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ABSTRACT: Fundamental understanding of microphase separation in

ABC miktoarm copolymers is vital to access a plethora of noncon-

ventional morphologies. Miktoarm stars based on poly(cis

1,4-isoprene) (I), poly(styrene) (S), and poly(2-vinylpyridine) (V) are

model systems, which allow systematic studies of the effects of

composition, chemical microstructure, and temperature on the ther-

modynamics of microphase separation. Eleven ISV-x (I:S:V = 1:1:x,

v:v:v) miktoarm copolymers were synthesized by anionic polymeriza-

tion affording well-defined copolymers with a variable V arm. Equi-

librium bulk morphologies of all samples, as evidenced by small-

angle X-ray scattering, transmission electron microscopy (TEM), and

self-consistent field theory, showed a systematic transition from

lamellae (x ≈ 0–0.2) to [8.8.4] tiling (x ≈ 0.6–0.9) to cylinders in

undulating lamellae (x ≈ 2–4) and, finally, to hexagonally packed

core–shell cylinders (x ≈ 5–8). Chemical microstructure of the I arm

[poly(cis 1,4-isoprene)] versus poly(3,4-isoprene) is shown to play

important role in affecting morphological behavior. To reconcile dif-

ferences between ISV-x star morphologies reported in the literature

and those reported herein, even for the same composition, effects of

the microstructure of I arm on the Flory–Huggins parameter between

I and V arms were taken into account in a qualitative manner. ©

2018 Wiley Periodicals, Inc. J. Polym. Sci., Part B: Polym. Phys. 2018

KEYWORDS: ABC miktoarm stars; bis(phenylethenyl)benzene

(1,4-PEB); bulk morphology; phase transition; poly(2-vinylpyri-

dine) (V); poly(isoprene) (I); poly(styrene) (S)

INTRODUCTION ABC miktoarm star terpolymers—
macromolecules containing three chemically distinct polymeric
chains connected at one junction point—have attracted much
interest due to the exceptional packing of the microdo-
mains, both, in the bulk and in thin films, into tessellated
morphologies.1–7 Depending on the composition and the strength
of interactions between the blocks, ABC star terpolymers can
form cylindrical microdomains replicating some of the 12 Archi-
medean tiling patterns and hyperbolic tilings on a gyroidal net,
cylinders in lamella, lamellae in lamella, lamellae in cylinder, and
lamellae in sphere patterns—packings which are quite different
from the microdomain morphologies typically seen for AB and
linear ABC block copolymers.4,6–9 Mixtures of ABC and ABD stars
were shown theoretically to form one of the most complex soft
matter morphologies known to date.10,11

ABC miktoarms offer a large variety of structures but at the
cost of complexity in synthesis, characterization, and modeling
in comparison to their linear block copolymer counterparts.
The first synthesis of ABC miktoarm was based on chlorosi-
lane chemistry where methyltrichlorosilane (compound 1 in
Scheme 1) was used as a linking agent for three different
arms. The method resulted in the synthesis of ISB [poly(iso-
prene), poly(styrene), poly(butadiene)], ISM [poly(isoprene),
poly(styrene), poly(methyl methacrylate)], and ISD [poly(iso-
prene), poly(styrene), poly(dimethylsiloxane)] stars.12–15 An
alternate strategy used difunctional linking agents, normally a
derivative of diphenylethylene (DPE) containing a nonhomo-
polymerizable double bond and an alkyl or silyl halide moiety.
For example, compound 2 (Scheme 1), 1-(bromomethyl)-
4-(1-phenylvinyl) benzene, was shown to react preferably
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with living macroanions via the bromomethyl group forming
DPE end-capped macromonomer which could further add the
second arm and initiate the third arm of the star terpolymer.
Compounds 2–4 (Scheme 1) were used for the syntheses of
SBM [poly(styrene), poly(butadiene), poly(methyl methacry-
late)], SBV [poly(styrene), poly(butadiene), poly(2-vinylpyri-
dine)], and ISV [poly(isoprene), poly(styrene), poly(2-
vinylpyridine)] miktoarm stars.16–19 In the present study, we
prepared ISV miktoarm star terpolymers using the symmetri-
cal difunctional linking agent 5, 1,4-bis(phenylethenyl)ben-
zene (1,4-PEB) which was previously used for the synthesis of
AA’A” star homopolymers having S arms of different molecular
weights.20

Morphologies of the ISV miktoarm star terpolymers have
been studied in numerous laboratories. These terpolymers
have been synthesized and characterized since 2000 to
understand the influence of the composition of the compo-
nents on the morphology.18,19 A complete triangular phase
diagram was constructed for ISV by Yushu et al.4 based on
their numerous studies,4,9,18,19,21–25 and, in general, a num-
ber of theoretical studies focused on different aspects of the
microphase separation in ABC miktoarms.3,26–32 By changing
the length of one of the arms, typically V, while keeping the
other two arms (I and S) fixed, represented as ISV-x, where
x is the volume ratio of V over I, it has been shown that, as
x increases from 0.2 to 0.4 to 0.7 to 1.2 to 1.9 to 3 and then
to 10, the morphology transitions from spheres sandwiched
by lamellae to a [12.6.4] tiling, a [6.6.6], a [8.8.4], a [12.6.4]
tiling, an alternating lamellae (ALT. LAM) and, finally, to cyl-
inders in lamellae, respectively.4 Modeling attempts have
been made to simulate these morphological transi-
tions.3,26,33 Assuming symmetric interactions between the
three pairs, a detailed triangular phase diagram has been
constructed based on the self-consistent field theory (SCFT)
calculations.33 By combining generic spectral method and
real-space methods, about a dozen different ordered mor-
phologies were reported. However, it was noted that there
were discrepancies between the simulated and experimen-
tally observed morphologies, which were attributed mainly
to the asymmetric interactions between the three different
pairs. In other studies,3,26 two interaction parameters (χIS
and χSV) are assumed to be equal but less than χIV, that is,
χIS ≈ χSV < χIV. Using this simplified model, it was possible
to mimic some ISV-x morphologies observed in the experi-
ments. Here, we undertook the challenge to understand the
effects of additional variables and go beyond the simplified
model.

Most studies have focused on understanding the effects of
composition without considering annealing temperature,
molecular weight, and the specific chemistry of the systems.
In fact, chemical structure of the constituent arms exerts a
secondary effect on the morphology, as long as the balance of
interaction parameters and volume ratios of the arms (v:v:v)
remain unchanged. For example, ISF miktoarm stars
[F represents poly(ferrocenylethylmethylsilane)] show mor-
phologies identical to ISV systems: [12.6.4], [8.8.4], and ALT.

