turn our attention
to the dynamics and structure of the PS(PI−PS′)2 system.
Master curves of the dielectric spectra of the 18k(12k−3k′)2
copolymer reveal that the frequency−temperature super-
position does not hold as it does for all of the other miktoarm
star copolymers in this study. Therefore, data for the
18k(12k−3k′)2 copolymer are presented at each individual
temperature in Figure 3 with the low-frequency conductivity
contribution subtracted from the spectra. Additional details
regarding the fits to the dielectric spectra at each temperature
for the 18k(12k−3k′)2 copolymer are found in Part B of the
Supporting Information. In Figure 3a, a slow dielectric
relaxation is observed at the selected temperatures for the
18k(12k−3k′)2 copolymer. In block copolymer systems where
both ends of the PI chain without dipole inversion are tethered
to the glassy PS interface, it is expected that no chain relaxation
would be observed.63,67 There are two possible mechanisms
giving rise to the observed dielectric PI chain relaxation for the
18k(12k−3k′)2 copolymer: (1) fluctuations of the two PI
chain ends that share the junction point with the PS block or
(2) fluctuations at the PI chain ends connected to the low-
molecular-weight PS′ blocks, which has been described
elsewhere as A′ block “pull-out”.14,31,44

To verify whether the second mechanism of A′ pull-out is
plausible for the system reported here, the scattering invariance
(Q) was determined, which provides the degree of electron
density contrast across the interphase (see Table S1 for values
of Q).68 When there are only two phase-separated domains,
the invariance is defined as Q = ϕ(1 − ϕ)⟨η2⟩, where ϕ is the
volume fraction of either block and η is the difference in the
electron density between the two phases.69 The 18k(12k−
3k′)2 copolymer and the 18k−10k2 copolymer have nearly the
same Q values (1.7 × 10−5 and 1.6 × 10−5 au/Å3, respectively),
which suggest a similar contrast in electron density between

the phases for the two polymers. Additionally, higher values of
I(q)q4 at long q (termed the Porod plot found in Figure S6)
are associated with decreased thickness of the interface
between scattering domains.70 The ratio of I(q)q4/Q as q →
∞ gives a relative estimate of the geometric surface-area-to-
volume ratio of the domains.70 The 18k(12k−3k′)2 copolymer
and the 18k−10k2 copolymer have the lowest I(q)q4/Q values
as q → ∞ compared to the other polymers in this study. This
indicates relatively sharp changes from PI to PS domains for
the 18k(12k−3k′)2 and the 18k−10k2 copolymers with a
relatively narrow domain boundary thicknesses and suggests
that for the 18k(12k−3k′)2 polymer the short PS′ block
remains segregated from the PI domain and is embedded
within the PS domain at room temperature. Therefore, we
conclude that no “pull-out” occurs for the 18k(12k−3k′)2
copolymer at the temperature of the SAXS measurement.
Next, to address a possible PS′ pull-out at other temper-

atures, we note the similarity in the temperature dependence of
ωα,max among all of the block copolymers and the similar
distributions of the relaxation times as inferred from the similar
α-relaxation shapes in Figure S12. As stated in the Dynamics
for Symmetric PS2PI2 and Asymmetric PSPI2 Architectures
section, this similarity suggests that the local friction of the PI
segments is comparable across all of the miktoarm copolymers
investigated here. Additionally, the low-molecular-weight PS′
block is estimated to have a Tg > 350 K.71 As can be observed
from Figure 3a, the PI chain relaxation for the 18k(12k−3k′)2
copolymer is measured starting at 260 K. At this temperature,
the PS′ chains are effectively frozen within the cylindrical PS
domains. In a study by Alig et al., it was shown that in the
linear triblock copolymer PS−PI−PS (with MwPS,arm

∼ 20 kg/

Figure 3. Dielectric loss at various temperatures as indicated for
18k(12k−3k′)2 (open symbols) and modified dielectric loss spectra
obtained by subtracting the ionic conductivity contribution at low
frequencies (closed symbols) (a). In addition, the chain relaxations
have been normalized by peak intensity and frequency to show a
narrowing of the shape with increasing temperature (b). Error bars are
smaller than the sizes of the symbols, unless specified otherwise.
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mol), the PI chain relaxation is nearly indiscernible below the
Tg of the PS block due to both of the PI chain ends being
immobile at the interface with the glassy PS domains.72 While
some fluctuations of segments at the interface are expected, the
length scale of these fluctuations has been determined to be ∼8
monomeric units, which is less than half of the degree of
polymerization of the PS′ blocks.72 Therefore, we argue that
any interphase fluctuations of the PS′ segments would not
significantly contribute dynamics of the PI chain ends in the
18k(12k−3k′)2 copolymer such that the PI chain relaxation
becomes active by dielectric perturbation and that the PS′
block does not migrate into the PI domain at the measured
temperatures and time scales.
To consider mechanism 1, we return to the SAXS profiles of

the polymers with asymmetric PSPI2 and PS(PI−PS′)2
architectures and consider the lower stretching energy of the
PSPI2 polymers in comparison with symmetric architectures, as
described earlier. As determined from the SAXS analysis in the
Microstructural Characterization by Small-Angle X-ray Scatter-
ing (SAXS) section, the PI chains terminated by the short PS′
block in the 18k(12k−3k′)2 copolymer are stretched within
the PI domain compared to those in the 18k−10k2 system. In
PS−PI−PS linear triblock systems, PI chains that span the PI
domain and are anchored at the interface with the PS block
impart an elastic force on the junction point.41 In the PS(PI−
PS′)2 polymer architecture, however, the elastic force of the
two PI chains is distributed to a single PS chain at one end and
individually to two separate PS′ chains at the other end. For
this molecular depiction of the PS(PI−PS′)2 architecture, the
elastic force experienced by the PS junction imparted by the
two stretched PI chains would be greater than that imposed on
a single PS′ junction at the other end of the PI block, as
illustrated in Figure 4c. Therefore, with the PS′ block
determined to be immobile at experimental temperatures and
time scales, and the argument for the stretching energy of two
PI chains dissipated by the junction with a single PI chain, we
suggest that the dynamical origin of the PI chain relaxation in
the PS(PI−PS′)2 polymer is in the fluctuations of the PI chain
ends at the PS junction point, as depicted in Figure 4c.
In Figure 3b, the slow relaxation observed from 300 K <T <

