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A B S T R A C T   

A series of three homologous ABC miktoarm star terpolymers having a polyisoprene (PI), a polystyrene (PS) and a 
poly(methyl methacrylate) (PMMA) arm, is synthesized by living anionic polymerization. While the volume 
fraction of the PI and the PS blocks are kept equal and constant, the volume fraction of the PMMA block is varied. 
The room temperature bulk structure is characterized using small-angle X-ray scattering and transmission 
electron microscopy, while the structure of thin films is investigated using scanning electron microscopy, atomic 
force microscopy and X-ray reflectometry. For both bulk and thin films, it is found that the sample with the 
lowest volume fraction of PMMA has a morphology distinctly different from the two samples with larger PMMA 
volume fraction. All data for both bulk and thin film samples are consistent with an alternating lamellar structure 
for the lowest PMMA volume fraction sample. The two higher PMMA volume fraction samples show standing rod 
structure, however the details of the packing in the PMMA matrix differ depending on sample thickness. Overall, 
a structure with PI domains screened from interacting with PMMA by a PS shell is seen for both samples. In bulk, 
core-shell cylinders pack hexagonally, while a 100 nm thin film of the sample with the largest volume fraction of 
PMMA shows a square-lattice packing. The structuring is driven by two factors: i) the strong segregation of the 
PI-PMMA arm pair together with the weak segregation of the two arm pairs with a PS block and ii) the 
geometrical constraints resulting from the star architecture. No wetting layers are observed for any of the thin 
film samples, neither at the air-polymner surface or at the polymer-substrate interface.   

1. Introduction 

Block copolymers (BCPs), where two or more chemically different 
polymer chains are linked together, can self-assemble into nanoscale 
ordered structures [1–4]. BCPs with long-range order have a host of 
potential applications, e.g. as nanolithography and patterning templates 
[5–14], as etch resistant scaffolds [15], in nanofabrication [16], as 
guides for nano-patterning graphene [17], as separation membranes for 
water purification [18,19], in electronic packaging [20], in drug de
livery [21], and in solar cell industries [22]. 

The architecture of BCPs with three polymer blocks joined together 
(tri-BCPs) can be categorized as linear or branched. Specifically, when 
the three blocks are joined at a common point, a star terpolymer is 
formed [23]. Such a star terpolymer is labeled an ABC miktoarm star 

terpolymer (in the following ABC star) if the three blocks are chemically 
different [24]. 

In the case of ABC stars, the addition of a third block to a single 
junction point increases the complexity of the system in terms of syn
thesis, in terms of the governing parameters of self-assembly and also in 
the potential richness of the phase diagram [25–28]. For these systems, 
the equilibrium morphology is not only controlled by the volume frac
tions of the different components, f, the overall degree of polymeriza
tion, N, and the segmental interactions, χ, between the blocks 
(Flory-Huggins interaction parameter), the main governors for struc
turally simpler BCPs, but also by a more restricted confinement of the 
junction points [24]. Comparing the confinement of the junction points 
between linear tri-BCPs and the corresponding system with star archi
tecture, the junction points of the former are located on planar 
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interfaces, while the latter are located on lines [29,30]. This restriction 
can play an important role in structuring processes. As a result, for ABC 
star architecture, a host of different morphologies not found with 
simpler BCP architecture, i.e., tessellated, knitted or tiled morphologies 
is predicted [31–40]. 

In thin films with soft confinement (a thin film on a substrate), where 
interfacial interactions with the substrate and with air are introduced, 
additional constraints are placed on the possible ABC star morphologies. 
Furthermore, the overall film thickness, and its possible incommensu
rability with the characteristic domain spacing are players in defining 
the morphology. Hence, the self-assembly process in the films prepared 
with star architecture polymers as in the present study is generally 
complex and needs more studies [38–43]. In some cases, it has been 
found that the morphologies in thin films are different from the bulk 
counterparts [41,42]. 

In terms of theoretical studies on ABC stars, focus has been on bulk 
behavior, i.e. the effects of different arm volume fractions for equal 
segmental interactions [32,35,37,44–48] or the influence of different 
segmental interactions [31,42] on the morphology. Monte-Carlo simu
lations, dissipative particle dynamics (DPD) and self-consistent field 
theory (SCFT) have been utilized to predict the morphologies [31,33,37, 
49–52]. 

Fujimoto and coworkers were one of the first groups to investigate 
ABC stars composed of three incompatible arms of poly
dimethylsiloxane, polystyrene, and poly(tert-butyl methacrylate) 
experimentally and according to their work, the junction points are 
indeed confined to a line [28]. Takano and coworkers investigated a star 
architecture composed of polyisoprene (PI), polystyrene (PS), and poly 
(2-vinylpyridine) arms [53–56], where they reported honeycomb-type 
morphologies. 

Hadjichristidis and coworkers were the first group to investigate the 
bulk morphologies of ABC stars comprised of PS, PI, and poly(methyl 
methacrylate) (PMMA) blocks using small-angle X-ray scattering (SAXS) 
and transmission electron microscopy (TEM) [57–59]. They had chosen 
a synthesis scheme resulting in large macromolecules in order to obtain 
high segregation strength, i.e., large values of χN. According to their 
observations, the samples self-assemble into columnar structures 
embedded in a PMMA matrix with PI as the core surrounded by a shell of 
PS. The shapes of the columns depend on the arm length ratio; cylinders 
for large PMMA blocks and diamond prisms for short PMMA block 
length. The authors also found the junction points to be located at lines 
where the three types of microdomain interfaces intersect [58]. 