LAM was found for both ISV and ISF systems having similar
compositions of (1:1:0.4) vs. (1:0.9:0.6), (1:1:1.2) vs.
(1:1.3:0.7), and (1:1:3) vs. (1,0.7:3.3), respectively, since the
interaction parameters of ISF (χIS ≈ χSF < χIF) are similar, rela-
tive to those of ISV.4,34 However, pairwise interactions can be
affected by the microstructure of the I component in the ISV
systems.35 Specifically, we show that in virtually an identical
chemical system the microstructure of the poly(isoprene), that
is, cis 1,4 or 3,4 configuration, can alter the interactions suffi-
ciently to generate different bulk morphologies. We qualitatively
show that ISV stars containing poly(cis 1,4-isoprene) have more
imbalanced interaction parameters (χIS ≈ χSV ≪ χIV) in compari-
son to ISV containing poly(3,4-isoprene) [χIS ≈ χSV < χIV].

We investigated ISV miktoarm star terpolymers with fixed rel-
ative volumes of the I and S arms and varied the relative vol-
ume of the V arm (vI: vS: vV; 1: 1: x; x = 0–7.6), covering
essentially the entire height of the ternary phase diagram
(SI1, Supporting Information). Systematically changing the
composition by a direct synthesis, rather than by blending a
homopolymer with an ISV arm precursor, allowed us to
observe a gradual morphological change from LAM
(x ≈ 0–0.2) to [8.8.4] tiling (x ≈ 0.6–0.9) to cylinders in undu-
lating lamellae (CYLULAM) (x ≈ 2–4), finally, to hexagonally
packed core–shell cylinders (x ≈ 5–8). This comprehensive set
of experimental data on one miktoarm star terpolymer series
lends itself to a comparison between experiment and theory
on the morphological impact of temperature, chain length, and
segmental interactions.

EXPERIMENTAL

All chemicals were purchased from Sigma-Aldrich unless oth-
erwise stated. Tetrahydrofuran (THF) was distilled over a
sodium-benzophenone mixture after it reached a violet color.
Cyclohexane was distilled from living yellowish poly(styryl)-
Li. Monomers, styrene, isoprene, and 2-vinylpyridine (2VP)
were passed through basic aluminum oxide column, distilled
from calcium hydride and then either from dibutylmagnesium
(styrene and isoprene), or triethylaluminum (2VP) prior to
use. Sec-butyllithium (sec-BuLi, 1.4 M in cyclohexane) was
used as an initiator. The apparatus for anionic polymerization
was described in details elsewhere.36,37

SCHEME 1 Various capping agents used for synthesis of the star

shaped polymers.
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Synthesis of the Linking Agent (1,4-PEB)
Terephthaloyl dichloride (81.2 g, 0.400 mol) was dissolved in
500 ml dry benzene (Na-benzophenone) and slowly added to
117 g (0.877 mol) of AlCl3 in 500 ml dry benzene. The mix-
ture was heated to 60 �C for 0.5 h (HCl evolution) and then
for 1 day at 70 �C. To the yellow slurry, 1 L of cold water and
25 ml of 37% HCl were added slowly followed by 0.5 L of
chloroform. The organic phase was collected and the aqueous
phase was extracted with 0.5 L of chloroform. The organic
phases were combined, washed with 0.5 L of 2% NaHCO3, then
twice with water. The solvent was evaporated and a yellowish
solid, 1,4-dibenzoylbenzene, was recrystallized from acetone/
methanol mixture resulting in 87.5 g of white crystalline solid,
with a yield of 77%. In a second step, 1,4-dibenzoylbenzene
solution in THF (87.5 g, 0.306 mol) was added dropwise to a
solution of methyl magnesium bromide in THF (0.696 mol) at
0 �C resulting in dark red solution. After 1 h, the mixture was
heated to 50 �C for 1 h followed by quenching with 10 ml of
water and 0.4 L of 2 M HCl. A procedure similar to the one
described above yielded 95 g of yellowish tertiary alcohol oil
[1,10-(1,4-phenylene)bis(1-phenylethan-1-ol)]. In a the third
step, 95 g of the tertiary alcohol was subjected to azeotro-
pic dehydration by refluxing it in toluene with one tip of p-
toluenesulfonic acid resulting in 58 g of 1,4-PEB. The final
product was obtained with 51% yield relative to starting
terephthaloyl dichloride after recrystallization from ace-
tone/methanol in a form of colorless crystals (Scheme 2).
1H NMR: (CDCl3, 400 MHz): 5.55 ppm (dd, J = 17.8, 1.2 Hz,
4H), 7.57–7.28 ppm (m, 14H).

Synthesis of ISV Stars
First, a polymerization of isoprene was carried out in cyclo-
hexane at 40 �C for 10 h using sec-BuLi as an initiator afford-
ing poly(isoprene) consisting mostly of 1,4 monomer units
(75% cis 1,4, 20% trans 1,4, and 5% 3,4 microstructure).5 The
solution of living poly(isoprenyl)-Li was transferred to the
second reactor containing two times excess of the 1,4-PEB in
THF at −15 �C. The coupling reaction was performed at
−15 �C for 8 h, followed by quenching in methanol with a
repetitive precipitation of the resulting macromonomer
from THF to methanol. The second arm was added by

titrating the macromonomer solution in THF with the solu-
tion of living poly(styryl)-Li at −78 �C. Subsequently, a pre-
determined amount of 2VP was added to the reactor and a
150 ml aliquot was taken after 1 h at −78 �C prior to add-
ing a new portion of 2VP. The process was repeated result-
ing in a formation of ISV stars with different molecular
weights of the V component (Scheme 3, Table 1, and SI2,
Supporting Information).

Characterization
The polydispersity (PDI) was determined by gel permeation
chromatography (GPC) using THF with 1% of triethylamine as
an eluent at 0.5 ml min−1 flow rate with a column set consist-
ing of a precolumn and two 300 × 8 mm columns (PLgel
Mixed C and Mixed D). The stationary phase was crosslinked
poly(styrene-divinylbenzene). The system was equipped with
triple detection: a combined Viscotek model 200 differential
refractive index detector, a differential viscosity detector, and a
Viscotek model LD 600 right angle laser light scattering detec-
tor. Rheological characterization was performed on a Rheo-
metrics solids analyzer operated with a 0.5 mm shear gap
sandwich configuration at 1% shear strain (γ) amplitude and
1 rad s−1 frequency (ω). All rheological data were obtained on
heating the specimens from a disordered state under nitrogen
flow to avoid sample degradation.38,39 For transmission elec-
tron microscopy (TEM) and small-angle X-ray scattering (SAXS)
about 0.5 mm polymer films were produced by solvent casting
from 7% THF solutions under nitrogen for 1 week in the dark
followed by thermal annealing at 150, 175, or 200 �C for 5, 3,
or 1 days, respectively, at ~0.001 mbar in the homebuilt vac-
uum chamber. Annealed samples were stained with 0.1 ml 4%
OsO4 aqueous solution for 16 h, microtomed at room tem-
perature to a thickness of 70 nm, then further stained with
I2 for 2 h on copper grids, unless noted otherwise. The TEM
was performed on FEI Tecnai T20 G2 at 200 kV accelerating
voltage in the bright field mode. SAXS profiles were mea-
sured using a SAXSLab instrument equipped with a Rigaku
40 W microfocused Cu-source (λ = 1.54 Å) and a moveable
Pilatus 300 k pixel detector. Samples were mounted in
small Cu-discs between two 5–7 μm mica windows prior to
measurements.