360 K for the 18k(12k−3k′)2 copolymer is normalized by the
peak frequency and maximum value of the dielectric loss. This
representation reveals that this relaxation narrows with
increasing temperature. A narrower distribution of chain
relaxation times with increasing temperature presumably
corresponds to an evolution toward more homogeneous
chain conformations. Additionally, the frequency of maximum
loss (ωn) of this slow relaxation is shown in Figure S13 to have
an Arrhenius-like temperature dependence, which is in contrast
to the temperature dependence for ωn in linear diblock
copolymers and all of the other miktoarm copolymers in this
study which follow the Vogel−Fulcher−Tammann (VFT)
equation. The VFT and Arrhenius fitting parameters for the
relaxation rate data can be found in Table S3 of the Supporting
Information, Part B. The Arrhenius-like temperature depend-
ence for the slow chain relaxation is not characteristic for block
copolymer chain relaxations. It has been shown that a decrease
in conformational entropy (Sc) for glass formers results in a
reduction in cooperative motion.73 Thus, we conjecture that
there is a reduction in the cooperativity associated with the PI
chain dynamics for the 18k(12k−3k′)2 system compared to
that of the other polymers. The single thermal activation at
experimental temperatures for chain dynamics in the 18k-

(12k−3k′)2 copolymer is, therefore, likely due to a decrease in
Sc that is balanced with the relative increase in the elastic force
on the junction point between the two PI chains and the PS
block compared to each individual PS−PI′ junction. The
decrease in topological degrees of freedom of PI segments (i.e.,
decreased Sc) is also in accordance with reductions in
cooperative motions in terms of the requirement to maintain
a uniform segment density (i.e., osmotic constraint). With this
perspective, we conclude that the dynamics of the PI chain
measured by BDS in the 18k(12k−3k′)2 copolymer is activated
by fluctuations at the PS−PI2 junction with an activation
energy of 28 kJ/mol as calculated from the Arrhenius fit in
Figure S13.

Dynamic Evidence of Reduced Chain Stretching. The
dielectric strength of the chain relaxation Δεn, which is
analogous to Δε in eq 1 for the summed parallel dipole
moment relaxation in eq 2, is displayed in Figure 5 for all of the
miktoarm star copolymers. These Δεn values are normalized by
absolute temperature (T) and ϕPI. For PI homopolymers, this
normalized Δεn is constant with temperature above the critical
molecular weight (Mc ∼ 5000 g/mol) and follows the
dynamical description of the average chain relaxation by
Gaussian statistics.74,75 Assuming monodisperse chains, the
equation for dielectric strength of the chain relaxation is

ε
π μ

ϕΔ = ⟨ ⟩||N

k TM
Fg R

4

3n
a

2

b w,PI
PI

2

(3)

where Na is Avogadro’s number, μ|| is the magnitude of the
parallel portion of the monomeric dipole moment, kb is

Figure 4. Schematic illustration showing chain stretching in phase-
separated linear PS-b-PI diblock copolymer (a), PSPI2 miktoarm
copolymer (b), and PS(PI−PS′)2 miktoarm copolymer (c). PS
cylinder morphology is chosen for simplicity. The image depicts
typical chain stretching normal to the interface for the PS-b-PI
polymer, which we predict to be similar to that found in the PS2PI2
systems. The PSPI2 system is shown to have decreased orientational
anisotropy and reduced chain stretching. The PS(PI−PS′)2 is
depicted as having PI chains spanning across the PI domain as
bridges. The one PS(PI−PS′)2 polymer with an unfilled junction
point symbol displays the PI chain bending back to form a loop. A
relative increase in elastic force is depicted at the junction of the PS
and PI chains in the PS(PI−PS′)2 polymer compared to that of other
PS/PI junction points as discussed in the main text.
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Boltzmann’s constant, Mw,PI is the molecular weight of the PI
arm, F is the Onsager factor that corrects for nonzero local
electric field fluctuations and is assumed to be unity for all
type-A polymers,53 g is the Kirkwood−Fröhlich correlation
factor that considers cross-correlations in the local correlation
function (as briefly mentioned in the Dynamics for Symmetric
PS2PI2 and Asymmetric PSPI2 Architectures section), and ϕPI
is the volume fraction of PI. The TΔεnϕPI

−1 in Figure 5 are
nearly temperature-independent for all PSPI2 and PS2PI2
polymers. However, with changes in PI molecular weight for
the PSPI2 polymers, the values of TΔεHNϕPI

−1 are constant but
vary among the PS2PI2 polymers. The variations in
TΔεHNϕPI

−1 among the PS2PI2 samples in Figure 5 can be
explained through another parameter that characterizes local
constraints on chain conformations, the characteristic ratio
(C∞ ∼ ⟨R2⟩/Mw,PI, which for PI homopolymer is 4.8).76

Assuming g = 1 for the PSPI2 and PS2PI2 polymers, rearranging
eq 3 shows that TΔεnϕPI

−1 ∼ ⟨R2⟩/Mw,PI. The increase in PI
molecular weight from the 16k2−9k2 copolymer to the 16k2−
24k2 copolymer brings about an increase in interfacial energy
due to the change from spherical PI domains to lamellar
morphology, which is offset with an increase in PI stretching
energy in the PI spheres due to osmotic constraints. Consistent
with this change in chain stretching for PI spheres, the estimate
of the characteristic ratio, C∞ = ⟨R2⟩/Nu2 ∼ ⟨R2⟩/Mw,PI, where
N is the number of u bond vectors of PI, is decreased for the
16k2−24k2 copolymer compared to that for 16k2−9k2.
Conversely, the similar values of TΔεnϕPI

−1 ∼ C∞ for the
PSPI2 polymers suggest that the relative constraints on the PI
chain segment to stretch away from the interface are relatively
constant among differing morphologies for this architecture.
This further indicates that the effects of morphology on chain
conformation are reduced for the PSPI2 molecular architecture
as compared to those for the PS2PI2 polymers.
The TΔεHNϕPI

