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ABSTRACT 

 The morphologies of ABC miktoarm star terpolymer consisting of polystyrene (PS), 

polyisoprene (PI), and poly(2-vinylpyridine) (P2VP) (SIV) were studied by combining small 

angle neutron and X-ray scattering (SANS and SAXS) and transmission electron microscopy 

(TEM). We find that this system displays a rich phase behavior including an alternate 

lamellar (ALT.LAM), cylinder in undulated lamellar (CYLULAM), and 3-lamellar (LAM-3) 

phase. While the SAXS data alone was insufficient to conclusively differentiate between 

possible phases, we show that the use of selective dueteration and SANS is essential to 

unambiguously identify the morphology. In particular, the primary peak in SANS for the 

miktoarm polymer containing deuterated PS was found to be lower than the next two higher 

order peaks. Such an unusual scattering pattern for a lamellar morphology was justified by 

the SCFT calculations when the relative strength of the interaction between PI-P2VP over 

PS-PI is equal or greater than 2 (cIV /cSI ≥ 2). 

 

KEYWORDS: Miktoarm polymer, directed self-assembly, small angle neutron scattering, 

self-consistent field theory. 

  



 

 

INTRODUCTION 

 Block copolymers (BCPs), linking together two or more chemically distinct 

polymers, can self-assemble into arrays of nanoscopic microdomains that have been used as 

templates and scaffolds for the fabrication of nanostructured inorganic materials, separations 

media, and low dielectric constant materials.1-5 The structure of BCPs can be classified into 

linear and branched by the location of the junction points connecting the blocks. The 

morphologies of linear AB BCPs exhibited spherical, cylindrical, lamellar, and gyroid types 

have been extensively studied due to the relative simplicity of the synthesis, characterization, 

and theoretical analysis. In ABC BCPs composed of three chemically different 

homopolymers covalently linked together, the addition of a third block increases the number 

and complexity of the morphologies, driven primarily by the volume fractions of the 

components and the relative strength of the segmental interactions between the components. 

Added to this is the architecture of the chain: whether the three different blocks are 

sequenced linearly or if the blocks share the same junction point to make a star-type 

copolymer. Such a star terpolymer is named a miktoarm star block terpolymer if all blocks 

are different. 

In comparison to linear triblock copolymers, there are fewer studies on ABC 

miktoarm terpolymers, due, in part, to the complexity of the synthesis.6-9 In addition, the 

morphological characteristics of ABC miktoarm terpolymers are quite different from those of 

linear triblock copolymers due to their chain architecture. For instance, in strongly segregated 

microphase separated melts, the chemical junction points of linear triblock copolymers get 

confined on a two-dimensional interface between their blocks, while the junction points of 

ABC miktoarm terpolymers are, in principle, aligned along a line.10,11 This difference gives 

rise to tessellated or tiled morphologies not found in the linear analogs.12-18 Moreover, 



 

 

hierarchical morphologies with multiple characteristic length scales can be found due to 

differences in the strengths of interactions between the blocks and/or differences in the 

molecular masses or volume fractions of the blocks.14 

 Isono and coworkers were the first to study ABC miktoarm terpolymers consisting 

of three strongly incompatible arms, namely polydimethylsiloxane (PDMS), polystyrene (PS), 

and poly(tert-butyl methacrylate) (PtBMA).19 They observed a 3-fold symmetry by TEM and 

SAXS where the junction points between the three incompatible blocks were confined to a 

line.20 Hadjichristidis and coworkers investigated ABC miktoarm terpolymers with PS, 

polyisoprene (PI), and poly(methyl methacrylate) (PMMA) blocks.21,22 A two-dimensional 

periodic microstructure, consisting of an inner PI column with a surrounding PS annulus in a 

matrix of PMMA (three microphases) were found with the junction points at the interface 

between PS and PI. Matsushita and coworkers investigated miktoarm terpolymers of PS, PI, 

and poly(2-vinylpyridine) (P2VP) blocks.23-26 They meticulously examined the tilings, which 

had honeycomb-type and 4-fold and 6-fold symmetries, as a function of the volume fraction 

of each component. Recently, solvent vapor annealing of thin films of ABC miktoarm 

terpolymers were investigated where morphologies distinct from the bulk morphologies were 

found due to the constraints placed on the morphologies by the film thickness and interfacial 

interactions.27-29 

Theoretical studies on ABC miktoarm terpolymers have focused mainly on the 

influence of the volume fraction of the three components on the equilibrium morphology12-14, 

30-34 where the segmental interaction parameters were equal for all the three pairs 

(cAB=cAC=cBC, termed symmetric) and for the case where cAB=cAC≠cBC (termed asymmetric). 