SCHEME 2 The synthesis procedure for preparation of the linking agent used in this work.
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Self-Consistent Field Theory
Equilibrium morphologies of the ISV-x samples were simulated
using standard SCFT-based simulations. For obtaining the equi-
librium morphologies, random as well as different cylindrical
and lamellar kind of structures (ALT. LAM, CYLULAM structure,
Lamellar-3 [LAM-3]) were used as initial conditions. The cylin-
drical structures used as initial conditions were: five tiling struc-
tures: [12.6.4], [6.6.6], [8.8.4], [8.6.6; 8.6.4], [10.6.6; 8.8.4], and
core–shell hexagonally packed structure. The free energies of the
resulting structures were compared to determine a morphology
with the lowest free energy. ABC terpolymers have been studied
extensively using the SCFT.3,26,30,31,40,41 A brief description of the
SCFT model and the parameters used for ISV-x is presented
below. Following standard protocol42 for the SCFT, a Hamilto-
nian of the ABC miktoarm melt was defined, followed by field
theoretical transformations leading to a field theory. The saddle-
point approximation was then applied to approximate func-
tional integrals appearing in the field theory, which yield a set
of nonlinear equations. These equations were then solved itera-
tively to obtain volume fraction distribution of the three differ-
ent components (I, S, and V). Polyswift ++45 was used for all
the SCFT calculations in this article, which uses a pseudo-
spectral method43,44 for solving modified diffusion equations
appearing at the saddle point. Briefly described below is the
Hamiltonian of the ISV-x system.

A Gaussian chain model was used to represent the three arms
of the miktoarm polymer, made up of N number of total seg-
ments, each segment having the same length b = v1/3, where
v = (vSvIvV)

1/3 is the geometric mean of the molar volume of
the polymer segments, vS, vI, and vV being the molar monomer
volume of S, I, and V, respectively. Conformational asymmetry
was not considered in the model for computational efficiency
as well as due to the fact that the parameters were not too
different for the three components. The conformational asym-
metry parameters (βi2 = bi

2/6νi)46 in units of nm−1 for PS, PI,
and P2VP are 0.305, 0.334, and 0.312, respectively, where
bi = vi

1/3. The maximum ratio of the conformational

asymmetry parameter for the SIV copolymers is 1.1 (=βPI2/
βPS2). The conformational asymmetry effects are the most sig-
nificant near disorder-sphere transition boundaries in block
copolymers due to shift of the critical point and resulting
skewing of the morphology diagrams.47 Typically, one
requires higher values of the conformational asymmetry
parameter in order to see noticeable changes.47 For example,
in a recent work by Schulze et al.,48 conformational asymme-
try stabilizes the Frank–Kasper phase when the ratio of the
asymmetry parameter is 1.32 and no significant changes were
observed for a lower value (=1.06). In this work, we have
investigated intermediate-strong segregation regimes for
either lamellar, cylinder or tessellated morphologies with rela-
tively small conformational asymmetry parameters (~1.1).
For such systems far from the disorder–order transition
boundaries, we expect the conformational asymmetry effects
to be minimal,47 which is also justified by posteriori qualita-
tive agreements between experiments and SCFT results. As
the conformational asymmetry effects in ABC miktoarm copol-
ymers remain largely unexplored, a detailed study is required
to explore possible effects in the context of SIV miktoarm
polymers. With a choice of an average segment length for all
the three components, the system can be scaled with respect
to the radius of gyration of the complete chain (Rg = b

(N/6)1/2, where N¼P3
i¼1Ni), whereas, if conformational

asymmetry is considered, then the system needs to be scaled
with respect to the radius of gyration corresponding to the
block with smallest conformational asymmetry. The later
choice entails larger number of grid points for simulating a
unit cell. Each arm of the terpolymer was assumed to have fiN
number of segments so that fi = Ni/N, where Ni was defined
as the ratio of the molar volume of the polymer to ν and

N¼P3
i¼1Ni ¼ 1

ν ∑
3

i¼1

Mni

ρi
. The densities ρi of S, I, and V were

taken to be (in g ml−1) 1.06, 0.91 and 1.15, respectively. The
polymer molecular weights MNi of I and S are presented in
the first and second columns of Table 1, respectively. For V

SCHEME 3 The procedure used for synthesis of ISV miktoarm star terpolymers.
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the molecular weight is obtained by subtracting the IS molecular
weight (third column of Table 1) from any given ISV-x sample
molecular weight. For all the SCFT calculations, the length scales
were scaledwith respect to Rg = b(N/6)

1/2. The interaction parame-
ters were obtained from reports in the literature: χIS and χSV are
reported to be 0.073749 and 0.089550 at 175 �C—the annealing
temperature for most of the samples. Some samples had an anneal-
ing temperature of 150 �C, but due to the lack of a quantitative tem-
perature dependence of the interaction parameter for PI-P2VP,
175 �C was kept constant for all the samples in the SCFT calcula-
tions unlike the experimental conditions. Moreover, our studies on
the ISV-x samples revealed that the temperature has hardly any
effect on themorphology of the polymers except for one of the sam-
ples. The χIV is reported to be about eight times of χIS based on sol-
ubility parameter estimations.51 For computational purposes,
χIV = KχIS was chosen, where Kwas varied to obtain the morphol-
ogies observed using SAXS and TEM in this work and a value of
3.5 was found to suitably represent most of the observed mor-
phologies. The calculations were done in two-dimensional
(2D) for all the cases and in three dimensional (3D) for those
samples for which experimental data were available. For the
2D calculations, the initial conditions for the fields and the
box dimensions (Lx/Rg = Ly/Rg) were varied between 7.0 and
13.5 to obtain the morphologies with minimum free energies.
The grid size was varied between 0.08 Rg and 0.21 Rg for
either 64 × 64 or 96 × 96 lattice. The free energies of the compet-
ing structures were presented in the Supporting Information
(section SI9) (systems without competing ordered structures are
not shown). For most of the cases, the free energy differences were
significant enough to determine the equilibriummorphology.

3D calculations were also done for some samples. The objec-
tive behind the 3D calculations was to ascertain that the struc-
tures observed under TEM and SAXS are indeed 2D structures

and the structures repeat in the third dimension. For the sam-
ples with x < 1 (ISV-0.04, ISV-0.15, ISV-0.33, ISV-0.62, and
ISV-0.90), the symmetry observed in the free energy minima
structure were obtained directly from a disordered state.
Those structures were then subjected to zone annealing,46

which resulted in no changes in the symmetries. For the sam-
ples with x > 1 (ISV-1.9, ISV-2.9, ISV-4, ISV-5.2, and ISV-7.6)
χN values were gradually increased to obtain the final mor-
phologies from disordered state. These final structures were
then subjected to zone annealing which again resulted in no
changes in the symmetries. Field relaxation parameter �0.05
were chosen for lower χN values.44 The simulation box
parameters for ISV-0.04 were: 32 × 32 × 32 lattice grid with
0.16Rg spacing, for ISV-0.15, ISV-0.33, ISV-0.62, and ISV-0.9:
64 × 64 × 16 with grid size varying between 0.1Rg and
0.16Rg, for ISV-1.9, ISV-2.9, ISV-4.0, ISV-5.2, and ISV-7.6:
96 × 96 × 16 grids with grid size varying from 0.09 Rg to 0.15
Rg. A summary of the various parameters used in these calcu-
lations is given in Table S1, Supporting Information.