−1 data for 18k(12k−3k′)2 in Figure 5, on the
other hand, is greater by a factor of ∼2 at low temperature
(∼285 K) and increases with increasing temperature. This
result can be understood based on arguments made by
Watanabe and co-workers on the effects of loops and bridges in
PS−PI−PS triblock copolymers.59,67 These studies probed
PS−PI−PS polymers with symmetric dipole inversion of the PI
midblock, which allowed for a dielectrically observable chain
relaxation even without any effectively free PI chain ends.41,67

They showed that the Δεn for PS−PI−PS with dipole
inversion is greater by a factor of 1.5 compared to that for
the linear diblock, which has one free chain end.41,59 This was
suggested to occur because of cross-correlations in the local
correlation function associated with PI chains that form
knotted loops or bridges in the PS−PI−PS triblock spanning
between PS domains, and, as these correlations increase and
approach the case where all of the chains are knotted chains,
the increase factor approaches 2.5 compared to that of the
linear diblock.59,74 In the PS(PI−PS′)2 polymer in the current
study, there is no dipole inversion within a single PI arm.
However, we may consider the two individual chains of the PI
block that are linked at the junction point with the PS block as
a single probe chain with a dipole inversion at the domain
interface. With this consideration, the junction point can be
described as a knotted loop in a PI chain with dipole inversion
at the central point between the two PI−PS′ junctions in the
context of the model described by Watanabe and co-
workers.59,61,74 With the relatively larger elastic force at the
PS interface from the two PI chains, as described in the
Dynamics and Structure of the PS(PI−PS′)2 Miktoarm
Architecture (BDS and SAXS) section, the motion of the PI
chain between the two PS′ blocks can be viewed analogously as
a knotted loop. In addition to increased PI arm stiffness due to
chain stretching across the interface (i.e., increased ⟨R2⟩/
Mw,PI), this higher normalized dielectric relaxation strength of
the PS(PI−PS′)2 polymer at low temperatures is then
qualitatively ascribed to the enhanced orientational polar-
ization of PI chains arising from knotted loops. Next, these
dynamics will be discussed in terms of correlations of subchain
motion to explain the empirical temperature dependence with
a slope of 1/3, which in Figure 5 for the 18k(12k−3k′)2
polymer.
In Figure 5, the normalized dielectric relaxation strength of

the PI chain for the PS(PI−PS′)2 polymer increases with
temperature with a slope of 1/3. This linear increase has
origins either in an increase in the average size of the PI chain
end-to-end dipole at higher temperatures (i.e., an increase in
⟨R2⟩ corresponding to an increase in chain stiffness) or in an
increase in cross-correlations of bond vector motion, u(t),
mentioned in the Dynamics for Symmetric PS2PI2 and
Asymmetric PSPI2 Architectures section, with increasing
temperature. First, in conjunction with the above discussion
that indicates that no pull-out occurs for the 18k(12k−3k′)2
polymer, we posit that it is unlikely that ⟨R2⟩/Mw,PI would
increase at T < Tg of the PS and PS′ blocks. Also, Figure 3b
shows that the distribution in chain relaxation times decreases
with increasing temperature, which is contrary to an increased
chain stretching with increasing temperature. Therefore, we
explore the possibility of increased correlations in subchain
motion through nonzero cross-terms among u(t) in the local
correlation function C(n,t;m) from eq 1 as parameterized by g
in eq 3.
The Kirkwood correlation factor is defined as g = 1 +

⟨cos θi,j⟩, where θi,j is the angle of the dipole moment vector of
the “ith” chain with respect to the “jth” nearest-neighbor chain
dipole vector.53 For g = 1, there are no correlations in dipole
orientation. For g > 1, the correlations in dipole orientation are
more parallel. Finally, 0 < g < 1 indicates that dipoles are
oriented more antiparallel. Using the Doi and Edwards tube
model, it was determined that g = 4/5 for entangled
homopolymer chains by considering the equilibration of
subchain tension during relaxation, which places a nonzero

Figure 5. Normalized dielectric relaxation strength of the PI normal
mode in miktoarm copolymers versus temperature. The solid line is a
linear fit to the 18k(12k−3k′)2 data. The strengths are multiplied by
the PI volume fraction and temperature to represent the characteristic
ratio, ⟨R2⟩/Mw,PI, of the PI chains, as described by eq 3. Error bars are
smaller than the sizes of the symbols, unless specified otherwise.
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force far from the chain ends.77,78 Additionally, Watanabe
showed that for the coherent motion of polymer subchains
(i.e., cross-correlations of subchains at long times), the
decrease in g for entangled chains is due to a decrease in the
initial orientational anisotropy of subchains during the contour
length fluctuation mechanism (also termed dynamic tube
dilation).61 In other words, there is enhanced motion near the
chain ends compared to that of interior subchains, which are
confined by entanglements increasing isotropy in chain
orientation during relaxation.79 Furthermore, in lamellae
forming PS-b-PI diblock systems, there is a direct correlation
between an antiparallel chain orientation across the domains
and the chain end-to-end distances as the chains stretch away
from the interface.80,81 In the PS(PI−PS′)2 polymer, we assert
that PI chains are statically stretched between the PS domains.
This decreases the orientational anisotropy at low temper-
atures compared to the PSPI2 polymers. As the temperature
increases, the elastic forces on the junction points required to
maintain the interface decrease, which releases subchain
tension during relaxation toward equilibrium. This mechanism
subsequently enhances the contributions of knot-like dynamics
and corresponds to a decreased fraction of antiparallel chain
orientations in the PS(PI−PS′)2 polymer as the temperature
increases.82 Then, as the subchain tension is reduced with
increasing temperature, there is a shift toward a more
homogeneous distribution in chain relaxation rates with
increasing temperature, observed in Figure 3b. This coincides
with a reduction in g analogous to entangled homopolymer
chains due to the nonzero subchain tension. Through these
arguments, a positive slope in the temperature dependence of
TΔεnϕPI

−1 in Figure 5 for the PS(PI−PS′)2 polymer is
rationalized through correlations in chain relaxation dynamics,
as parameterized by g = 1/3. For more details regarding the
connection of g to the Gaussian chain model, see Part C in the
Supporting Information.
Finally, Figure 6 displays the molecular weight dependence

of τn at 320 K for all of the miktoarm systems, along with data
from the literature.36,75,84,85 The prediction by Doi and
Edwards for the relaxation times of normal modes of entangled
flexible homopolymers is

τ ς
π

= N b
k Ta pp

3 4

2
b

2 2
(4)

where ς accounts for local friction, N is the number of
segments in the polymer chain, b is the segment length, a is the
Rouse tube diameter (which accounts for entanglements of
chains), T is the absolute temperature, kb is the Boltzmann
constant, and p is an integer corresponding to the eigenvalue of
the chain relaxation mode. Figure 6 shows data of entangled
homopolymer PI (closed squares), which follow the
experimental power law of τn ∼ Mw,PI

3.7, which deviates
slightly from the prediction of eq 4. This power law holds for
tethered PI such as in phase-separated PS-b-PI linear diblock
copolymers and PI star homopolymers (open squares), but
with a 4-fold increase compared to free chains (4τn =
τn,tethered).