Despite the advances in understanding the morphology of some ABC 
stars, a full characterization of various morphologies in both bulk and in 
thin films using electron microscopy and X-ray scattering techniques 
remains a challenge. TEM and scanning electron microscopy, SEM, are 
limited to examining the local morphology within an area of several 
square micrometers both in bulk and in thin films. Moreover, electron 
microscopy images, due to the electron beam penetration, are not al
ways likely to reveal the presence of any wetting layers in thin films 
[60]. For SAXS, on the other hand, interpretation of the scattering 
pattern requires careful assessment of the individual contributions from 
the three different components, especially with low and varying elec
tronic contrast between different constituent blocks as in the present 
case. This will be even more challenging when the intensity of the 
characteristic peaks decreases due to broad microdomain boundaries for 
weakly segregated blocks. Further understanding of the self-assembly 
process of ABC stars in thin films and the possible impact of surface 
energy contributions to restructuring are accessible by acquiring more 
information directly from top layers and from buried layers via atomic 
force microscopy (AFM) and X-ray reflectometry (XRR), respectively. 

In this study, we present synthesis and characterization of a ho
mologous series of ABC stars containing a mixture of weakly and 
strongly segregated PS, PI, and PMMA arms. A system with the same 
blocks has been investigated in Refs. [57–59]; however, in the present 
paper, an alternative synthesis scheme for the system is demonstrated to 

obtain star systems with lower N, i.e., lower segregation strength, χN. 
The PS and the PI block lengths are kept constant, while the PMMA arm 
length is varied. PI: PS: PMMA arm length ratios of 1:1:2.2 (ISM2.2), 
1:1:3.7 (ISM3.7), and 1:1:5.4 (ISM5.4), were synthesized – in the 
following referred collectively to as ISM stars. In addition to bulk 
studies, we investigated thin film morphologies to shed light on the ef
fect of surface interactions on the self-assembly process. We utilized 
SAXS and TEM for bulk morphological studies, and XRR, AFM and SEM 
for investigating the thin film structures. 

2. Materials and methods 

Chemicals were purchased from Sigma-Aldrich. Tetrahydrofuran 
(THF), cyclohexane and methyl methacrylate were purified and ISM 
stars synthesized using anionic polymerization realized according to 
Ndoni et al. [61] and shown in Scheme 1. 1,4-bis-(1-phenylethenyl)ben
zene (1,4-PEB) was obtained following Chernyy et al. [42]. Molar mass 
and molar mass distribution were characterized using a gel permeation 
chromatography (GPC) system comprising a Shimadzu LC-10AD pump, 
a SIL-10AD auto injector, three columns - guard, 300 × 8 mm2 PLgel 
Mixed-C, 300 × 8 mm2 PLgel Mixed-D - and a Viscotek model 200 
combined viscosity and DRI detector. THF containing 1% trimethyl
amine was used as eluent at 0.5 ml/min flow rate. 

Isoprene - see Scheme 1 - was polymerized using sec-butyllithium as 
initiator in cyclohexane for 10 h at 40 ◦C (caution: overpressure) resulting 
in poly(1,4-isoprene) [PI] (microstructure 75% cis-1,4, 20% trans-1,4, 
5% 3,4) [62,63]. The living PI-Li was transferred to a reactor containing 
twofold excess with respect to polyisoprenyllithium of dry 1,4-PEB in 
THF and stirred for 8 h at − 15 ◦C (deep blue color). The reaction mixture 
was precipitated into methanol and excess of 1, 4-PEB was removed by 
re-precipitation from THF in methanol. The resulting macromonomer, 
diphenylethylene terminated polyisoprene (PI-DPE) was dried at 60 ◦C 
until ca. 0.001 mbar. In the second step, styrene was polymerized in 
cyclohexane using sec-butyllithium as initiator for 5 h at 30 ◦C and the 
obtained PS-Li was transferred to the THF solution of PI-DPE macro
monomer and stirred for 5h at − 75 ◦C (intense red color). In the third 
step, a predetermined amount of methyl methacrylate (MMA) was 
added followed by withdrawal of an aliquot (ISM2.2) after 1 h at − 75 ◦C. 
The MMA addition was repeated two more times (ISM3.7, ISM5.4) 
resulting in formation of in total three ISM miktoarm stars with varying 
molecular weight of the PMMA arm. The product was precipitated in 
methanol and dried under vacuum at 50 ◦C until ~0.001 mbar pressure 
was reached. Excess of unreacted PS and/or PI-DPE was removed by 
extraction with cyclohexane. NMR was performed using a Bruker 
AVANCE 400 MHz instrument. The integrated 1H NMR (CDCl3, 400 
MHz) peak intensities were utilized in order to estimate the mole frac
tions of the constituent blocks (i.e. PI, PS, and PMMA), which was then 
converted to the volume fractions of PI, PS and PMMA in the obtained 
ISM star polymers, as is listed in Tables 1 and 2. NMR spectra, 

Scheme 1. General polymerization scheme for synthesizing ISM miktoarm star 
terpolymers. 

S. Ariaee et al.                                                                                                                                                                                                                                   



Polymer 283 (2023) 126202

3

assignment of NMR peaks and relative intensities are found in the 
Supplementary Information (Figs. S9 and S10 and Table S4). The 
progress of the synthesis and purity of the final stars were followed by 
GPC as illustrated in Fig. 1. 

Sample preparation and thin film preparation for TEM staining by 
OsO4 and by RuO4, respectively, followed Chernyy et al. [41]. Staining 
times were 4h for OsO4 and 30 min for RuO4. TEM was obtained using a 
FEI Tecnai T20 G at 200 kV accelerating voltage in a bright field mode. 