Static Structure Factor from Volume Fraction
Distributions
Scattering patterns were calculated from the volume fraction dis-
tributions obtained using the SCFT. The volumetric mean of the
scattering length density (SLD) at every grid point was assumed
to represent the spatial distribution of the SLD, that is,

ρ x,yð Þ¼P3
i¼1SLDiϕi x,yð Þ, where the subscript i represents I, S,

and V and ϕi represents the volume fraction of the respective
component. The SLDs of I, S, and V were taken to be 8.7, 9.5,
and 10.3 × 10−6 Å−2, respectively. The FFTW library52 was
used for the Fourier transformation of ρ(x,y)
(Θ(qx,qy) = Fourier transform {ρ(x,y)}), where qx = 2πm/Lx,
and qy = 2πn/Ly are the scattering wave vector components

TABLE 1 Characteristics of ISV Star Terpolymers and their Precursors

Name aMn (kDa) bPDI cIxSyVz volume ratios x:y:z dMorphology dd-spacing (nm)

I 9.8 1.05 1: 0: 0 homogenous n/a

S 11.6 1.05 0: 1: 0 homogenous n/a

IS 21.4 1.04 1: 1: 0 LAM 19.4

ISV-0.04 21.9 1.07 1: 1: 0.04 LAM-3 19.8

ISV-0.15 23.3 1.07 1: 1: 0.15 LAM-3 20.4

ISV-0.33 25.5 1.07 1: 1: 0.33 [12.6.4] and/or [8.6.6; 8.6.4] 21.2

ISV-0.62 29.1 1.07 1: 1: 0.62 [8.8.4] 22.3

ISV-0.9 32.5 1.09 1: 1: 0.9 [8.8.4] 23.1

ISV-1.9 44.6 1.11 1: 1: 1.9 CYLULAM 28.8

ISV-2.9 56.7 1.12 1: 1: 2.9 CYLULAM 34.5

ISV-4.0 70.7 1.14 1: 1: 4.0 CYLULAM 40.5

ISV-5.2 85.5 1.18 1: 1: 5.2 HEX 42.4

ISV-7.6 116 1.29 1: 1: 7.6 HEX 45.5

a Determined from GPC and NMR in CDCl3.
b Determined from GPC.
c Volume ratios of I, S, and V blocks were calculated from NMR and poly-

mer densities (ρPI = 0.91 g ml−1, ρPS = 1.06 g ml−1, ρP2VP = 1.15 g ml−1).

d Lamellar (LAM), Lamellar-3 (LAM-3), [12.6.4] Archimedean tiling

([12.6.4]), [8.6.6; 8.6.4] Archimedean tiling ([8.6.6; 8.6.4]), [8.8.4] Archi-

medean tiling ([8.8.4]), cylinders in undulating lamellae (CYLULAM)

structure and hexagonally packed core–shell cylinders (HEX) morphol-

ogies and d-spacing (d = 2π/q*) were assessed by SAXS.
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in the x, and y directions, respectively, Lx and Ly represent
the total length of the grids in the x and y directions,
respectively. m and n are the integers ranging from 0 to

Nx/2 and 0 to Ny/2, respectively, so that Nx and Ny are the
number of grid points in x and y directions, respectively.
The static structure factor S(q*) was obtained as a function

FIGURE 1 Morphology of ISV-x (1:1:x) as a function of the volume fraction x = vV/vI, whose values are shown along the line. The

images shown to the left of the line are obtained using TEM and those to the right are obtained using the SCFT. For the TEM images,

the samples were annealed at 150 �C for 0 ≤ x ≤ 0.62 and 175 �C for the rest. All samples, except for IS which was stained with OsO4,

were consecutively stained with OsO4 and I2. The black, white, and gray colors correspond to I, S, and V domains, where applicable.

The scale bar is 100 nm in all the cases. The SCFT yields the volume fraction of the three components (as shown in Fig. 2) and the

component with maximum volume fraction at any grid point is used to color that point, except for the samples 0.04 ≤ x ≤ 0.33 due to

the miscibility of V in S at such low volume fraction. For these three cases, maximum volume fraction of either I or S, or, if the

volume fraction of V exceeds a certain cut-off value (cut-off value is set to 0.048, 0.1055, and 0.25 for ISV-0.04, ISV-0.15, and ISV-0.33,

respectively) is used to color each grid point. Color code for the SCFT images, blue: I, green: S, and red: V. The morphology

transitions from LAM (IS) to LAM-3 (ISV-0.04 and ISV-0.15) to different tiling structures ([12.6.4] for ISV-0.33, [8.6.6; 8.6.4] for ISV-0.43,

[8.8.4] for ISV-0.62 and ISV-0.9 and [12.6.4] for ISV-1.6) to CYLULAM (ISV-1.9, ISV-2.9, and ISV-4) and finally to core–shell hexagonal

microstructure (ISV-5.2 and ISV-7.6) as x is gradually increased from 0 to 7.6. [Color figure can be viewed at wileyonlinelibrary.com]
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of the scalar wavevector q*(=(qx
2 + qy

2)1/2) using its defi-
nition: S(q*) = <Θ(q*)Θ(−q*)>/(NxNy), so that Θ(q*) and
Θ(−q*) represent the Fourier transform of ρ(x,y) and it’s
complex conjugate, respectively, at the Fourier wavevector
q*. The angular bracket <> represented azimuthally aver-
aged value of S(q*) at any given q*.

RESULTS AND DISCUSSION

Eleven different samples of ABC miktoarm star terpolymers
(Table 1 and SI2, Supporting Information) were prepared

consisting of poly(cis 1,4-isoprene) (I), poly(styrene) (S),
and poly(2-vinylpyridine) (V) arms by keeping the volume
ratio vS/vI = 1 for all the samples while varying the volume
ratio vV/vI between 0 and 7.6. The volume ratio x = vV/vI
was used to denote the samples as ISV-x, short for ISV (1:1:
x, v:v:v). The results of the experimental characterizations
and computational modeling are presented and discussed in
the following.

The symmetric diblock copolymer IS showed the expected LAM
morphology (Figs. 1 and 2) below the order-to-disorder

FIGURE 2 Detailed SCFT equilibrium volume fraction distribution of I, S, and V as a function of x, where x is the volume ratio of V

over I (volume of I and S are kept fixed for all the samples and they are equal to each other). Here, x is varied between 0 and 7.6.