86,87 For the PS2PI2 polymers (red up-triangles),
these predictions hold quantitatively. We note that because the
spectral shapes of the chain relaxations for the PS2PI2 polymers
in this study are quite different, it is not evident that the same
normal modes are probed by BDS, and the constraints on
chain motion are likely dissimilar among differing morpholo-
gies similar to linear PS−PI systems.49 On the other hand, the
spectral shapes of the PI chain relaxation in the PSPI2 systems
are morphology and molecular-weight-independent (cf. Figure
2d). In Figure 6, the values of τn for PI in the PSPI2 systems
(black down-triangles) are slightly increased at the same
molecular weight compared with the τn for systems with
symmetric chain topologies. Also, there is a slightly reduced
molecular weight dependence τn,PSPI2 ∼ Mw,PI

3.5 for the PSPI2
systems. To the best of our knowledge, only one other study
has reported the PI chain dielectric relaxation times of a PSPI2
miktoarm star copolymer.36 The chain relaxation time for the
PSPI2 polymer in the work by Floudas et al. at 320 K (open
down-triangle) is also plotted against the PI arm molecular
weight in Figure 6 and agrees with the Mw dependence for our
PSPI2 polymers. Additionally, the spectral shape of the chain
relaxation for their PSPI2 polymer (shown in Figure S16) is
observed to be similar to those in our measurements. From eq
4 and our arguments regarding chain stretching and area per
molecule at the interface, it is likely that the marginally slower
chain relaxation times for the PSPI2 polymers at a given
molecular weight are most likely due to some combination of
an average decrease in a and an increase in ς, which follows
results from models that predict that the increased friction and
decreased confining tube diameter correspond to decreased
stretching, as described here for the PSPI2 polymers.88,89

Therefore, due to decreased osmotic constraints on the chain
relaxations, chain stretching is alleviated for the PSPI2
polymers compared to the symmetric architectures of the
PS2PI2 miktoarm and linear diblock systems.77,90−92 On the
other hand, the ∼3 order of magnitude increase in τn for the
18k(12k−3k′)2 polymer is consistent with highly stretched but
tethered PI chains and corresponds to a significant increase in
the tube diameter restricting the chain relaxation to much
longer times.93,94

In summary, the architecturally asymmetric miktoarm star
copolymer systems (PSPI2) feature distributions in chain
relaxation times and dielectric relaxation strengths that are not
dependent on molecular weight or morphology, in stark
contrast to the effects of morphological confinement observed
for symmetric diblock systems (PS-b-PI or PS2PI2). This
disparity is argued to be due to reduced chain stretching for
the asymmetric systems. The segmental relaxations for all PI

Figure 6. Mean PI chain relaxation times (τn) at 320 K plotted versus
PI arm molecular weight (MwPI arm

) for all miktoarm copolymers
studied with data for linear and star PI homopolymers from the
literature.49,53,75,83 Additional PSPI2 time scales are included from the
literature for “SI2”, which is analogous to PSPI2, and “SIB”, which has
one polyisoprene block replaced by polybutadiene.36 Error bars are
smaller than the sizes of the symbols, unless specified otherwise.

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.0c01858
Macromolecules 2021, 54, 183−194

190

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01858/suppl_file/ma0c01858_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01858/suppl_file/ma0c01858_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01858?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01858?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01858?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01858?fig=fig6&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c01858?ref=pdf


chains are observed to be comparable for all architectures and
morphologies considered in this study. Finally, to strengthen
the argument regarding chain stretching and dynamics, the PI
chain relaxation was measured for the PS(PI−PS′)2 polymer.
This chain relaxation is observed even with the two PI chains
linked at both ends with the PS or PS′ blocks and has an
increased dielectric relaxation strength compared to other PI
systems with an additional temperature dependence, which we
attribute to increased chain stretching and subchain cross-
correlations with temperature.40,95 These results are useful in
understanding the role of architectural asymmetry in miktoarm
star polymers, particularly for the PS(PI−PS′)2 architecture,
which has been shown to be important for tough thermoplastic
elastomers due to enhanced chain bridging as discussed here in
terms of the dynamics of knotted loops and bridges of PI
chains.31

■ CONCLUSIONS
Based on the results and arguments presented above, we
conclude that in phase-separated miktoarm star copolymer
systems, topological asymmetry in the number of arms in each
block gives rise to more uniform chain motion among self-
assembled phases compared to block copolymers with
symmetric molecular architecture. This was determined
through investigation of the spectral shapes and dielectric
strengths of the PI chain relaxations among different molecular
weights for three PSPI2 polymers, in contrast to the varied
dynamics observed among the symmetric PS2PI2 polymers,
which more closely resemble that of classic linear PS-b-PI
systems. Additionally, the chain relaxation times at 320 K for
various PI molecular weights in the PSPI2 polymers are slightly
increased compared to the τn for other tethered PI systems.
This reveals that the architectural imbalance in the number of
arms per block plays a role in the dynamics of rubbery polymer
chains. Furthermore, a dielectric chain relaxation is observed
for the PS(PI−PS′)2 miktoarm star copolymer where both PI
chain ends are embedded in the glassy PS′ domain. Compared
to the practically undetectable PI dielectric chain relaxation in
PS−PI−PS linear triblock copolymers, the dramatically slower
PI chain dynamics are observed to exhibit a narrower
relaxation time distribution and have an increased, temper-
ature-dependent Δεn compared to the other PI systems. We
argue that these chain dynamics result from an elastic force
imbalance at the PI chain ends due to the trifunctional junction
point of the PS block and two PI chains and from
contributions to the dielectric spectrum due to cross-
correlations in chain motion as parameterized through the
Kirkwood−Fröhlich factor (g). These results were discussed in
terms of the counterbalance among contributions to the free
energy of phase separation from chain stretching and interface
formation with supporting data from SAXS. We demonstrate
that subtle modifications to molecular architecture can have a
substantial impact on the internal constraints that govern
polymer chain dynamics, which ultimately determines macro-
scopic physicochemical properties in polymeric systems.
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Part A: Analysis of structural data