For SAXS, ~0.5–1 mm polymer films were produced by solvent 
casting from 7% THF solutions under N2 for 1 week in the dark, followed 
by thermal annealing for 5 days at 150 ◦C. SAXS curves were measured 
at CHESS, Cornell University, USA, at the D1 beamline with a 

monochromatic 10.6 keV beam (λ = 0.117 nm, monochromatised by 
Mo/B4C multilayers). The flux and the energy resolution were 1012 

photons/(s mm2) and ΔE/E = 1.5%, respectively. The sample-to- 
detector distance was 1750 mm, and the X-ray beam size was 0.5 ×
0.2 mm2 (horizontal × vertical). Scattered radiation from the samples 
was collected on a PILATUS3 200k (487 × 407 pixels with 0.172 ×
0.172 mm size) detector (Dectris Co.) at room temperature. 2D scat
tering images were reduced to the corresponding transmission corrected 
and background subtracted 1D SAXS patterns by azimuthal integration 
(0◦–180◦) after bad pixel masking and detector/beam stop dead area 
removal utilizing fit2D [64,65]. The curve fitting toolbox in Matlab is 
used to fit Gaussian curves to the experimental data and evaluating them 
[66]. 

Thin ISM star films were spin coated onto clean room grade silicon 
wafers with native SiO2 oxide (purchased from Topsil Global Wafers, 
Denmark) without any further wafer surface cleaning from 1% (for SEM) 
and 3% (for AFM and XRR) toluene solutions. The spin coating param
eters were for the 1% solution for SEM, 6000 rpm/s acceleration and 
6000 rpm velocity to achieve thicknesses close to the equilibrium 
domain spacing (d0) and for the 3% solutions for AFM/XRR, 6000 rpm/s 
acceleration and 3000 rpm velocity to achieve ~100 nm films. The 
samples were solvent vapor annealed (SVA) in non-saturated acetone 
vapor (0.1 ml acetone, fully evaporated in a 200 ml vial) for ~1 day. 
SEM of the thin films was obtained using a Zeiss Supra 40VP at 1 kV 
accelerating voltage and 3–5 mm working distance without extra film 
treatment (i.e. no additional gold/carbon sputtering). The SEM images 
were recorded at different times before and after equipment renovation, 
i.e., the contrast of the images cannot be directly compared. AFM was 
performed using a NX20 (Park Systems Co.) with high-resolution OMCL- 
AC160TS rectangular cantilevers (force constant = 26 N/m and Reso
nance Frequency = 300 kHz) in non-contact mode. AFM Root Mean 
Square (RMS) roughness of the films were obtained from height scans 
with XEI SPM image processing tool (Park Systems Co.). Fast Fourier 
Transform (FFT) of the SEM micrographs and the 1 μm × 1 μm AFM 
height scans along with the corresponding radially integrated plots were 
calculated using ImageJ software [67]. XRR of thin films was realized on 
a Rigaku (SmartLab) X-ray Diffractometer equipped with a rotating 
anode (High voltage = 45 kV, I = 200 mA, beam-height = 50 μm and Cu 
Kα1 radiation with λ = 0.154 nm (Incident Ge 220 double bounce 
monochromator)) with 2θ = 0–5◦ with a step size and continuous scan 
speed of 0.004◦ and 0.08◦ min− 1, respectively. XRR curve simulation 
and fitting to experimental data are performed using GenX [68]. As-cast 
and annealed film thicknesses were measured by optical reflectometry 
(OR) using a Nano Calc-XR reflectometer with an external (UV-VIS-NIR) 
light source (all from Ocean Optics Co.) using incident light with a 
wavelength in the range of 400–850 nm. The thickness of the native 
oxide layer of the bare wafers was measured using a variable angle 
spectroscopic ellipsometer (M − 2000, J. A. Woollam Co., Inc.). 

The relevant pairwise Flory-Huggins interaction parameters are 
partially available in the literature. The values given here are intended 
to put the data presented in qualitative perspective by referring to di- 
BCP theory, i.e., comparing the ISM star BCP arms pairwise. We are 
not using the exact χ-values for quantitative analysis. The χ-values and 
degrees of polymerization, N, are based on a reference volume of 0.1 
nm3 and ρPI = 0.824 g/cm3; ρPS = 0.964 g/cm3; ρPMMA = 1.124 g/cm3 

[69]; χIS = 0.0494 and χSM = 0.0175 [70] all at 150 ◦C, which is the 
temperature used for thermal annealing of bulk samples. χIM has not 
been measured. Tcherkasskaya et al. has reported a value for PI-PMMA 
[71]. However, this value (0.061 when recalculated to the 0.1 nm3 

reference volume) is measured for predominantly 3,4/1,2 addition PI 
whereas the present sample is predominantly 1,4-PI. Furthermore, the 
value is based on measurement of the interphase width in block co
polymers and assuming the strong segregation theory prediction for the 
width. In lieu of a better value, we crudely assume the value ~0.061 to 
be relevant here and thus, implicitly assume that the isoprene addition 
mode in the chain does not influence the interaction. These 

Table 1 
The size and pairwise segregation strength, χABNAB, of the ISM miktoarm star 
melts at 150 ◦C, where fi is the volume fraction of component i, N =

∑3
i=1Ni, 

and NAB is the combined N for the corresponding AB-diblock copolymer. I: 
Isoprene, S: Styrene, M: Methyl methacrylate.   

fPS fPI fPMMA N χISNIS χIMNIM χSMNSM 

ISM2.2 0.25 0.24 0.51 810 20 37 11 
ISM3.7 0.19 0.18 0.63 1086 20 54 16 
ISM5.4 0.14 0.14 0.72 1414 20 74 21  

Table 2 
Characteristics of the synthesized ISM star block terpolymers and their pre
cursors. Bulk morphology from SAXS.  