Starting with lamellar profile for IS, the morphology evolved into 3-Lamellar (3-LAM) (ISV-0.04 and ISV-0.15), [12.6.4] tiling (ISV-0.33),

[8.6.6; 8.6.4] tiling (ISV-0.43), [8.8.4] tiling (ISV-0.62 and ISV-0.9), [12.6.4] tiling (ISV-1.6), CYLULAM (ISV-1.9, ISV-2.9, and ISV-4), and

finally to core–shell structure (ISV-5.2 and ISV-7.6) as the volume ratio of V over I is gradually increased from 0 to 7.6. For ISV-0.04 to

ISV-0.33, V is miscible in S but for the other samples, it segregates into its own distinct domain. The color bar for volume fraction at

the bottom right is shown for reference. The volume fraction of the three different components are not binary (the volume fraction is

not zero or unity at any grid) as one would get an impression from SCFT images presented in Figure 1, the interfaces between the

different components are smooth. [Color figure can be viewed at wileyonlinelibrary.com]
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transition (ODT) temperature (TODT) from TEM images and the
SCFT calculations. Attachment of a small arm of V (ISV-0.04
and ISV-0.15) does not change the LAM morphology, as seen in
the TEM images (Fig. 1), in fact, it is difficult to locate the V
domain in the TEM images, since the volume fraction of V is
small. However, the SCFT calculations show that the V is
located at the interface between I and S so as to reduce the
number of contacts between I and S domains (Fig. 2). Based on
the Nχ values reported in Table S1, Supporting Information, V
is expected to be more miscible in S than in I. The SAXS results
(Fig. 3) and computed scattering patterns based on the SCFT
using the volume averaged electron SLD of the components
(Fig. 4) also show the expected peaks for a LAM structure with

q/q* values of 1:2:3.5 For IS, only the odd reflections were
observed (1:3:5) because of the perfect symmetry in composition.
This symmetry was, however, broken when only a small amount
of V was added and the even order reflections for the LAM struc-
ture reappear for ISV-0.04 and ISV-0.15. This is in agreement with
the SCFT prediction that V segregates selectively to the S side of
the LAM interface and is more miscible in S than in I.

Further increasing the V arm length (ISV-0.33) should lead to
the [12.6.4] Archimedean tiling structure according to the
SCFT calculations. The TEM images appear to qualitatively
agree with the SCFT results with the V component having
diminishing contrast, due to preferential miscibility with the S
phase. Quantitatively, for ISV-0.33, SAXS peaks (cf. Fig. 3) are
indexed at q/q* as 1:√2:√3.33, which could also be rewritten
as integer Miller indices √3:√6:√9, whereas the SCFT calcula-
tions yield peaks at q/q* of 1:√3:√4:√5 for the [12.6.4] tiling
(cf. Fig. 4). The SAXS peaks (√3:√6:√9) would imply cubic sys-
tem with (111) as the first reflection, (112) the second, and
(300) the third, whereas the SCFT results are consistent with
that for the [12.6.4] structure reported in the literature.3 How-
ever, the SCFT calculations for a slightly longer V arm (ISV-0.43)
yielded [8.6.6; 8.6.4] tiling structures (Figs. 1 and 2) with corre-
sponding scattering peaks located at q/q* of 1:√2:√3:√4:√5
(Fig. 4). Experimentally, it is challenging to ascertain whether
[12.6.4] or [8.6.6; 8.6.4] tiling morphology is observed for ISV-
0.33, especially, considering that SAXS peaks are very broad com-
pared to those of the other samples, indicating less order or per-
haps coexisting phases. The discrepancy between experiment
and theory may arise from: (a) the SCFT parameters not being

A

B

FIGURE 3 (A) SAXS results for ISV-x samples; annealing

temperature is 150 �C for 0 ≤ x ≤ 0.33, 200 �C for x = 0.62 and

175 �C for the rest. The scattering peaks are consistent with the

real space morphologies obtained using TEM. (B) Zoom in of the

[01] and/or [11] peak for the samples: ISV-1.9, ISV-2.9, and ISV-4.

[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Scattering patterns predicted by the SCFT based

simulations and obtained by Fourier transformation of the

volume averaged electron SLD at all the grid points (electron SLD

of I, S and V are (x 10−6 Å−2) 8.7, 9.5, and 10.3, respectively). The

equilibrium volume fraction distributions were obtained using

the SCFT. The calculated scattering patterns qualitatively agree

with that obtained using SAXS except for ISV-0.33. For the cases

of ISV-1.9, ISV-2.9, and ISV-4, there are two different length

scales in these hierarchical structure. Details of the analysis are

presented in section SI4, Supporting Information. [Color figure

can be viewed at wileyonlinelibrary.com]
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exactly the same as in experiment, (b) the PDI53 of the synthe-
sized copolymers which may impact the morphology leading to
[8.6.6; 8.6.4] tiling, and/or (c) the coexistence of two different
phases ([12.6.4] and [8.6.6; 8.6.4]) in the experiment.

Further increasing the length of V (ISV-0.62 and ISV-0.9),
leads to a [8.8.4] tiling structure. The ISV-0.62 attains a well-
ordered morphology upon heat annealing to 150 �C (Fig. 1).
All three components, characterized by black (I), gray (V), and
white (S), are distinguishable in ISV-0.62, indicating a high
degree of microphase separation. The volume fraction distri-
bution (Fig. 2) also indicates that V is highly segregated for
this composition in comparison to the other systems with
lower V contents (ISV-0.04, ISV-0.15, and ISV-0.33). The TEM
images and the SCFT calculations show that a square lattice is
formed and the S domains (white in the TEM image and green
in the SCFT calculations) have four nearest neighbors (two
distinct domains of V and two distinct domains of I) whereas
both V and I have eight nearest neighbors: four distinct domains
of S and four distinct domains of I (for V) or V (for I). The SAXS
and the SCFT-based scattering patterns qualitatively agree, show-
ing peaks at q/q* of 1:√2:√4:√5:√9 (for ISV-0.9 SAXS, √4 peak
is absent). These peaks qualitatively agree with those reported
for the [8.8.4] tiling structure.3 The morphology is similar to a
previously observed [8.8.4] tiling for BSV (0.9:1:1), where B rep-
resents poly(1,2-butadiene),17 and for ISD (1:0.8:0.9) star, where
D represents poly(dimethylsiloxane).54 Increasing the V fraction
further leads to a [12.6.4] tiling in the SCFT calculations as
shown in Figures 1 and 2. It should be noted that this is an SCFT
prediction only and if a sample with volume ratio ISV (1:1:1.6) is
prepared under identical conditions as the other samples, then a
[12.6.4] tiling would be the most plausible morphology.