A.1: TEM images
TEM images for the 18k-32k2 and 18k-18k2 polymers were taken to confirm the 

microstructures suggested by the SAXS profiles. For all of the other miktoarm copolymers, 

there was not such ambiguity in determining the structure from SAXS profiles, and therefore, 

only these two polymers were imaged. The samples for TEM were prepared in the same way 

as for SAXS, except rather than sandwiching the annealed films between Kapton tape, cross 

sections of the 100μm films were cut into ~100nm sections using cryo-ultramicrotome at -

90°C, collected onto 400 copper mesh TEM grids and standed with vapors of aqueous OsO4 

(4wt%) for three hours. The images were taken at the Joint Institute for Advanced 

Manufacturing at the University of Tennessee Cherokee Farms Campus with a Zeiss Libra 

120 TEM. The images are in Figure S1.
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Figure S1: TEM images of PS phases (white) and continuous OsO4-stained PI domain (dark) 
for the 18k18k2 polymer which shows cylinders and spheres of PS (a) and 18k32k2  which 
shows PS spheres (b).

A.2: SAXS profiles of the PS2PI2 polymers
Small angle x-ray scattering measurements (SAXS) supported by transmission 

electron microscopy (TEM) images were taken to determine the structural lengthscales of 

phase separation formed by the miktoarm star copolymers in this study. SAXS profiles for 

the 3-arm miktaorm copolymers are found in Figure 1 in the main text. Figure S1 shows the 

SAXS intensity profiles plotted against the scattering vector q (=4π sin(θ) λ-1, where θ is the 

scattering angle and λ is the wavelength of the insident x-ray). The q values for the obserevd 

peaks are displayed in the figure. The scattering for 18k-10k2 and 16k-24k2 copolymers 

correspond to lamellar structure. These data were published previously, and used with 

permission.3 The 16k2-9k2 polymer forms ~10.6 nm PI spheres within a continuous PS 

domain using the equation noted in the main text. As per the 2D SAXS profile in Figure S2, 

these PI spheres are prefferentially oriented with repect to the x-ray beam. For the 16k2-

52k2 copolymer, the q1 value of the higher order peak is ~√3 q* suggesting domains of PS 

cylinders within a continuous PI matrix. Lastly, the PI block molecular weight dependence of 

the q* values are plotted in Figure S3 where these values are observed to decrease with 

increasing block molecuar weight for all polymers, and decrease faster for the 4-arm 

miktoarm copolymers.

Figure S2: SAXS Profiles for the 4-arm miktoarm polymers and the 18k-10k2 polymer which 
is also found in Fig. 1 of the main text. Q* peaks for the 18k10k2, 16k224k2, 16k29k2 and 
16k252k2 polymers occur at 0.0256 A-1, 0.0194 A-1, 0.0263 A-1, and 0.0164 A-1, respectively. 
Higher order peaks are noted in the figure with colors corresponding to the respective data.
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Figure S3: 2D scattering profile for the 16k2-9k2 polymer. The nonuniform scattering in all 
directions suggest that the spherical domains are preferentially ordered with respect to 
surface normal to the incident beam.
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Figure S4: q values for the lowest Bragg peak (q*) for all miktoarm polymers versus the 
molecular weight of the PI block. 

A.3: Calculating the Scattering Invariance
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Different regions of SAXS profiles afford different information about the size and 

shape of the relative electronic structures that scatter the incident beam. At the high q values, 

also known as the Porod region, information regarding the interfaces of domains can be 

determined. The Kratky plot, displayed for all of the miktoarm polymers in Figure S5, is 

typically used in biological systems for disorder in protein folding.4 However, for analysis of 

phase separated block copolymers, the integration of this data over all q gives the scattering 

invariance, Q, which is relative to the change in electron density across the interface. Value 

of Q are shown for each miktoarm star copolymer in Table S1. The 18k(12k-3k’)2 and 

18k10k2 polymers have the highest Q value of these polymers and shows that the relative 

change in electron density is sharpest for these two polymers compared to the others. 

Integration was performed numerically on the Kratky-plot data using OriginPro software; 

that is to say, the data was not fit with any function prior to integration.

Another representation of the SAXS data is the Porod plot which is I(q) q4 vs q4 which 

is shown in Figure S6. The limit as q→∞ of this data give a relative estimate of the thickness 

of the domain interphase.4 Here, the 18k(12k-3k’)2 and 18k10k2 polymers have lower values 

at high-q, which correspond to a relatively narrow interfacial thickness. The ratio of 

gives the relative surface area to volume ratio of the interface. Since the [logq→∞ 𝐼(𝑞) 𝑞4] 𝑄―1

18k(12k-3k’)2 and 18k10k2 polymers have the highest Q values and lowest values at high-q 

in the Porod plot of all the polymers, and these values are similar for these two polymers, 

these two polymers have similarly sharp interfaces (i.e. highest interfacial surface area to 

volume ratio) between the PS and PI domains. In the main text, this result supports that there 

is sufficient phase separation between the PS and PI domains for the 18k(12k-3k’)2, and that 

the PS’ block is not mixed with the PI domain.
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Figure S5: Kratky plot of the scattering data for all miktoarm star copolymers. Integration of these 
data give the scattering invariant and is a relative estimate of electron density change.