The asymmetric interaction case has been found to capture the morphological behavior of PS-

PI-P2VP miktoarm terpolymers observed experimentally35 where the P2VP fraction was 



 

 

varied.12,14 A gradual transition from Archimedean tilings to hierarchical structures were 

found as the P2VP volume fraction was increased. There are few studies focusing on the 

influence of the strength of segmental interactions on the morphology of the miktoarm 

terpolymers. Huang and coworkers investigated the effect of interaction parameter on the 

morphology of ABC miktoarm terpolymers with fixed compositions using dissipative particle 

dynamics simulations.16 The interaction strength affected the morphology only when the 

volume fraction of one of the components dominated. 

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 temperature on the thermodynamics of microphase separation. For such 

studies, we have synthesized eleven ISV-x (I:S:V = 1:1:x, v:v:v) miktoarm stars. 

Recently, the influence of composition, chemical microstructure, and annealing 

temperature on the morphology of PS-PI-P2VP miktoarm terpolymer was systematically 

studied.36 This study showed a transition in the morphology from lamellae, [8.8.4] tiling, 

cylinders in undulating lamellae, to hexagonally packed core-shell cylinder phase by 

increasing the P2VP volume ratio. Despite these advances in understanding the microphase 

separation in ABC miktoarm terpolymers, characterization of various morphologies using 

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

(SAXS and SANS) remains a challenge. TEM image shows the each microdomain by 

selective staining, but it is limited to examining the local morphology within an area of 

several square microns. Furthermore, even when symmetry of the morphologies gets 

established, interpretation of the scattering requires careful investigation of the different 

contributions from the three components to the scattering. In this work, we present results to 

characterize morphology in an ABC miktoarm terpolymer containing PS, PI, and P2VP arms, 



 

 

abbreviated as SIV, having a volume ratio of 1.0:1.3:4.0. We used TEM, SAXS, SANS, and 

the self-consistent field theory (SCFT) to characterize a lamellar morphology with three 

microphase separated domains (named LAM-3). The SCFT was used to compute scattering 

curves and understand the origin of anomalous scattering pattern in SANS for the SIV 

miktoarm containing deuterated PS. The SCFT calculations not only reproduced the 

experimentally observed scattering and the TEM images, but also revealed that there are three 

competing lamellar-like morphologies which can be stabilized based on the ratio of repulsive 

interaction strengths between different blocks.  

 

EXPERIMENTAL SECTION 

Materials. Styrene (Fisher, >99%), styrene-d8 (Aldrich, >98%), 2-vinylpyridine (Aldrich, 

>98%), isoprene (Fisher, >99%), 2-chlorobutane (Fisher, >99%), hexane (Fisher, >99.5%), 

methanol (Fisher, >99.9%), benzene (Aldrich, >99.9%), cyclohexane (Fisher, >99%), 

tetrahydrofuran (Aldrich, >99%), and 1,4-bis(1-phenylvinyl)benzene (PEB, donated by Dow 

Chemical, >95%) were purified based on previously reported method.37 Lithium (Aldrich, 

>99%) and CaH2 (Aldrich) were used as received. Sec-butyl lithium (sec-BuLi) was prepared 

by combining 2-chlorobutane with Li metal under vacuum. 

Synthesis of ABC Miktoarm Terpolymer. Synthetic procedures and characterization data 

for all compounds and BCPs are provided in detail in the Supporting Information (SI). 

Characterization. 1H NMR spectra were acquired on a Varian Mercury 500 instrument using 

deuterated chloroform (CDCl3). Molar mass and molecular weight distributions were 

measured by size exclusion chromatography (SEC) in THF/0.5% triethylamine (TEA) at 40 

oC with a flow rate of 1.0 ml/min using an Agilent 1260 Infinity HPLC system consisting of a 

pump, a degasser, an autosampler, an instant pilot controller, a Wyatt TREOS multi-angle 



 

 

light scattering detector, a Wyatt Optilab rEX differential refractive index detector, and four 

Phenomenex Phenogel columns in series. Table 1 shows the molar mass and volume fraction 

of each block in the SIV and SIV with deuterated PS, abbreviated as dSIV.  

Table 1. The molar mass and volume fraction of each block for SIV and dSIV miktoarm 

terpolymers 

Code 
Mn (kDa) Volume ratio 

(d)PS : PI : P2VP (d)PS PI P2VP 

SIV 10.6 11.2 44.9 0.17 : 0.20 : 0.63 

dSIV 10.6 11.2 42.2 0.16 : 0.21 : 0.63 

* based on densities of PS, dPS, PI, P2VP equal to 1.04, 1.14, 0.92, 1.14 g cm-3, respectively. 