Further increase in the length of V (ISV-1.9, ISV-2.9 and ISV-
4.0) leads to CYLULAM morphology. The closest theoretical
structure reported in literature is referred as “knitting pat-
tern” in Ref. 2. Selective staining of the V domains with I2 was
used to identify whether V lamellae contain inclusions of

either I of S. Judging from the uniformity of the V domains, nei-
ther I nor S was present in the V phase (SI3, Supporting Informa-
tion). The bright protrusions (S) extending into the black phase
in OsO4 stained samples show that I forms discontinuous disk-
like structure in the lamellae excluding V. To verify this, double
staining with OsO4 and I2 was performed which provided suffi-
cient contrast between all three components (Fig. 1). Double
stained samples show that S forms a rather continuous phase
along the V phase, resulting in an effective shielding of the black
I domains from V. The CYLULAM structure can be described as a
modified version of the LAM-3 structure, where the interface
between V and S undulates, as opposed to being planar, and the
lamellar structure of I surrounded by S is broken at regular
intervals and filled by S. This leads to two different length scales
(as shown in Fig. 1): the distance between two consecutive V or
S lamellar domains (primary length scale) and the periodicity of
the undulations, equivalent to the distance between the consecu-
tive ellipse like domains of I within a lamella (secondary length
scale). In the SCFT-based scattering patterns (Fig. 4), the peaks
are assigned based on the oblique lattice formulation55 (details
are presented in SI4, Supporting Information). The first-order
scattering peaks [10, 01, 11] are observed for all three ISV-1.9,
ISV-2.9, and ISV-4 cases. Higher order scattering peaks [20,
30, 40] corresponding to the primary length scale [10] are
observed up to third order for ISV-1.9, ISV-4 and up to fourth
order for ISV-2.9. As the electron density difference between S
and I is smaller compared to V and I, only one higher order peak
[02] is observed for the secondary length scale in the case of
ISV-1.9. In SAXS, qualitatively similar features are found up to
the fifth order (Fig. 3) for the primary length scale, while only
first-order peak is detected in the form of faint shoulders for the
secondary length scale [Fig. 3(B)]. Observation of a very small
and broad peak for the secondary length scale, [01] and/or [11],
and the absence of higher order peak for this length scale may
be attributed to PDI of the undulations and/or I domains. More-
over, the electron density difference between I and S is small in
comparison to V and I. Similar detailed analysis of hierarchical
lamellar microstructures in ABC star copolymers have been
reported in Ref. 56.

TABLE 2 Comparison of the Morphologies found in the Current Studies with the Literature Reported Morphologies for ISV-x

Miktoarms of Similar Composition

Source

Composition

(volume ratio

I/I:S/I:V/I) Total MW (kDa)

Annealing

temperature (�C) Microstructure of poly(isoprene) Morphology

Current 1:1:0.33 25.5 150 75% cis 1,4, 20% trans 1,4, 5% 3,4; [12.6.4]

Literature4 1:1:0.4 10.8 150 74% 3,4; 26% 1,2 [12.6.4]

Current 1:1:0.62 29.1 150/200 75% cis 1,4, 20% trans 1,4, 5% 3,4; [8.8.4]

Literature4 1:1:0.7 12.7 150 74% 3,4; 26% 1,2 [6.6.6]

Literature19,23 1:1.08:0.71 13.4 140 74% 3,4; 26% 1,2 [6.6.6]

Current 1:1:0.9 32.5 150/175/250 75% cis 1,4, 20% trans 1,4, 5% 3,4; [8.8.4]

Current 1:1:1.9 44.6 175 75% cis 1,4, 20% trans 1,4, 5% 3,4; CYLULAM

Literature4,19,23 1:1:1.9 18.8–19.9 140/150 74% 3,4; 26% 1,2 [12.6.4]

Current 1:1:2.9 56.7 175 75% cis 1,4, 20% trans 1,4, 5% 3,4; CYLULAM

Literature4 1:1:3.0 23.9 150 74% 3,4; 26% 1,2 ALT. LAM
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Finally, increasing the length of V even further (ISV-5.2 and
ISV-7.6) leads to hexagonally close packed structures, where
the I domain is almost completely shielded from the V domain
by S, which is attributed to the highest χ for I-V relative to the
other two interacting pairs (see Table S1, Supporting Informa-
tion). Both the TEM images and the SCFT-based morphology
qualitatively agree with each other. Furthermore, the SAXS
and the SCFT-based scattering patterns qualitatively agree
with each other and they correspond to the hexagonally close
packed structures with the peaks appearing in the
ratio, 1:√3:√4.5

There are additional peaks near the primary peaks in the
SCFT-based scattering patterns (ISV-0.33, ISV-0.43, ISV-5.2,
and ISV-7.6 in Fig. 4), which result from hierarchical nature of
the morphologies and the fact that these are three component
systems. For the case of ISV-0.43, there are additional higher
order peaks representing hierarchical nature of the morphol-
ogy. Specifically, these additional peaks highlight that such mor-
phologies are characterized by two length scales instead of one.
We should point out that in Refs. 3,5, these additional peaks
were incorrectly attributed to incommensurability between the
simulation box sizes and period of the morphologies.

The morphologies of the ISV-x were compared to those
reported in the literature (Table 2). The morphology reported
for ISV-0.33 qualitatively agrees with previous reports based
on the SCFT simulations, but the other morphologies (ISV-
0.62, ISV-1.9, and ISV-2.9) do not agree. These differences
may arise from differences in annealing temperatures, total
molecular weights, and/or the microstructure of poly(isoprene):
1,4 or 3,4 addition, cis or trans conformation. We discuss each
below.

Effects of Temperature
The complex shear modulus obtained during a temperature
sweep (constant ramp rate of 2 �C min−1) at fixed frequency
and strain allows us to observe morphological transitions. The
transitions are exemplified by a sudden change in the real

part of the elastic modulus G0 in Figure 5(A). In the simplest
case of symmetric IS diblock copolymer, the evolution of G0 as
a function of temperature is continuous up to 181 �C and then
a discontinuity is observed. This sudden decline of G0 is asso-
ciated with the ODT at TODT. Above TODT, the IS diblock copol-
ymer transitions to a phase mixed state. For a symmetric AB
diblock copolymer, TODT can be defined through a relation
based on the mean field theory, written as (χABN)ODT = 10.5,
where N is the total number of statistical segments of the
diblock copolymer, and χAB is the Flory–Huggins interaction
parameter characterizing interactions between A and B. TODT
for symmetric IS was reported to be 100 �C and below 40 �C
at molecular weights of 15 and 12 kDa, respectively.57

Therefore, TODT = 181 �C, for the copolymer studied here with
a molecular weight of 21.7 kDa is reasonable. By adding an extra
V arm to the IS diblock copolymer, segmental mixing of all
three I, S, and V components takes place at elevated temperature.
The TODT for ISV-x stars with low V content (x = 0.04–0.62)
exhibits a systematic shift to progressively higher values as the
molecular weight of V increases [Fig. 5(A)].