Table S1: SAXS Invariance

Sample Q (a.u. Å3) =  ∫0.1
0.01𝐼(𝑞)𝑞

2 𝑑𝑞

18k(12k-3k')2 1.68E-05

18k-10k2 1.65E-05

18k-18k2 1.00E-05

18k-32k2 8.84E-06

16k2-24k2 6.09E-06

16k2-9k2 3.90E-06

16k2-52k2 3.83E-06
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Figure S6: The Porod Plot of the SAXS profiles for miktoarm polymers. Limit of I(q) q4 at high 
q values is associated with the relative thickness of the scattering interface. Smaller values 
at high q values correspond to decreased thickness of the interphase.
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Part B: Analysis of the dielectric loss spectra

B.1: Havriliak Negami Fitting and Master Curves
All of the dielectric data  for the miktoarm star copolymers (except for the PS(PI-PS’)2 

polymer and 16k2-52k2 polymer, see Fig. S10 and S11, respectively) were initially analyzed 

by creating mastercurves with a reference temperature by shifting the dielectric loss data at 

each temperature (240K-330K) by a shift factor aT.5 The temeprature dependent shift 

factors for the 3-arm miktoarm star polymers are displayed in Figure S7. The shift factors 

for the 4-arm systems follows that for the linear diblock system (solid line in Fig. S7). The 

resulting master curves are displayed in Figure S8. This representation shows that the 

frequency-temperature superposition principle holds for all of these systems. The analysis 

of the mastercurves allows the segmetnal and chain relaxations to be fit over a wide 

frequency range, and suggest the spectral shapes (not necissarily intensity) of both 

relaxtions are constant with temperature within the temperature range. Then, when fitting 

the imaginary permittivity  spectra at individual temperatures, the variables of the fitting 𝜀′′

parameters in the Havriliak Negami (HN) function used for each relaxation peak (Eqn. S1) 

can be constrained rather than letting the parameters fit freely with OriginPro analysis 

software.

     (S1)𝜀 ∗ (𝜔) = 𝜀∞ +
𝛥𝜀𝐻𝑁

(1 + (𝑖𝜔𝜏𝐻𝑁)𝛼)𝛽

The variables in the HN function are , , α and β, which are the dielectric strength of 𝛥𝜀𝐻𝑁 𝜏𝐻𝑁

the relaxation, the relaxation rate, and symmetric and asymmetric stretching parameters 

(e.g. shape parameters), respectively. The ω (=2πf) is the angular frequency of the applied 

electric field,   is the high frequency value of the real part of the complex permittivity . 𝜀∞ 𝜀 ∗

For the segmental relaxation,  and  are termed  and , respectively. For the chain 𝛥𝜀𝐻𝑁 𝜏𝐻𝑁 𝛥𝜀𝛼 𝜏𝛼

relaxation,  and  are termed  and , respectively. The fitting parameters for all 𝛥𝜀𝐻𝑁 𝜏𝐻𝑁 𝛥𝜀𝑛 𝜏𝑛

miktoarm star copolymers in this study are in the Table S2. The segmental and chain 

relaxations are fit with a linear combination of two HN functions and at higher temperatures 
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and with a low frequency contribution to the spectra is added to describe dc conductivity 

using  = σ0( 0)-1 where σ0 is the dc conductivity, 0 is the vacuum permittivity and f is ε′′ 2𝜋𝑓𝜀 𝜀

frequency in Hz. This contribution is subtracted from the higher temperature spectra for each 

miktoarm copolymer. At higher frequencies, the overlap of the chain and segmental relaxations 

was analyzed such that the subtraction of the HN function for the PI α-relaxation results in a high 

frequency Debye-like cut-off of the chain relaxation in accordance with negligible cross-

correlations between the μ|| and μ┴ in Eq. 2 of the main text.1 For such low ε’’ intensities of the 

chain relaxation at frequencies that overlap with the α  relaxation, the shape of each relaxation is 

not affected by subtraction of an HN function fit to the corresponding dielectric process. 

Equation S2 is used calculate the rate of maximum loss (ωα, max or ωn, max) for corresponding 

HN fits to the α or chain relaxation, respectively using the fitting parameters from Eqn. S1.

(S2)𝜔𝑛,   𝑚𝑎𝑥 = 𝜏 ―1
𝐻𝑁[𝑠𝑖𝑛(𝛼𝛽𝜋/2) +  2𝛽

𝑠𝑖𝑛(𝛼𝜋/2) +  2𝛽]1/𝛼

The chain relaxation for the 18k(12k-3k’)2 has a temperature dependent shape, and, 

therefore, a mastercurve could not be prepared from the dielectric data. Consequently, the 

chain relaxation was fit individually for each temperature without an initial estimate of the 

shape parameters. The segmental relaxation shape was kept constant and the fits at four 

temperatures with segmental relaxation HN fit subtracted from the data are shown in Figure 

S10. Also, to confirm the relaxation rates, the Kramers-Kronig relation is used to calculate 

the dielectric loss data from the real part of the complex permittivity by -2/π [ ] 𝑑 ε′ 𝑑 log ω

which suppresses the high-temperature, low-frequency conductivity contribution, and the 

frequency of maximum loss is determine without and HN fit. This is also performed for the 

dielectric data from the 16k2- 52k2 polymer to confirm the chain relaxation rates that are not 

visible due to conductivity contributions to the spectra (see Figure S11). These relaxation 

rate data agree with the rates determined from Eqn. S2.
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Figure S7: Frequency-temperature superposition shift factors at each temperature for the 
three 3-arm miktoarm star polymers in this study. The aT are similar to that observed 
previously for lamellar forming PS-PI linear diblock copolymers5.
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Figure S8: Dielectric loss from 240-330K shifted by aT factor to give the Frequency 
Temperature Superposition representation for all miktoarm polymers, and a linear diblock 
copolymer2 (lamellar) and PI homopolymer1 from the literature. The reference temperature 
of 270K is used with aT values taken from those used for PI homopolymer5 or from Fig. S7
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Figure S9: Analyses of the dielectric loss in the frequency-temperature-superposition 
representation for the 18k-32k2 (top) and 18k-18k2 (bottom) miktoarm polymers are 
performed by fitting the chain and segmental relaxations (low and high frequencies, 
respectively) each with the empirical Havriliak-Negami function (Eq. S1). First, the 
segmental relaxation is fit with a HN function (red line). This data was then subtracted from 
the spectrum to reveal the shape of the dielectric chain relaxation (open squares). This chain 
relaxation is then also fit with a HN function. A linear combination of the two HN fits are 
observed as the blue line. Subtracting this chain relaxation HN fit from the data reveals the 
segmental relaxation (closed circles). 