To observe the bulk morphologies of protonated SIV and perdeuterated dSIV miktoarm 

terpolymers, the samples for SAXS and SANS were thermally annealed at 190 °C under 

vacuum for 4 days and then slowly cooled to room temperature. SAXS was performed on a 

Ganesha SAXS-LAB using Cu Kα radiation (λ = 0.154 nm). The sample-to-detector distance 

was 1041 mm, and the X-ray beam area was 0.04 mm2. SANS measurements were conducted 

on the EQ-SANS instrument at the Spallation Neutron Source at the Oak Ridge National 

Laboratory.38 The SANS intensities were obtained by using neutrons with wavelengths of 

10.11 Å < λ < 13.2 Å at a sample-to-detector distances of 4 m. For TEM measurements, the 

thin sections (~50 nm) of microtomed samples were stained for 2–4 h with iodine (I2) vapor 

and/or for 4 h with osmium tetroxide (OsO4) vapor to distinguish each block and they were 

measured using a JEOL 2000FX TEM operated at an accelerating voltage of 200 kV.  

Self-Consistent Field Theory (SCFT). Details of the SCFT calculations for ABC miktoarm 

terpolymers have been reported in the literature.12,13,39-42 Here, we briefly describe the SCFT 

and model parameters for SIV with dSIV. After defining Hamiltonian for the ABC 



 

 

miktoarms by including the Wiener measure for chain stretching and repulsive short-ranged 

interactions among different kinds of segments, we used standard field theoretical 

transformations to construct a field theory. Standard saddle-point approximation on the field 

theory yielded non-linear SCFT equations which were solved iteratively for equilibrium 

volume fraction distribution of the three different components. Polyswift ++43 was used for 

all the SCFT calculations in this work, which uses the pseudo-spectral method44 for solving 

modified diffusion equations appearing at the saddle-point. In writing the Hamiltonian, three 

arms of the ABC miktoarm terpolymer were represented by Gaussian chains, each of length 

Nili, where i is the index of the block (i = 1, 2, 3 represents S, I, and V, respectively), Ni and li 

stand for the number and length of segments in ith block, respectively. The interactions 

between dissimilar polymer segments were defined by Flory-Huggins interaction terms cij, 

where i and j represent indices of the blocks. All the polymer segments were assumed to be of 

the same segment length (l1 = l2 = l3 = l), where l = v1/3 (v = (vSvIvV)1/3) is the geometric mean 

of the molar volume of the polymer segments. The molar volumes of the different 

components were obtained by dividing the polymer density by their respective monomer 

molar mass. In particular, the bulk densities of dPS, PI, and P2VP were taken to be 1.14, 

0.92, and 1.14 g cm-3, respectively and the monomer molar masses for dS, I, and V are 112.2, 

68.12, and 105.14 g mol-1, respectively. For the SCFT calculations, spatial dimensions of the 

simulation boxes were scaled with respect to Rgo = l(N/6)1/2, where 𝑁 = ∑ 𝑁$%
$&'  was defined 

as the ratio of total molar volume of the block co-polymer to the mean molar volume of the 

segments (v). The chain fraction, defined as 𝑓$ = 𝑁$/𝑁, was assumed to be the volume 

fraction of the respective component. The interaction parameters were obtained from the 

studies reported in the literature. However, we are not aware of any report discussing 

interactions of deuterated styrene with isoprene and 2-vinylpyridine and effects of deuteration 



 

 

on short-range interactions were assumed to be negligible. One of the main criteria for 

observing the experimental morphology is: χSI ~ χVS << χIV. The deuteration of polystyrene 

may influence χSI and χSV to some extent but the difference is inconsequential relative to the 

absolute value. Hence this assumption seems reasonable for such system. Specifically, we 

used the interaction parameters for hydrogenated styrene, which were reported to be χSI = 