One trend which is distinctive from others in Figure 5(A) is
the abrupt increase of G0 at 175 �C for ISV-0.33. Such behavior
is attributed to the formation of another type of microstruc-
ture with a higher elastic modulus, despite the elevated tem-
perature. For diblock copolymers, this behavior is normally
explained by an order–order transition when crossing the
boundaries in the morphology diagram (χN vs. volume frac-
tion, f ) as χ decreases with an increase in T (as χ ~ 1/T).37,49

The SAXS and TEM results are consistent with the rheology
measurements. As shown in Figure 5(B) (SAXS results), the
domain spacing of the sample ISV-0.33 decreases from 21.2 to
19.1 nm with an increase in temperature. This, along with
change in the structure factor, as seen from relative peak posi-
tions, indicates that the phase transition must have occurred
at elevated temperature resulting in a structure with smaller
equilibrium domain spacing. The ISV-0.33 which was ther-
mally annealed at 150 �C is characterized by a weak degree of
order and adopts what appears to be a [12.6.4] and/or [8.6.6;

FIGURE 5 (A) Isochronal temperature scans data (ω = 1 rad s−1, γ = 1%, 2 �C min−1) for ISV-x samples with TODT < 300 �C. (B) Selected
SAXS data for the samples ISV-0.33, ISV-0.62, and ISV-0.9 which were annealed at various temperatures. (C) Selected TEM images

for the samples of ISV-0.33 and ISV-0.62 which were annealed at different temperatures. Typical absolute values of G0 and G00 are
provided in SI5, Supporting Information, for ISV-0.33. [Color figure can be viewed at wileyonlinelibrary.com]
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8.6.4] morphology [Fig. 5(C)], while at 200 �C, a drastically dif-
ferent morphology was formed with relative peak positions
of √3:√4:√11:√25 [Fig. 5(B)]. The microstructure is identi-
fied as a gyroid (GYR), since “wagon wheel” projections are
clearly visible in the TEM micrograph [Fig. 5(C)]. In such sce-
nario, gyroidal nets are formed by the I arm while S compo-
nents are mixed with V, which is also in agreement with the
scattering data. No shift in the first-order peak was observed
for ISV-0.62 at 150 and 200 �C [Fig. 5(B)] indicating that the
morphology remains unchanged up to TODT which is in
agreement with rheology and TEM. Similarly, the sample ISV-
0.9 shows stability and the absence of morphological transi-
tions over a broad temperature range 150–250 �C [Fig. 5(B)].
The identical trend was observed for all ISV-x (x = 0.9–7.6)
stars in rheology data (SI5, Supporting Information). Samples
with higher V content (x = 0.9–7.6) have TODT exceeding the
degradation temperature of the individual blocks (>300 �C) in
agreement with the increase of their total molecular weight
and therefore no attempts were made to observe the TODT
experimentally for ISV-x, x = 0.9–7.6.

In summary, except for ISV-0.33, all other polymers retain
their morphology over a wide range of temperatures (up to

TODT) implying that temperature alone cannot explain the
discrepancies in the observed morphologies of the ISV-x
polymer samples compared to those reported in the litera-
ture of similar composition. Since the temperature depen-
dence of χIV is unknown, no SCFT simulations were
attempted to understand the effect of temperature on the
morphology.

Qualitative Effects of Chemical Microstructure of
Poly(isoprene) via χIV/χIS

There are three different interaction parameters for the ISV-x:
χIS, χSV, and χIV, out of which the first and the third parame-
ters are expected to be affected if the configuration of I is
changed from predominantly cis 1,4 (present study) to pre-
dominantly 3,4 (reported in the literature).58,59 However,
quantitative details of changes in the chi parameters are not
known experimentally. In this work, we systematically varied
the ratio χIV/χIS to study its effects on the morphologies. It
has been reported3,26 that χIS ≈ χSV < χIV for the morphologies
investigated by Matsushita and coworkers.4,24 In the present
study, the effect of χIV was investigated while keeping the
other two parameters fixed. The χIV = 3.5×χIS, (χIS = 0.0737 at
175 �C) reported in the “Experimental” section was reduced
by systematically decreasing the ratio χIV/χIS below 3.5. The
ratio of 3.5 was obtained by scanning the parameter space to
obtain the morphologies observed using TEM and SAXS in this
work. The ratio was reduced to 2.5 and 1.5 to investigate the
effect of χIV on the morphologies (Fig. 6). For ISV-0.33,
decrease in χIV/χIS from 3.5/2.5 to 1.5 leads to LAM-3 struc-
ture from [12.6.4] tiling structure. For ISV-0.62, reduction
in χIV/χIS from 3.5 to 2.5 to 1.5 leads to [8.8.4] to [6.6.6] to
[8.8.4] tiling structure. ISV-0.9 undergoes transformation
from [8.8.4] tiling to [6.6.6] tiling structure as χIV/χIS is
reduced from 3.5/2.5 to 1.5. The ISV-1.9 transitioned from
a CYLULAM structure to a [12.6.4] tiling morphology, as
χIV/χIS was reduced from 3.5 to 2.5/1.5. Finally, ISV-2.9
retained a CYLULAM structure when χIV/χIS was reduced
from 3.5 to 2.5 but it transformed into ALT. LAM structure
with further reduction of χIV/χIS to 1.5, as expected for a
more symmetric interaction case (χIS ≈ χSV ≈ χIV).3,33

By systematically reducing the ratio χIV/χIS in the SCFT, we
found that morphologies of ISV-x containing predominantly
poly(3,4-isoprene) reported in the literature can be repro-
duced by decreasing χIV/χSI from 3.5 [ISV-x containing pre-
dominantly poly(cis 1,4-isoprene) to 2.5/1.5 for all of the four
cases presented in Table 2 (ISV-0.33 forms [12.6.4] tiling at
2.5, ISV-0.62 forms [6.6.6] tiling at 2.5, ISV-1.9 forms [12.6.4]
tiling both at 2.5 and 1.5, ISV-2.9 forms ALT.LAM at 1.5). With
these calculations we demonstrated that the SCFT model can
be used to qualitatively model the effects of microstructure of
poly(isoprene) over a wide range of x values reported here.

In a previous report,3 constant values of the interaction
parameter were used for the different compositions of ISV-x
where NχIS = NχSV = 25.0 and χIV/χIS = 1.48. With these
choices of parameters, the authors found the [8.8.4] structure
to be more stable for ISV-0.7, rather than the reported [6.6.6]

FIGURE 6 SCFT studies on the effect of χIV/χIS on the

morphology of five different samples of ISV-x for qualitatively

simulating the morphological changes. The morphology for

ISV-0.33 changed from [12.6.4] tiling structure to LAM-3 as

χIV/χIS is reduced from 3.5/2.5 to 1.5 the morphology for ISV-

0.62 changed from [8.8.4] tiling to [6.6.6] tiling to [8.8.4] tiling

as χIV/χIS is changed from 3.5 to 2.5 to 1.5. The morphology

for ISV-0.9 changed from [8.8.4] tiling to [6.6.6] tiling as χIV/χIS
is reduced from 3.5/2.5 to 1.5, both ISV-1.9 and ISV-2.9

formed CYLULAM structure at χIV/χIS = 3.5 but with reduction

of χIV/χIS to 2.5/1.5 ISV-1.9 formed [12.6.4] tiling structure,

whereas ISV-2.9 retained its CYLULAM structure for χIV/
χIS = 2.5 and transformed to ALT.LAM when χIV/χIS was further