TABLE S2: Shape parameters for HN fit functions (Eqn S1) to the loss spectra in Fig. S8
Polymer ID α (segmental) β (segmental) α (chain) β (chain)
16k2-9k2 0.54 ( ±  0.02) 0.71 ( 0.02)±  0.34 ( ±  0.02) 0.96 ( ±  0.02)
16k2-24k2 0.65 ( ±  0.03) 0.6   ( ±  0.03) 0.58 ( ±  0.03) 0.26 ( ±  0.03)
16k2-52k2 0.62 ( ±  0.04) 0.68 ( ±  0.04) See Fig. S10
18k-10k2 0.63 ( ±  0.02) 0.59 ( ±  0.02) 0.54 ( ±  0.03) 0.75 ( ±  0.03)
18k-18k2 0.58 ( ±  0.05) 0.75 ( ±  0.05) 0.55 ( ±  0.02) 0.7   ( ±  0.02)
18k-32k2 0.65 ( ±  0.04) 0.6   ( ±  0.04) 0.63 ( ±  0.05) 0.78 ( ±  0.05)
18k(12k-3k’)2 0.63 ( ±  0.03) 0.58 ( ±  0.03) See Fig. S11
*The error shown is the standard error from OriginPro least-squares Levenberg-
Marquardt algorithm for a χ2 tolerance value of 10-9.
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Figure S10a-d: To determine the higher temperature chain relaxation rates, the dielectric 
loss (black squares) spectra at four different temperatures (a-d, identified on the plot) are 
shown for the 16k2-52k2 polymer. While the FTS principle holds, the peak maximum of the 
chain relaxation is difficult to observed due to a strong interfacial polarization process 
toward low frequencies (described by = σ0( 0)-1) which is subtracted from the data 𝜀′′ 2𝜋𝑓𝜀
(red squares). In addition to subtracting the conductivity contribution, the frequency of 
maximum loss for the chain relaxation is more clearly observed when calculating the  from 𝜀′′
the Kramers-Kronig relation (red line) through der =  . 𝜀′′ ―2π ―1 

𝑑𝜀′
𝑑𝑙𝑛 ω 
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Fig S11a-d: Dielectric loss at four temperatures for the 18k(12k-3k’)2 polymer (filled 
squares). The HN fits for the chain relaxation is observed as a blue line. The contribution to 
the spectrum at higher frequencies (segmental relaxation) and lower frequencies 
(conductivity) are fit with a HN function and with = σ0( 0)-1, respectively. The fits for  𝜀′′ 2𝜋𝑓𝜀
these contributions are subtracted from the data revealing the chain relaxation (open 
squares) to show the accuracy of the chain relaxation HN fit. The dotted red line is the  𝜀′′
representation calculated from the Kramers-Kronig relation ( der = ) which 𝜀′′ ―2π ―1 

𝑑𝜀′
𝑑𝑙𝑛 ω 

suppresses conductivity contributions to the loss spectra. Each temperature was fit 
individually due to the change in the spectral shape of the chain relaxation as described in 
the main text.

B2: Segmental relaxation spectral shape and relaxation rates
In this section the relaxation rates are plotted against temperature for the PI 

segmental relaxation in Figure S12a and for the PI chain relaxation in Figure S13. In Figure 

S12b, the initial HN fits for the PI chain relaxation to the master curve data in Figure S8 are 

subtracted from the spectrum, then the data is normalized by the  peak value and the 𝜀′′
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frequency of that value. This allows the shapes of this relaxation to be compared 

qualitatively. The similarity in this relaxation shape and in the relaxation rates in Figure S12a 

confirm that all PI segments exist in similar localized environments with the same local 

friction coefficient (analogous to the local friction of chains Eqn. 4 in the main text). Of the 

relaxation rate data in Figure S13 are fit with the Vogel-Fulcher-Tammann (VFT) equation, 

excluding that for the 18k(12k-3k’)2 polymer which follows an Arrhenius temperature 

dependence. The equations for these fits are found in the footer of Table S3. Table S3 shows 

the VFT fit parameters for these polymers. The vertical line in Figure S13 corresponds to T 

= 320K. The rates at this temperature are plotted against PI arm molecular weight in the 

main text.
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Figure S12: Segmental (α-) relaxation rates of PI plotted for all miktoarm star polymers in 
this study (top). Additionally, the α relaxation rates for the PI homopolymer and PI in a 
lamellar forming PS-PI linear diblock copolymer are included from the literature1-2. The PI 
dielectric loss corresponding to the α relaxation is normalized by maximum loss and 
frequency for all miktoarm star polymers displaying similar spectral shapes. This implies a 
similar distribution in relaxation times for this process, and that all PI segments have the 
same local frictions for this segmental motion.



S16

2.8 3.0 3.2 3.4 3.6 3.8 4.0

2

4

6

8
18k10k2 18k18k2

16k224k2 18k32k2

16k252k2 PSPIJenczyk2013

16k29k2 18k(12k3k)2

lo
g(


n,
m

ax
[ra

d
s-1

])

1000/T [K-1]

T = 320K

Figure S13: Normal mode relaxation rates plotted versus inverse temperature for all 
miktoarm polymers investigated. Segmental relaxation rates for PI in a lamellar forming PS-
PI diblock copolymer from literature is included for reference (solid line).2 These data were 
fitted with Vogel-Fulcher-Tammann equation and the resulting parameters are shown in 
Table S2 below.