0.068545 and χVS = 0.086746 at 190 °C (annealing temperature for the samples). Also, χIV was 

reported to be about eight times that of χSI based on solubility parameter estimation.47 For 

modeling purposes, we assumed χIV = kχSI and k was varied to explore the morphological 

changes as a function of the relative interaction strength. Very high values of k were not 

explored as it becomes numerically challenging. The calculations were performed in both two 

and three dimensions. The grid size was varied between 0.1Rgo and 0.15Rgo, and the number 

of grid points was varied between 64 x 64 and 128 x 128, for the simulations executed in two 

dimensions. For the simulations executed in three dimensions, the grid size was set at 0.1Rgo 

and 0.15Rgo, and the number of grid points was taken to be 96 x 96 x 16. Variations of the 

grid sizes were done to ensure that the issue of incommensurability between period of the 

microphase separated morphologies and size of the simulation box doesn’t affect the SCFT 

results. Simulations in three dimensions were executed to ensure that the morphology 

observed in the simulations ran in two dimensions simply translates in the third direction as 

well. Morphologies with the lowest free energy per chain (with respect to a completely 

disordered system) were reported here (see Table S1 in the SI). For attaining morphology 

with the lowest free energy, the following steps were taken. (a) Zone annealing was 

performed, wherein locally the structure was relaxed by decreasing the χN values to 

arbitrarily low values (typically much below the order-disorder limit of χN). This cycle of 

local relaxation was repeated throughout the simulation box and for a large number of 

iterations until the structure in the simulation box was relaxed.48 (b) Different initial 



 

 

conditions were used for the simulation: disordered, three different lamellar like structures (3-

lamellar (LAM-3), alternate lamellar (ALT.LAM), cylinder in undulated lamellar 

(CYLULAM)) (Figure S3), five different tiling structures ([12.6.4], [6.6.6], [8.8.4], [8.6.6.; 

8.6.4], [10.6.6; 8.8.4])12,29 and core shell hexagonally packed structure. (c) The box 

dimensions were varied to avoid the artifacts due to buildup of stresses resulting from 

incommensurability of repeat distance of the morphologies and the box sizes and ensuring 

that (d) the morphology was retained in three dimensions. A summary of the model 

parameters used for the simulations is given in Table 2. 

Table 2. The parameters for dSIV miktoarm melts. Here, 𝑁 = ∑ 𝑁*%
*&' , f represents the chain 

fraction of the respective component and χij represents the pairwise interaction parameter 

between different components.  

N fdPS fPI fP2VP χSIN χVSN χIVN* 
668 0.16 0.21 0.63 45.7 57.9 45.7−160.0 
* χIVN is varied over a range of 1.0χSIN ≤ χIVN ≤ 3.5χSIN 

Static Structure Factor from Equilibrium Volume Distribution Profiles. The equilibrium 

volume distribution profiles, obtained from the SCFT calculations, were used to calculate the 

scattering profiles of the bulk samples for comparison to the experimental profiles. The 

volumetric mean of the neutron scattering length density (NSLD) at every grid point was 

used to construct the spatial distribution of the scattering length density (SLD), i.e., 

𝜌(𝑥, 𝑦) = ∑ 𝑆𝐿𝐷$𝜙$(𝑥, 𝑦)%
$&' , where 𝑆𝐿𝐷$  and 	𝜙$(𝑥, 𝑦) represent the SLD and volume 

fraction of i at location (x,y). The SLDs of the hydrogenated and deuterated components are 

given in Table 3.49,50 A FFTW (Fastest Fourier Transform in the West) library was used for the 

Fourier transformation, F, of r(x, y). F (qx, qy) = Fourier Transform {r(x, y)}, where qx = 

2pm/Lx and qy = 2pn/Ly are the x and y components of the scattering vector q, Lx and Ly 



 

 

represent the length of the simulation box in the x and y directions, respectively.51 m and n are 

integers ranging from 0 to Nx/2 and 0 to Ny/2, respectively, where Nx and Ny are the number of 

grids in x and y directions, respectively. The static structure factor S(q) was obtained as a 

function of the scalar wave vector q = (qx
2+qy

2)1/2 using its definition S(q) = < F (q) F (-

q)>/(NxNy), where the angular bracket <> represents azimuthally averaged value of S(q). 

Table 3. Electron and neutron scattering length densities (SLDs) of different components, 

where d represents fully deuterated component.49,50 

 Electron SLD 
(×10-6 Å-2) 

Neutron SLD 
(×10-6 Å-2) 

dPS 10.4 6.47 

dPI 8.7 7.05 

dP2VP 10.3 6.72 

PS 9.5 1.39 

PI 8.6 0.27 

P2VP 10.3 1.94 

 

  



 

 

RESULTS AND DISCUSSION 

We synthesized the PS-PI-P2VP (SIV) miktoarm terpolymer and its analog with 

deuterated PS (dSIV) by living anionic polymerization. Both the SIV and dSIV have fairly 

similar compositions and total molar masses (Table 1). The samples were thermally annealed 

at 190 oC for 4 days in high vacuum (~0.01 mbar) to avoid the degradation, specifically 

crosslinking, from oxidation.  