lowered to 1.5. For all the cases, the dominating volume fraction of

the component (I or S or V) was used to represent that particular

grid point except for ISV-0.33. For ISV-0.33, the dominant I or S or if

the volume fraction of V is greater than a cut-off value (from top to

bottom the cut-off values are: 0.25, 0.22, and 0.2031) was used to

represent the grid point. Color code: blue I, green S, red V. (See

section SI6, Supporting Information for detailed equilibrium volume

fraction profiles of all three components.) [Color figure can be

viewed at wileyonlinelibrary.com]
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tiling structure in the experiments.18,19 However, their results
agreed with the [8.8.4] and [12.6.4] for the case of ISV-1.2 and
ISV-1.9, respectively.18,19 Similarly, Jiang et al.26 chose con-
stant parameters for all the compositions of ISV-x,
NχIS = NχSV = 30.0 and χIV/χIS = 1.67 in their SCFT calcula-
tions. With these parameters, they were able to qualita-
tively reproduce the morphologies reported in
experiments18 for 0.7 < x < 2.0 but their results did not
agree with the experimental results4 for x values outside
this range, which was attributed to smaller values of χN
parameters. In experiments,5,17,18 two arms are generally
kept fixed and the third arm length is varied to tune the
composition. This causes a change in the total molecular
weight, and the assumption of a constant N can lead to dis-
crepancies. In the following section, we explore these
effects resulting from changes in the total molecular
weights in an effort to reconcile differences with the
reported results.

Effect of N
One of the factors that might have impact on the morphology
of ISV-x star polymers is the total molecular weight for a given
composition of I:S:V. For diblock copolymers χN ~ N/T, hence
the temperature and molecular weight can be used

interchangeably in defining the SCFT input parameter, χN.
Whereas for terpolymers there are three different pairwise
interactions, χij (which are inversely proportional to the tem-
perature T, with different proportionality constants for differ-
ent pairs i and j) and just one N, therefore temperature
dependence of the morphology diagrams is much more com-
plicated for terpolymers than diblock copolymers. For most
samples, the experimental morphologies were found to be
independent of temperature, as reported in the earlier section.
Since the temperature dependence of one of the pairs (χIV) is
unknown, SCFT could not be undertaken to study the mor-
phology as a function of temperature. The morphology of
those samples may or may not be independent of molecular
weight, which needs to be determined using SCFT. SCFT calcu-
lations were performed on five different samples of ISV-x to
determine whether there is any transformation in the mor-
phology due to a change in the N (leading to changes in NχIS,
NχSV, and NχIV). As shown in Figure 7, four of the five samples
show transformations in morphology with the tuning of Nnew/
N, where Nnew and N are the estimated and initial number of
statistical segments for the samples, respectively (values tabu-
lated in SI8, Supporting Information). ISV-0.33 transformed
from [12.6.4] tiling morphology to [8.8.4] tiling when Nnew/N
was increased from 0.8/1 to 1.6. It should be noted that for
ISV-0.33, V became miscible in S for Nnew/N = 0.8 or 1 but it
segregated when Nnew/N was increased to 1.6. ISV-0.62 trans-
formed from [8.8.4] tiling structure for Nnew/N = 0.8 to [6.6.6]
tiling structure for Nnew/N = 1.6. ISV-0.90 retained its [8.8.4]
tiling structure for all the Nnew/N values. ISV-1.9 and ISV-2.9
behaved in a qualitatively similar manner, with a transforma-
tion from a CYLULAM structure to a LAM-3 structure as Nnew/
N was reduced from 1.6 to 0.8. Jiang et al.26 observed LAM-3
structure instead of experimental results of ALT. LAM4

reported for ISV-3 and they attributed their observation to
smaller values of χN used in their calculations. Our results are
in qualitative agreement with their speculation. This highlights
that not only is the relative difference between the interaction
parameters important, as reported by the SCFT studies3,26 but
also the absolute values of the interaction parameters as spec-
ulated previously.26

CONCLUSIONS

Miktoarm stars based on poly(cis 1,4-isoprene) (I), poly(styrene)
(S), and poly(2-vinylpyridine) (V), allowed for systematic studies
of the effects of composition, chemical microstructure, and tem-
perature on the thermodynamics of microphase separation. For
such studies, we have synthesized 11 ISV-x (I:S:V = 1:1:x, v:v:v)
miktoarm stars. The morphologies of ISV-x consisting of predom-
inantly poly(cis 1,4-isoprene) were determined using SAXS and
TEM. The SCFT was used to model the systems over the entire
composition range. These studies revealed a transition from a
lamellar phase (ISV-0.04 and ISV-0.15) to different tiling phases
([12.6.4] and/or [8.6.6; 8.6.4]) for ISV-0.33, [8.8.4] for ISV-0.62
and ISV-0.9, CYLULAM structure for ISV-1.9, ISV-2.9 and ISV-4,
and core–shell cylindrical morphology for ISV-5.2 and ISV-7.6.
Some of these morphologies were different from those reported
for similar compositions of ISV-x in the literature. These

FIGURE 7 SCFT studies on the effects of simultaneously

changing the three Flory–Huggins chi parameters via the ratio

Nnew/N. for the five different samples of ISV-x. ISV-0.33

transformed from [12.6.4] tiling to [8.8.4] tiling and ISV-0.62

changed from [8.8.4] tiling to [6.6.6] tiling as Nnew/N was

increased from 0.8 to 1.6. ISV-0.90 retained its [8.8.4] tiling

structure for all the Nnew/N values. ISV-1.9 and ISV-2.9

transformed from CYLULAM structure to LAM-3 structure as

Nnew/N was reduced from 1.6 to 0.8. For all the cases, the

dominating volume fraction of the component (I or S or V) was

used to represent that particular grid point except for ISV-0.33

(Nnew/N = 0.8 and 1). For these two samples of ISV-0.33, the

dominant I or S or if the volume fraction of V was greater than

some cut-off value (0.25 for both Nnew/N = 0.8 and 1) was used to

represent a grid point. Color code: blue: I, green: S, red: V. These

simulations highlight that not only the relative difference between

the interaction parameters are important but also their absolute

values. (See section SI7, Supporting Information for detailed

equilibrium volume fraction profiles of all three components.)

[Color figure can be viewed at wileyonlinelibrary.com]
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differences were attributed to the chemical microstructure of the
poly(isoprene) so that poly(cis 1,4-isoprene) and poly(2-vinyl-
pyridine) are argued to microphase separate stronger compared
to poly(3,4-isoprene) and poly(2-vinylpyridine). Also, the differ-
ences in molecular weights of our ISV systems were shown to
influence the morphologies. As molecular weight increased, ISV-
0.33 transformed from [12.6.4] tiling to [8.8.4], ISV-0.62 changed
from [8.8.4] to [6.6.6] tiling morphology; ISV-1.9 and ISV-2.9
transformed from CYLULAM structure to LAM-3 structure as
molecular weight decreased. The effect of temperature on the
morphology was observed for ISV-0.33 which exhibited order–
order transition to a gyroid phase at an elevated temperature.
Our concerted effort on investigating the morphologies of ISV-x
miktoarms using experimental and theoretical tools enhances the
understanding of ISV-x structural properties in particular and
ABC miktoarm polymers in general. This study highlights the
importance of chemistry and molecular weight on the bulk mor-
phologies of ISV-x, which can be probed in other polymeric sys-
tems for advancing our knowledge in ABC miktoarm copolymers.
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