Name MW, kDa 
(NMR) 

Đ 
(GPC) 

aPI:PS:PM 
volume ratios 
(NMR) 

bMorphology 
(SAXS) 

c Lo or d10 , 
nm (SAXS) 

PI 9.8 1.05 1 : 0: 0 n/a n/a 
PS 11.7 1.04 0 : 1: 0 n/a n/a 
PI-PS 21.5 1.04 1 : 1: 0 n/a n/a 
ISM2.2 49.3 1.04 1 : 1: 2.2 LAM 27.3 
ISM3.7 68.0 1.07 1 : 1: 3.7 HEX 31.4 
ISM5.4 90.2 1.10 1 : 1: 5.4 HEX 36.9  

a Volume ratios (v:v:v) of the blocks were estimated by 1H NMR (CDCl3, 400 
MHz) using room temperature densities of poly(1,4-isoprene) [0.91 g/ml], poly 
(styrene) [1.06 g/ml] and poly(methyl methacrylate) [1.18 g/ml]. 

b Hexagonally packed cylinders (HEX) and lamellar (LAM) morphologies were 
determined from SAXS relative peak positions. 

c The characteristic distance, L0 (LAM) or d10 (HEX) is given by 2π/q*, where 
q* is the first order peak position. 

Fig. 1. GPC curves of the synthesized ISM stars and their precursors. Column 
system: guard column and 8 × 300mm2 PLGel Mixed-D column. Eluent THF at 
0.5 ml/min. DRI detection (differential diffractometer). Calibration with poly
styrene standards. Injection volume 0.1 ml. 
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considerations lead to the characteristics of the ISM stars reported in 
Table 1. Thus, the PS-PI and the PS-PM blocks are weakly segregated 
(5–10 < χN <29) whereas the PI-PM interaction is in the medium to 
strong segregation regime at 150 ◦C (30 < χN<75) [72]. A summary of 
bulk properties for the three synthesized star blocks, ISM2.2, ISM3.7 and 
ISM5.4 are found in Table 2. 

3. Results and discussion 

3.1. Synthesis 

The previously published synthesis of ISM stars [59] is based on 
coupling of living polymer chains employing relatively laborious 
chlorosilane chemistry. The present synthesis employs a method previ
ously used for other ABC miktoarm stars [41,42]. The general method is 
outlined in Scheme 1 for ISM stars but will work for 3-arm stars where 
the first block can be terminated with a DPE functionality, and where the 
living chain of the next block can react with the DPE functionality to 
form a DPE lithium based macro initiator. For the third block it is a 
requirement that the polymerization can be initiated by 1,1-diphenyl 
alkyl lithium. In the case of ISM stars, the PI-Li was end-capped with 
1,4-PEB. Here it is important to notice, that while the two double bonds 
in 1,4-PEB are equivalent at the outset, once the 1,4-PEB has reacted, the 
reactivity of the double bond left is substantially reduced. This fact 
greatly minimizes the probability for coupling reactions in the first step. 
For the addition of the second arm, advantage is taken of the fact that 
DPE does not homopolymerize. Unavoidable weakly acidic impurities, 
that would terminate the second block, are titrated with 1,1-diphenyl
hexyl lithium without interfering with the macromonomer. For the 
third block, advantage is taken of the living nature of the reaction which 
allows for sequential addition of monomers and allows withdrawal of 
aliquots of the reaction mixture at each step to afford a series of ISM stars 
with low dispersity, Đ (Đ = Mw/Mn, where Mw is the weight average 
molecular weight and Mn is the number average molecular weight) and 
with identical PI and PS arms but with varying molecular weight of the 
PMMA arm. 

3.2. Bulk morphology (SAXS and TEM) 

The bulk morphology of the homologous series of three ISM star 
polymers synthesized and characterized as described above and in Ta
bles 1 and 2, were investigated with SAXS and TEM. 

A schematic drawing of relevant structures referred to throughout 
the paper is seen in Fig. 2. 

3.2.1. Small-angle X-ray scattering 
The SAXS profiles of the ISM stars as a function of the scattering 

vector, q, were measured at room temperature after thermal annealing 
(see Fig. 3). X-ray scattering results from the spatial variations of the 
electron density due to microphase separation of the three different 
polymer blocks in the ISM stars. The electron densities for the pure 
polymer phases are 3.09 × 1023 e/cm3 for PI, 3.37 × 1023 e/cm3 for PS, 
and 3.90 × 1023 e/cm3 for PMMA calculated based on the room tem
perature mass densities tabulated in the footnote of Table 2. Assuming 
nano-sized domains of pure polymers, the SAXS scattered intensity is 
proportional to the polymer electron contrast squared, i.e. the square of 
the differences of the electron densities of the three blocks: (ρe,PS − ρe, 

PI)2 = 0.78 × 1045 (e/cm3)2, (ρe,PS – ρe,PMMA)2 = 2.81 × 1045 (e/cm3)2 

and (ρe,PI – ρe, PMMA)2 = 6.56 × 1045 (e/cm3)2. Hence, the major con
tributions to SAXS arises from the electronic contrast between PI and 
PMMA or between PS and PMMA. The volume fraction of PMMA is 
dominant in all three ISM stars and this further adds to the difficulty of 
distinguishing PS-PI microdomains by X-ray scattering. In accordance 
with the Flory-Huggins parameters (i.e. χIM> χIS ≫ χSM), and in accor
dance with earlier experimental results, PS is mediating between sharply 
separated PMMA and PI blocks [58,62,71]. In addition, since PI is a 
minority domain in a matrix dominated by PMMA, and the scattering 
contrast between PI and PS is low, the scattering is mainly determined 
by the PI microdomain size, shape and spatial configuration. For each 
sample, the peak position, q*, of discernible Bragg peaks are located by 
fitting Gaussian functions to the experimental data in a narrow q-range 
around each peak. The fitting coefficients are listed in Table S1 in the 
Supplementary Information [66]. 