 

Figure 1. Small angle X-ray and neutron scattering (SAXS and SANS) profiles for SIV 

(black line) and dSIV (blue line) in the bulk after thermal annealing at 190 oC for 4 days. The 

scattering profiles are shifted vertically for clarity. The inverted triangles indicate the position 

of the primary (q*) and higher order reflections.  

The SAXS profiles of the SIV and dSIV miktoarm terpolymers as a function of the 

scattering vector (q) were measured at room temperature after thermal annealing as shown in 

Figure 1. For the fully protonated SIV, a highly-ordered lamellar microdomain morphology 

was observed with L0 = 2π/q* of 39.6 nm (q* = 0.159 nm-1), as evidenced by the multiple 

higher order reflections at scattering vector ratios of 1:2:3:4 relative to the primary reflection 



 

 

(q*). The dSIV miktoarm terpolymer having the same molar mass as SIV also shows a 

lamellar morphology with a similar L0 of 40.5 nm (q* = 0.155 nm-1). Since the X-ray 

scattering results from spatial variations in the electron density, (P2VP (3.65 x 1023e/cm3), PI 

(3.09 x 1023e/cm3), and PS (3.40 x 1023e/cm3)), the scattering intensity is proportional to the 

square of the differences in the electron densities of the three blocks, (re,PS- re,PI)2, (re,PS-

 re,P2VP)2, and (re,PI- re,P2VP)2, which are 0.96 x 1045(e/cm3)2, 0.62 x 1045(e/cm3)2, and 1.30 x 

1045(e/cm3)2, respectively. So, while the dominant contribution to the SAXS will arise from 

the contrast between PS and PI or P2VP and PI, there will still be a contribution from the PS 

and P2VP contrast, though the latter will be much less. Nonetheless, there will be ambiguity 

in the interpretation of the SAXS data. 

 SANS measurements were performed using the EQ-SANS instrument at the 

Spallation Neutron Source at Oak Ridge National Laboratory, where the PS block of the 

terpolymer was perdeuterated. In Figure 1, the SANS profiles for SIV and dSIV miktoarm 

terpolymers after thermal annealing are also shown. For SIV, a primary scattering peak at the 

same position as SAXS is seen along with higher order reflections (2q* and 3q*) 

corresponding to a lamellar morphology. The reflections are weaker and less well-defined 

than the SAXS reflections, since the contrast arises primarily from the mass density 

differences between the components. The NSLD of PI is 0.27×10-6 Å-2, in comparison to the 

NSLD of P2VP of 1.94×10-6 Å-2 and PS of 1.39×10-6 Å-2, which is similar to the trend in the 

electron densities and, as such, the SAXS and SANS results provide essentially the same 

information. Both the SAXS and the SANS results show that the scattering intensity 

diminishes with increasing angle. By labeling only the styrene block with deuterium, the 

NSLD of the PS increases to 6.47 x 10-6 A-2 and a significantly distinct scattering profile is 

observed. Multiple higher order reflections, up to 5q*, are seen, indicative of a highly ordered 



 

 

lamellar structure with an L0 of 38.3 nm (q* = 0.164 nm-1). In addition, second and third order 

reflections are more intense than the primary reflection, suggesting either an unusual 

symmetry is causing a variation in the intensity of the reflections or that scattering arising 

from a different length scale, essentially one-half and one-third the length scale of the length 

scale of the primary reflection, is incoherently adding to the scattering from the lamellar 

microdomain morphology. These SANS results will be discussed more fully in light of our 

SCFT calculations to identify the morphology (see below). The persistence in the SANS up 

to a fifth order clearly shows a highly regular stacking of the lamellar microdomains and, 

therefore, the dissipation in the SAXS and SANS for the SIV and the SAXS for the dSIV 

indicate that a diffuse haze boundary or an apparent diffuse phase boundary is giving rise to 

the loss in intensity at higher scattering vectors.   

 

Figure 2. TEM images of dSIV miktoarm terpolymers with different staining reagents; (a) I2 

(dark P2VP / bright PS and PI), (b) OsO4 (dark PI / bright PS and P2VP), (c) I2 and OsO4 

(dark PI and P2VP / bright PS) staining. The scale bar is 100 nm. 