Table S3: VFT/Arrhenius fit parameters to data in Fig. S13
Sample b m (-Ea/R)
18k(12k-3k')2 12.56 -3.31
Sample T0 ω∞ B
18k-10k2 156.5 2.61E+08 1570
18k-18k2 183.5 3.51E+06 1043
18k-32k2 168.0 2.90E+06 1379
16k2-9k2 170.0 1.30E+08 1137
16k2-24k2 151.0 3.83E+07 1668
16k2-52k2 186.0 2.84E+05 1098
VFT eqn: log (ωn) = log (ω∞) + B (T-T0)-1

Arrhenius eqn: log (ωn) = b + m T-1
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B.3: Comparison with Data from Literature
As discussed in the main text the PI chain relaxation spectral shape is known to 

change with morphology for PS-PI systems due to varied local constraints on chain motion 

among different geometries. In Figure S14, the PI chain relaxation spectral shapes of the 4-

arm miktoarm star polymers are shown by dividing the dielectric loss by the PI block volume 

fraction (ϕPI) and the frequency by the frequency of maximum loss (fn). In this way the 

intensities and shapes of these chain relaxations are observed to vary with morphology by 

changing the molecular weight of the PI block. Qualitatively these changes follow that 

observed for the linear PS-PI diblock system. As shown in Figure S15, the chain relaxations 

of the 16k29k2 and 16k2-52k2 polymers from Figure S14 are compared to chain relaxations 

of PI in linear diblock copolymers that are reported to form similar morphologies. The 

intensities relative to the ϕPI and the relaxation shape are observed to be similar and suggest 

that the symmetric architecture of the PS2PI2 polymer has a similar effect on the PI chain 

relaxations across various morphologies as in the linear diblock systems, as discussed in 

detail in the main text. Lastly, we only found one other publication that measures the 

dielectric chain relaxation for miktoarm star copolymers. Data from the paper by Floudas et. 

al in 1996 is reproduced in Figure S16 and shown to have a similar relaxation shape as the 

PI chain relaxation in our PSPI2 polymers.6
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Figure S14: Dielectric loss spectra of PI chain relaxations normalized by PI volume fraction 
(ϕPI) for the three 4-arm miktoarm polymers (PS2PI2) in our study.
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Figure S15: Normalized dielectric loss corresponding to chain relaxations for 16k2-9k2 
miktoarm polymer compared with that for a PI-sphere forming linear PS-PI diblock (Left)7, 
and for 16k2-52k2 miktoarm polymer compared with a linear PS-PI diblock with similar 
continuous PI domain that we measured ourselves (Right).
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Figure S16: One other publication reports dielectric loss chain relaxation spectra of a 
miktoarm star copolymers of PSPI2 architecture, where SI2 is the same as our PSPI2 
architecture with MwPS = 7.6 kg/mol and MwPI, arm = 8 kg/mol and SIB has one PI arm 
replaced by polybutadiene.6 Here the chain relaxation normalized by the PI volume fraction 
for our 18k-32k2 polymer is compared against that for the similar PSPI2 polymer, and a 
miktoarm star terpolymer with one arm of polystyrene, one arm of poly(cis-1,4-isoprene) 
and one arm of polybutadiene. The similarity in spectral shapes of this chain relaxation is in 
agreement with our data and discussion in the main text.
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Part C: Details on the Gaussian chain and the Kirkwood correlation factor

Regarding the Free Energy of the Gaussian Coil for Block Copolymers in terms of the 
Kirkwood-Fröhlich factor as calculated by Watanabe8:

The free energy (F) of a phase separated block copolymer system is increased 

compared to that described by the homopolymer Gaussian coil in order to maintain the order 

of phase separation. Two additional contributions to F are the interfacial energy (i.e. excess 

energy compared to the homopolymer required to maintain the interface) and energy of 

chain stretching (i.e. excess energy from the Gaussian coil due to orientational anisotropy). 

These two additional terms are counterbalanced in order to minimize F at equilibrium.

Matsen describes the free energy of an incompressible, lamellar forming block 

copolymer system as

          (S2)
𝐹

𝑛𝑘𝐵𝑇 = 𝛴𝜌0𝑎(
𝜒

6)
1

2 + ∑
𝑏𝑙𝑜𝑐𝑘𝑠

𝜋2𝑁
8𝛴2𝜌2

0𝑎2

where n is the number of molecules, kB is the Boltzmann constant, T is absolute temperature, 

Σ is the interfacial area per molecule (Σ=A/n, with A as the interfacial area), ρ0 is the segment 

density, a is the statistical segment length, χ is a proportionality constant equivalent to the 

Flory-Huggins interaction parameter and N is the total number of segments in the polymer 

block9. Note this is very similar to Watanabe’s use of the Zhulina-Halperin self-consistent 

field theory model for lamellar ABA triblock copolymers10. The first term represents the free 

energy of the interface, which is analogous to the free energy of mixing. The second term is 

the chain stretching energy, which is also termed the elastic free energy, and can be split into 

a sum of the two individual blocks for a diblock system. To minimize the total free energy, 

there is a counterbalance between a large Σ that minimizes the stretching energy and a small 

Σ which minimizes the interfacial energy. It has been determined that the 3-arm miktoarm 

system has an increased area per molecule at the interface which corresponds to a reduced 

chain stretching portion of the total free energy. The equilibrium area per molecule is 

determined at the minimum of the total free energy in Eq S2 below.
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(S3)𝛴 =
𝑁1 2

𝜌0𝑎2( 3𝜋4

8𝜒𝑁)
1

6

Substituting Eq. S3 into Eq. S2 shows that the equilibrium stretching energy is half the 

equilibrium interfacial energy. It has been determined that the asymmetric architecture of 

the ABn miktoarm polymers have an increased χ parameter and an increased area per 

molecule. Therefore, from Eqs. S1 and S2 there is a decreased stretching energy in the 

architecturally asymmetric systems compared in the to block copolymers with symmetric 

architectures. This is represented in the dielectric loss spectra as a more homogeneous 

distribution of chain relaxation times as explained in the main text.

In describing the Kirkwood-Fröhlich factor, g, Watanabe considers an additional 

initial orientational anisotropy (S0) due to subchain tension after some strain, γ, for 

entangled chains. For incoherent subchains (g = 1) after some strain S0 = γ/3, which 

describes the initial orientational anisotropy of non-entangled homopolymers. For coherent 

subchains (g = 4/5) after some strain S0=4γ/15 and describes the orientational anisotropy 

of entangled homopolymers that have a slight increase in anti-parallel orientations amongst 

chains (0 < g < 1 for antiparallel orientations). If we consider the subchain tension in 

entangled chains to be comparable to the stretching energy in block copolymers, it is logical 

that there would be an decrease in orientational anisotropy of subchains for the stretched 

chains of the 18k(12k-3k’)2 polymer (g = 1/3) to have an ani-parallel orientation of 

neighboring chains. The increased chain stretching energy then corresponds to a decreased 

interfacial energy that allows for motion of the junction point between the PS block with the 

two PI chains in the PS(PI-PS’)2 polymer.
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