For ISM2.2, a highly ordered lamellar microdomain morphology was 
observed with a domain spacing, L0 = 2π/q* = 27.3 nm (q* = 0.23 
nm− 1), as evidenced by the multiple higher order reflections at scat
tering vector positions 1:2:3 relative to the position of the primary 
reflection, q* (Fig. 3). This indicates, consistent with theoretical phase 
diagrams [41,51], that PMMA and PI/PS arrange in lamellar micro
domains for ISM2.2 with PMMA lamellar domains alternating with 
lamellae consisting of PS and PI. For ISM3.7, three reflections at peak 
position ratios of 1:√3:√7 relative to the first-order peak, q*, can be 
identified (a √4 peak cannot be discerned) and were characterized by 
the characteristic distance, d10 = 2π/q* = 31.4 nm (q* = 0.20 nm− 1). 
This indicates that the PI/PS minority domains are arranged in hexag
onally packed cylindrical microdomains in a matrix of PMMA [73]. A 
likely scenario is that PI forms the core of the cylinders with a sur
rounding shell of PS mediating contact between domains of pure PMMA 
and pure PI. The center to center rod distance, i.e. the cell edge length, a, 

Fig. 2. Schematics of structures found for the three ISM star samples. a) Alternating lamellar structure [ALT.LAM], b) Core-shell cylinders packed on a square lattice 
(a single core-shell cylinder is also shown), c) Core-shell cylinders packed on a hexagonal lattice (HEX) (a single core-shell cylinder is also shown). Red is corre
sponding to the PMMA arm, blue to the PS arm and green to the PI arm. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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of the ISM3.7 structure is given by a = 2d10/√3 = 36.3 nm [73]. The 
sample with the largest volume ratio of PMMA, ISM5.4, have less pro
nounced Bragg peaks at positions also corresponding to hexagonal 
packing of rods with relative peak positions 1:√3:√7 (also here no √4 
peak can be discerned) with d10 = 2π/q* = 36.9 nm (q* = 0.17 nm− 1), 
giving a center to center rod distance, a, of 42.6 nm. The transition from 
lamellar to hexagonal structure is driven by the increasing volume 
fraction of PMMA consistent with theoretical calculations and other 
experimental observations of comparable systems [41]. Peak intensities 
(see Table S1, specifically 3rd order peaks) diminish with increasing 
PMMA block length in ISMs with hexagonal symmetry. The bulk mor
phologies obtained are supported by TEM as shown below. The lack of 
discernible √4 reflections is probably related to interference effects 
from the presence of three polymer domains (the analysis above is 
pseudo two domain). The structures obtained for the star architecture 

are similar to the morphologies found for linear ISM tri-BCPs [74,75], 
where ordering was induced in ISM melts by blending with PI, PS and 
PMMA homopolymers, respectively. 

3.2.2. Transmission electron microscopy 
From the SAXS data, it was not possible to determine the detailed 

morphology of the PI/PS microdomains, hence, bright field TEM of the 
ISM star samples complements the SAXS data as shown in Fig. 4. For 
morphological analysis of the bulk samples, TEM was performed using 
two different staining agents, RuO4 and OsO4. OsO4 preferentially stains 
the PI phase, which then appears dark, whereas the PS and PMMA 
phases are less distinguishable and appear as light areas. RuO4 leaves 
PMMA unstained, i.e., in this case, PMMA appear lightest [57–59]. The 
micrographs in Fig. 4 overall confirm the result from SAXS, i.e., the bulk 
morphology is the same for ISM3.7 and ISM5.4, while ISM2.2 has a bulk 
morphology distinct from the two higher PMMA volume fraction sam
ples. In particular, it is seen from the top row RuO4 stained micrographs, 
that the structure has lamellar periodicity for ISM2.2, i.e., alternating 
rows of light (unstained PMMA) and dark (indistinguishable PI and/or 
PS) stripes are seen. When staining ISM2.2 with OsO4 (bottom row in 
Fig. 4), in every second stripe appearing dark (PI), lighter areas across 
the stripe indicate the presence of PS (assuming PI and PMMA avoid 
contact) similar to what is observed in Refs. [74,75]. The light elongated 
areas are consistent with PMMA lamellae adjacent to the PS/PI lamellae. 
This structure of alternating lamellae is denoted [ALT.LAM] [41]. The 
[ALT.LAM] morphology has also been observed in other ABC miktoarm 
star systems composed of polydimethylsiloxane, PI, and PMMA or PI, PS, 
and Poly(2-vinylpyridine) [24,41,42]. 

The first row micrographs in Fig. 4 from ISM3.7 and ISM5.4, reveal 
in both cases a honeycomb structure with hexagonally packed columns/ 
cylinders of undistinguishable PI/PS (i.e. dark stained blocks) embedded 
in a PMMA (i.e. the light unstained block) matrix. While PS is indistin
guishable from PI on the top row images (dark areas), PS is indistin
guishable from PMMA on the bottom row images (light areas). This is 
consistent with PS forming a shell around the PI cylinder core domains. 
This interpretation is consistent both with the SAXS images and with the 
relative values of the pairwise Flory-Huggins interaction parameters, i.e. 
PS is located between the PI and PMMA blocks in order to decrease the 
non-favorable contacts between these domains. 

The core-shell structure has been observed previously in linear ISM 
tri-BCPs [74–76]. Similar behavior was also observed in star BCPs 
composed of PI, PS, and poly(2-vinylpyridine) (P2VP), where the 
non-favorable PI/P2VP contact was minimized by intervening PS layers 
and in star BCPs composed of PI, PMMA and poly(dimethyl siloxane) 
(PDMS), where PDMS domains are placed to prevent non-favorable 
PI/PMMA contacts [41,42]. 