 TEM images of the dSIV are shown in Figure 2. Using different staining reagents, 

each microdomain can be distinguished since the P2VP microdomain in the lamellar structure 

of dSIV is black or white depending on whether it is stained by I2 (Figure 2a) or OsO4, 

respectively (Figure 2b). The widths of the lamellae microdomains of P2VP to the other 



 

 

lamellae microdomain are 63:37 which is consistent with the value based on the volume 

fractions of the components (ФPS : ФPI : ФP2VP = 16 : 21 : 63). To distinguish PS from PI and 

P2VP, both I2 and OsO4 staining were used to render the P2VP and PI phase dark and PS 

phase bright, as shown in Figure 2c. Consequently, a micrograph of the three-phase four-

layer lamellar microdomain morphology for dSIV was obtained. The dark PI lamellae are 

embedded in a PS matrix, resulting in a sequence of PS-PI-PS-P2VP layers. It is also evident 

that the very non-favorable contacts between the PI and P2VP domains are minimized by the 

intervening PS layer, since χSI ~ χVS << χIV. 

 In terms of composition and total molar mass, both the SIV and dSIV miktoarm 

terpolymers are quite similar but the SAXS and SANS profiles for dSIV are qualitatively 

distinct from those for SIV. To better understand and characterize the morphology, we used 

the SCFT based calculation, where we only considered the dSIV miktoarm polymer and the 

details of the SCFT parameters are presented in Table 2. The volume fraction and total 

number of segments were mapped directly from the experimental parameters, whereas some 

of the interaction parameters (χSI, χVS) were obtained from the literature. The only unknown 

parameter for the system, χIV, was systematically varied to obtain different equilibrium 

morphologies to compare against experimental SAXS, SANS, and TEM results. The 

equilibrium volume fractions of the three different components of dSIV were obtained as a 

function of relative strength of the interaction between PI-P2VP over PS-PI (i.e., k = χIV/χSI 

with fixed χSI = 0.0685) and results are shown in Figure 3. In the simplified summary column, 

the maximum volume fraction of the component at any grid point was used to color that point. 

The detailed volume fractions of each component (left side of Figure 3) show slightly diffuse 

interfaces unlike the sharp interfaces from the simplified three-color representation. The 

detailed information about the free energy between the competing structures for a given k and 



 

 

the three dimensional images are presented in the SI (Section SI-2). 

 

 

Figure 3. . Equilibrium morphologies of the dSIV miktoarm terpolymer obtained using the 

SCFT. The relative interaction strength parameters were varied so that k = χIV/χSI = 1.0, 1.4 

and 3.5 while χSI was fixed at 0.0685. In the simplified summary, the color-codes represent 

maximum volume fraction at a grid point and are: green-dPS, blue-PI, and red-P2VP. The 

volume fraction profiles are also presented along with the color bar for the volume fraction 

for reference. The morphology transitions from (a) alternate lamellar (ALT.LAM) at k = 1.0 

to cylinder in undulated lamellar (CYLULAM) at k = 1.4 and finally to 3-lamellar (LAM-3) 

structure for k = 3.5. 

 The equilibrium morphology of the dSIV miktoarm terpolymer transitions from an 

alternate lamellar (ALT.LAM) morphology at k = 1.0 to cylinder in undulated lamellar 



 

 

(CYLULAM) morphology at k = 1.4 and then into 3-lamellar (LAM-3) morphology as the 

strength of the relative interaction parameter k becomes equal or greater than 2.0 (only shown 

for k = 3.5 in Figure 3). When the repulsive interactions between PI and P2VP are low (i.e., k 

= 1.0), PI is exposed to P2VP in the ALT.LAM structure. By gradually increasing the 

repulsions between PI and P2VP, PS mitigates these unfavorable interactions, leading 

ultimately to the LAM-3 morphology where a layer of PS separates the layers of PI and 

P2VP. All of these three structures have been reported in previous studies for ABC miktoarm 

terpolymers.12,15,17,18 Since χIV is the unknown parameter, by comparison of the simulation 

results to the TEM results and semi-quantitatively to the SAXS and SANS profiles, χIV can be 

estimated and compared to that derived from the solubility parameter (χIV/χSI ~ 8).47 The k 

value reported in the literature provides an estimate and it is numerically difficult to simulate 

copolymers using such a high value of k due to the presence of very sharp interfaces in such 

simulations. Computed scattering profiles from the three different morphologies, ALT.LAM 

(k = 1.0), CYLULAM (k = 1.4), and LAM-3 (k = 3.5), were compared to the SAXS and 

SANS profiles of dSIV miktoarm terpolymer. For direct comparisons of the SCFT-based 

scattering profiles with SAXS and SANS, the following steps were applied:  