The broad domain boundaries between the weakly segregated PS and 
PMMA blocks in the quasi bi-domain TEM micrographs confirms a 
certain degree of partial mixing. Previous work on the bulk structure of 
ISM stars covering other ranges of block pair χN, also identified 
columnar PI regions surrounded by a shell of PS in a matrix of PMMA 
[57–59] and hexagonal packing of columns was also observed. How
ever, no [ALT.LAM] structure and no square lattice packing (see below) 
was observed for these bulk ISM systems. 

Thus for the bulk structure of the homologous series of ISM star BCPs 
at room temperature after annealing at 150 ◦C, SAXS and TEM results 
are consistent with a structure of PS/PI and PMMA alternating lamellae 
for the sample with PI:PS:PMMA volume fraction equal to 1:1:2.2 
changing to a core-shell cylinder structure with PI constituting the cyl
inder core surrounded by a PS shell and hexagonally packed in the 
PMMA matrix for PI:PS:PMMA volume fractions equal to 1:1:3.7 and 
1:1:5.4. This is consistent with both theory and experiments on similar 
systems when the arm length of one block is increased while keeping the 
length of the other two fixed [41,42,51]. 

Fig. 3. SAXS intensity profiles (measured at room temperature) as a function of 
scattering vector q for ISM miktoarm star terpolymers thermally annealed at 
150 ◦C under vacuum for 5 days. Relative positions of Bragg peaks are marked. 
The √4 q* reflections marked with a red arrow cannot be discerned. Intensity 
profiles are scaled for clarity. 
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3.3. Thin film morphology (SEM, AFM and XRR) 

It is well established that block copolymer thin film morphology 
might differ from the bulk morphology of the same system since 

additional interactions between the constituent blocks and the substrate 
(e.g. silica) and/or the free surface (air) might affect the morphological 
behavior of the system in the thin films. In addition, lack of commen
surability between the characteristic morphological length scale and the 

Fig. 4. TEM images (taken at room temperature) of RuO4 stained (top row) and OsO4 stained (bottom row) ISM star samples after thermal annealing at 150 ◦C for 
~5 days. 

Fig. 5. SEM images of the thin films of ISM2.2 (A, B), ISM3.7 (C, D) and ISM5.4 (E, F) after SVA (in 0.1 ml acetone vapor in 200 mL capped container for ~1 day), 
lower magnification (A, C, E) and higher magnification with the corresponding 2D-FFT patterns as insets (B, D, and F). 
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film thickness can influence the morphology [41,77,78]. The PI arm has 
the lowest surface tension of the three blocks in the ISM stars (γPI = 31 
mN/m [41]; γPMMA = 41 mN/m [41] and γPS = 33 mN/m [79]) and 
accordingly tends to preferentially segregate to the polymer/air inter
face [77]. PMMA is the most polar arm of the three blocks, but only 
slightly more so than PS. Earlier studies have shown that for PS-PMMA, 
PMMA will be prone to form a layer next to the substrate SiO2, while PS 
will form a layer at the air-polymer interface [80]. At room temperature, 
the PI domain with glass transition temperature, Tg ≈ − 65 ◦C is in the 
rubber state, while the PS and the PMMA blocks are in the glassy state 
with Tg ≈ 100 ◦C and Tg ≈ 105 ◦C, respectively [57–59], which will 
influence the ability to form wetting layers at the interfaces [74]. In 
addition, the ABC junction points in miktoarm stars are confined to a 
line, giving less freedom in restructuring than for linear BCPs [55,56, 
81], which might make the formation of wetting layers difficult for star 
architecture. 

Hence, to address possible differences between bulk and thin film 
morphology, studies of ~ 30 nm (comparable to the microdomain length 
scale) and ~ 100 nm (corresponding to few microdomains) thin ISM star 
films are performed using SEM and AFM for surface morphology. XRR 
studies are performed primarily to illuminate the possibility of wetting 
layers formed at the film interfaces. 

3.3.1. Scanning electron microscopy 
For SEM studies, the thickness of the films (~ 30 nm) was chosen 

close to the equilibrium domain spacing values (d0 = 27–37 nm), hence 
the film is about two star-molecules thick. The contrast is based on the 
natural contrast between the materials with no additional metal sput
tered on the surface. The SEM is run at a very low accelerating voltage, 
and PMMA is expected to appear gray, while PI appears dark [41]. As is 
seen in the SEM micrographs (Fig. 5), the morphology for ISM2.2 is 
alternate lamellae [ALT.LAM] seen as light PMMA stripes and darker 
stripes with alternating PS and PI domains. The overall behavior is 
consistent with the bulk TEM images. However, contrary to the TEM 
images, which displayed relatively vague structures, on the SEM images, 
the alternate structure with one lamellae of a single polymer block and a 
lamellae with alternating regions of two different polymer blocks inside 
the lamellae, is clearly identified. Micrographs of ISM3.7 and ISM5.4 
show a bi-domain morphology – three phases cannot be clearly distin
guished in contrast to the ISM2.2 case. ISM3.7 and ISM5.4 thin films 
shows light areas enclosed in a darker matrix. This is interpreted as a 
rod-like structuring perpendicular to the substrate. The colors cannot be 
directly compared with the micrograph for ISM2.2 due to instrument 
refurbishing, however the light color of the enclosed domains relative to 
the matrix, might indicate a more profound mixing of PI and PS than 
found for ISM2.2. The rods appear relatively irregularly packed and 
irregularly shaped in contrast to what was found for the bulk systems, 
possibly due to fast solvent removal from the very thin film after solvent 
vapor annealing. It is also probable that surface interactions cause de
viations from the bulk structure. The reduced chain mobility in glassy 
spin-coated films may account for the inability of the star BCPs to form 
well-defined and well-ordered tri-domain surface morphologies, at least 
for longer arm lengths. Another possibility for not observing three 
distinct domains in SEM images of ISM3.7 and ISM5.4 could be due to 
the weakly segregated PS and PMMA blocks, i.e., these blocks may also 
be partially mixed, PS thus forming a zone between PI and PMMA with a 
relatively large degree of intermixing. The combination of low electron 
density contrast between PS and PI and their low volume fractions in 
ISM3.7 and ISM5.4 can also make distinguishing between the PI and PS 
blocks difficult. The inserts in Fig. 5 b, d, e show Fast Fourier Transform 
(FFT) of the SEM images. For ISM2.2 two rings are observed with rela
tive positions 1:2, confirming the 2D powder-like lamellar order. For 
ISM3.7 and ISM5.4, a single ring is observed indicating a typical nearest 
neighbor distance. For thin films, it is concluded, as was found for bulk 
systems, that the ISM2.2 morphology is different from the systems with 
larger PMMA arm length ratios. In contrast, the structure for ISM3.7 and 

ISM5.7 is similar to each other but distinct from the bulk behavior, since 
the encapsulated domains appear more disordered and less well-defined 
in shape. 

3.3.2. Atomic force microscopy 
Fig. 6 shows AFM height scans (non-contact mode) of acetone 

annealed ~100 nm thick ISM star films. All three annealed ISM samples 
show ordered structures, while the corresponding as-cast ~100 nm thick 
films show no longer range order (see Fig. S1 in supplementary infor
mation). This suggests acetone is a good choice for solvent vapor 
annealing of the ISM films as also judged from the value of the Hilde
brand solubility parameters (see below). 

The AFM images seen in Fig. 6 generally appear with two clearly 
distinguishable domains. For annealed samples, height differences be
tween glassy (PS and PMMA) and rubbery (PI) blocks is expected to 
occur due to differences in mobility during drying after annealing, i.e., 
PI domains are generally lower in height than PS and PMMA domains, 
while AFM height scans cannot distinguish between the two glassy 
blocks. From AFM (thin film surface structure), the same picture 
emerges as was observed using SAXS for the bulk structure: the lowest 
PMMA arm ratio sample has a structure distinctly different from the two 
longer PMMA arm length ratio samples. All data, both for bulk samples 
and for thin films are consistent with ISM2.2 having a lamellar structure 
with PMMA forming one set of lamellae and PI and PS forming another 
set of lamellae with an internal patterning of the lamellae with alter
nating PI and PS domains. As seen from Fig. 6, the symmetry for 
annealed ISM3.7 and ISM5.4 is distinctly different from ISM2.2: dark 
round(ish) areas (holes) are enclosed in the lighter colored protruding 
matrix. This is consistent with a standing cylinder structure as also 
indicated by SAXS and TEM. There is no trace of a wetting layer in the 
annealed films at the polymer/air interface, consistent with both PI 
(with the lowest surface tension) being a strongly segregated minority 
component and with the restricted flexibility enforced by the location of 
ABC star junction points on a line. Overall, the different film structures 
are similar to the SEM results obtained from the very thin films 
described above, however there are important differences. While the 
dark areas for the thicker ISM3.7 film are packed in a hexagonal pattern 
(with a large degree of disorder), the dark areas are packed on a square 
lattice with a relatively high degree of order for the thick film longest 
PMMA arm sample, ISM5.4. The room temperature Young’s moduli of 
PI, PS and PMMA is 1–2 MPA, 3 GPa and 4.8 GPa, respectively [82–84] 
with PI having a Tg well below RT, while Tg for PS and PMMA are well 
above RT. During solvent vapor annealing, the Tg for the different blocks 
are lowered and when drying, PS and PMMA enters the glassy state 
again at some point, while PI stays rubbery. Hence, PS and PMMA are 
prone to making protrusions during drying, while the PI block continues 
to be flexible enough for chain rearrangements to occur. Accordingly, PI 
domains appears dark, i.e. have lower relative heights in the AFM height 
scans. Comparing the Hildebrand solubility parameter, δ, of the ISM 
blocks in the annealing solvent vapor, acetone is a better solvent for the 
PMMA block (δ acetone - δ PMMA = 0.9) than for the PS (δ acetone - δ PS =

1.4) and the PI (δ acetone - δ PI = 3.4) blocks [77]. The packing of ISM5.4 
changes from hexagonal in bulk (TEM) to square lattice in the ~100 nm 
thick (corresponding to about six molecular layers) film and to irregular 
packing of domains in the PMMA matrix for the ~30 nm thick film. The 
change from hexagonal packing to square lattice packing is somewhat 
similar to the findings in Ref. [85], where binary blends of (poly(iso
prene-b-styrene-b-(2-vinylpyridine)) thin films exhibit hexagonal and 
tetragonal patterns depending on annealing time. Calculations of the 
equilibrium free energy of lamellar, cylindrical, and spherical structures 
for linear ABC block copolymers in which A and C blocks are of similar 
volume fractions and form separate minority domains dispersed in 
matrix B, show that for low combined volume fractions of the A and C 
blocks, cylinders on a square lattice become the most stable packing 
[86]. In the present case, the different packing of rods for bulk and in 
~100 nm films are probably linked to surface energy contributions. 
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Incommensurability of the film thickness with the domain spacing 
probably plays a role for the different morphologies of ~30 and ~100 
nm thick films. 