1. Location of the primary peak in scattering curves for block polymer melts gives 

characteristic length scale of microphase separation. In order to reproduce the same length 

scale in the SCFT calculations, one can either vary conformational characteristics of the 

block polymer chains such as the Gaussian radius of gyration (Rgo) or the interaction 

parameters χij. For the ABC miktoarm terpolymer melts, we compared the SCFT based 

scattering curves with experiments by rescaling Rgo while converting dimensionless wave 

vector q* = q Rgo (Figure S5 and S7) into q (in the units of nm-1). Specifically, q* was divided 

by Rgo1 instead of Rgo, where Rgo1 was obtained by fitting the primary peak position in the 



 

 

computed scattering curves (q*) to the primary peak position (q) in the experimental SAXS 

and SANS profiles. An alternative approach of varying the interaction parameters to match 

the primary peak was not attempted due to the lack of quantitative data on the parameters. In 

retrospect, one can compute the total number of Kuhn segments (Nk) and the effective Kuhn 

segment length (lk) for a given value of the asymmetry parameter k, which can represent the 

specific experimental system studied here. For such computations, we used the definition Rgo1 

= lk (Nk/6)1/2 and equate the contour length of the new model against the model presented in 

Table 2 (i.e., lkNk = lN). Solving these two algebraic equations, lk and Nk were obtained (Table 

S2). The calculated lk were reasonable as they lie within the range of Kuhn segment lengths 

of the individual components (the Kuhn segment length (l) for PS, PI, and P2VP are 1.8, 0.9, 

and 1.8 nm, respectively).52 This analysis highlights sensitivity of the scattering curves to the 

choice of the Kuhn segment length.  

2. After obtaining the dimensional form of q, the model data is convoluted with a one-

dimensional Gaussian function (𝑮(𝒙) = (𝟐𝝅𝝈𝟐);
𝟏
𝟐𝒆;

𝒙𝟐

𝟐𝝈𝟐, where s is the standard deviation). 

The specified SAXS and SANS instrument resolution functions were used as a standard 

deviation. The standard deviation for SAXS was 0.01356 nm-1 and the q-dependent standard 

deviation for the SANS instrument is provided in the SI (Figure S8).  

3. The magnitude of the convoluted data was then scaled such that the primary peak in the 

model magnitude matched with that in the SAXS and SANS magnitude.  



 

 

 

Figure 4. Comparison of computed scattering profiles with the experimental SAXS and 

SANS profiles of dSIV miktoarm terpolymer by taking into consideration the SLD of 

different components (Table 3) followed by post processing (Section SI-3). (i), (ii), and (iii) 

in both (a) and (b) correspond to three different morphologies, namely; (i) ALT.LAM (k = 

1.0), (ii) CYLULAM (k = 1.4), and (iii) LAM-3 (k = 3.5). LAM-3 structure represented both 

the SAXS and SANS profiles almost quantitatively. The arrows in ALT.LAM and 

CYLULAM scattering profiles indicate the position of the first two secondary peaks.  

 As shown in Figure 4a, it is challenging to determine which model represented the 

SAXS data best, given that only two multiple order reflections were observed and the 

intensity of third order reflection was too small. The distinguishing feature between LAM-3 



 

 

structure and other two structures was the presence of distinct peaks corresponding to the 

secondary length scale in ALT.LAM and CYLULAM structure. The first two secondary 

model peaks are indicated using arrows in Figure 4 for both the ALT.LAM and CYLULAM 

structures. However, those computed peaks appeared only as shoulders which could be 

missed in the experiment due to instrument resolution and incoherent background, especially 

for the case of ALT.LAM structure. Whereas, in the SANS results (Figure 4b), computed 

peaks corresponding to the secondary length scales appeared magnified for ALT.LAM and 

CYLULAM. Out of the three models, the LAM-3 model represented the SANS scattering 

profile the best. The peaks were observed at 1:2:3:4:5 and the peak positions exactly matched 

those observed in SANS. Moreover, the higher order reflections were more intense than the 

primary reflection, qualitatively similar to the SANS profile. Hence, the LAM-3 morphology 

was found to be the most appropriate morphology for the dSIV miktoarm terpolymer based 

on the detailed SCFT studies. 



 

 

 

Figure 5. (a) One-dimensional NSLD of LAM-3 structure and their (b) corresponding 

computed SANS for different deuteration labeling. Only when PS is deuterated, the computed 

SANS profile shows the unique feature of smaller primary reflection than the higher order 

reflections. 

 Scattering calculations based on the SCFT were repeated for k = 3.5 by deuterating 

different components of SIV, one component at a time. For the LAM-3 structure, the two-

dimensional SLD can be simplified to a one-dimensional SLD profile and are shown in 

Figure 5a. Only when PS is deuterated, the computed SANS profile (Figure 5b) showed 

qualitatively similar behavior as seen in experiments. In other cases, the SANS profiles 

exhibited primary reflection to be larger in magnitude than the higher order reflections. 



 

 

Closer examination of the SLD profiles indicated that only for the case of dSIV, the PS 

domain shows distinct contrast relative to PI and P2VP. For the other cases, the SLD appears 

the smooth transition from the P2VP rich region to the PI rich region. This distinct feature of 

the SLD of dSIV is translated into anomalous behavior in the scattering profile. It should be 

pointed out that variations of the SLD due to deuteration can explain scattering pattern for 

LAM-3 morphology. In practice, the deuteration can affect not only SLD but also the 

interaction parameters resulting from molar volume changes and polarizability.53,54 However, 

we expect those changes due to deuteration on the interactions to affect location of the peaks 

by affecting sizes of microphase separated domains with very small effects on the shapes of 

the scattering curves.  

 There have been several studies on the morphology of SIV miktoarm terpolymers 

having approximately similar compositions. Matsushita and coworkers have reported 

ALT.LAM structure with composition of S:I:V = 0.2:0.2:0.6.35 The CYLULAM structure 

was reported by Chernyy and coworkers for a similar composition, S:I:V=0.17:0.17:0.66.36 It 

has been shown that composition, molar mass, and configuration of PI have significant 

effects on the morphology. The dSIV miktoarm terpolymer in this study is very similar to the 

sample (code: ISV-4) in a previous study.36 Both used similar synthetic route, therefore both 

cases are expected to have the same configuration of PI (predominantly poly(cis-1,4-

isoprene)). The total molar mass for both cases are also similar (dSIV: 64kDa, ISV-4: 71kDa). 

Closer examination of the composition shows that the volume ratio of PS and PI is slightly 

asymmetric in our case, 1:1.3, in comparison to the completely symmetric ratio (1:1) for ISV-

4. Whereas, the volume ratio of PS and P2VP is equally asymmetric for both cases, 1:4.0 for 

dSIV and 1:3.9 for ISV-4. In fact, for a very wide range of PS vs P2VP volume ratio, 1:1.9 to 

1:3.9, CYLULAM morphology was observed.36  



 

 

Triggered by the slight asymmetry in the composition observed (discussed above), 

we investigated the effect of the volume of PS on the morphology of the dSIV by keeping the 

volume ratio of other two components fixed (ΦI:ΦV=1.3:4.0). Consequently, the volume 

fractions of the three components varied, but the other parameters, namely the three pairwise 

interaction parameters and the total number of segments, were held constant for these 

simulations. As shown in Figure 6, with a gradual increase in the volume of PS, the 

morphology changes from LAM-3 to CYLULAM. This transition occurs near the 

composition where the volumes of PS and PI are nearly the same (1:1.09). The LAM-3 

structure is retained with a ΦS:ΦI of 1:1.3. The pairwise interaction parameter between the 

different components can explain the effect of the ΦS on the morphology. Since PI and P2VP 

are highly incompatible, PS is placed at the interface of PI and P2VP to mediate nonfavorable 

interactions. Hence, with increase in the volume of PS, a CYLULAM morphology is found. 

 

Figure 6. Effect of composition on the morphology of the SIV miktoarm terpolymer. The 

change in volume of PS is reflected in the volume fraction of ΦS:ΦI as shown in the pseudo 

x-axis. As the volume fraction of PS increases with corresponding decrease in the volume 

fraction of PI, the morphology changes from LAM-3 to CYLULAM. The color-codes 

(represents maximum volume fraction at a grid point) are: green-PS, blue-PI, and red-P2VP.  



 

 

CONCLUSION 

 In summary, the LAM-3 structure has been realized from the self-assembly of SIV 

miktoarm terpolymer with a volume ratio of the blocks of 1:1.3:4.0. We investigated not only 

the local ordering by TEM, but the averaged structures by analyzing SAXS and SANS data 

simultaneously, taking advantage of the differences in the electron densities and NSLDs of 

the components. This structure was also generated by SCFT calculations based on the 

interaction strengths. The LAM-3 was found to be the most stable morphology for χIV/χSI ≥ 2. 

Furthermore, LAM-3 exhibited a unique SANS scattering pattern when styrene was 

deuterated in which primary peak had lower intensity than the next two higher order peaks. 

Absence of peaks due to secondary length scales in the obtained experimental SAXS profiles 

and presence of higher order peaks of larger magnitude compared to the primary peak 

indicates that LAM-3 structure is indeed the observed structure in the experiments. This 

synergistic experiment and simulation study highlights the need to carefully examine the 

scattering from multicomponent block polymer melts. 
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