The quality of ordering in the top layer of the thin films were 
analyzed by performing Fast Fourier Transform (FFT) on the 1 μm × 1 
μm AFM height scans (see the insets in Fig. 6). Utilizing ImageJ software 
[67], the intensity of the 2D-FFT patterns are summed radially for a 
quantitative evaluation (see Fig. S2 and Table S2). The radial integration 
profiles show relative q* peak positions 1:2 for ISM2.2 and 1:√2:√5 for 
ISM5.4. This result suggests a lamellar structure for the former and a 
square lattice structure for the latter [87]. The ISM3.7 film has PI rods 
distributed on a highly irregularly hexagonal lattice in the PMMA ma
trix. Hence, no higher order peak(s) are discerned in the radial inte
gration profile of ISM3.7. Similar to the bulk SAXS analysis, the position 
of the first order peak was used to calculate the surface domain spacing 

(ds0) of the samples (see Table 3). We note that the ds0 values are larger 
than the corresponding bulk values, Lo or d0, obtained from SAXS 
measurements (see Table 3). We attribute this difference to surface en
ergy contributions in the thin films, and a possible incommensurability 
between the total film thickness and the domain spacing, which can lead 
the blocks to stretch or contract in thin films [41]. The differences may 
also arise from the resolution limitations of the AFM tip. 

3.3.3. X-ray reflectometry 
According to AFM, the thin-film star samples have no wetting layers 

present at the polymer/air interface. However, in order to investigate 
the interior of the film, i.e., to decide whether a wetting layer is formed 
at the film/substrate interface, and to assess any layering inside the film, 
we employed XRR analysis of the as-prepared spin-coated ~100 nm 
thick films and the corresponding acetone annealed samples. The 

Fig. 6. AFM height scan micrographs of ~100 nm thick films of ISM2.2, ISM3.7 and ISM5.4 on Si-wafers. The images are from solvent vapor annealed films (in 0.1 
ml acetone vapor in 200 mL capped container for ~1 day). The first column shows 5 μm × 5 μm height scans and the second column shows 1 μm × 1 μm height scans 
with the corresponding 2D-FFT patterns as insets. 
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experimental XRR profiles of the films (Fig. 7) were simulated using the 
GenX program package [68] and a model with a number of horizontally 
stacked layers consisting of ISM stars together with potential wetting 
layers at the two interfaces; the substrate and the native SiO2 layer on 
top of the substrate. It is important to note, that XRR cannot resolve any 
lateral structure, i.e. the electron density is averaged in the plane 
perpendicular to the film normal. We assume that the polymer layer 
consists of basic units (i.e. single star molecules) with known composi
tion, density, and X-ray Scattering Length Density (SLD), which is listed 
in Table S3 in the Supplementary Information. We model ISM2.2, 
ISM3.7 and ISM5.4 as layers with an average composition corresponding 
to the respective constituent blocks and volume fractions. The simulated 
XRR profile for each layered system is fitted to the experimental data 
using GenX [68]. The layered systems consist of at least 3 (i.e. Si sub
strate + native SiO2 oxide + ISM stars) to at most 5 layers (i.e. Si sub
strate + native SiO2 oxide + possible polymer/substrate wetting layer +
ISM stars + possible polymer/air wetting layer) stacked on top of each 
other. To decrease the large number of fitting parameters, we have 
measured a bare Si-wafer (Fig. S3 in Supplementary Information) to 
obtain the thickness, density and roughness of the native oxide layer, 
together with the substrate density. The XRR profile of the bare Si-wafer 
is also measured in order to specify instrumental parameters (e.g. 
incoming X-ray intensity, illuminated sample length etc.). The XRR fit 
results yielded a SiO2 layer thickness of 1.4 nm and a RMS roughness of 
0.4 nm for the bare wafer, which were verified with OFTM (optical 
reflectometry) (Fig. S4), ellipsometry (Fig. S5) and AFM height scan 
(Fig. S6). The fitting process of the simulated XRR profiles to the 
experimental XRR data of the ISM star films were performed under fixed 
instrumental, oxide and substrate parameters. The best fits to the 
experimental data were obtained with an ISM star layer on top of the 
Si-wafer with a native SiO2 layer (Fig. 7). The results (see Table 4, 
Table S3 and Fig. S8), did not suggest the existence of any wetting layers 
on the polymer/substrate or the polymer/air interface, possibly due to 
limitations in the movements of the junction points in the star polymers 
[58]. The amplitude of the Kiessig fringes increases from ISM2.2 to 
ISM5.4. This is due to the larger PMMA content (with higher electron 
density than PI and PS) for ISM5.4 than ISM3.7 and ISM2.2. The fringes 
die out faster for all the annealed films, which can be explained by 
rougher film surfaces after annealing. This may be due to creation of 
protrusions during drying [88]. The film thickness is increased 2–3% 
after drying (see Table 4 and Figs. S7 and S8) probably due to residual 
solvent in the film after SVA [89]. This is probably because of the affinity 
of acetone to PMMA [77]. 

Table 3 
Comparison of SAXS (bulk Lo or d0 – see Table 2) and AFM FFT (thin film ds0) 
peak locations and corresponding domain spacing. See also Table S1 and S2 
together with Fig. S2 in the Supplementary Information.  

Sample Peak bulk 
(nm− 1) 

thin film 
(nm− 1) 

aL0 or d0 in bulk 
(nm) 

bds0 in film 
(nm) 

ISM2.2 q* 0.23 0.18 27.3 34.9 
2q* 0.46 0.36 
3q* 0.69 n/a 
4q* 0.92 n/a 

ISM3.7 q* 0.20 0.17 31.4 37.0 
√3q* 0.35 n/a 
√7q* 0.54 n/a 

ISM5.4 q* 0.17 0.16 36.9 39.3 
√2q* – 0.24 
√3q* 0.29 – 
√5q* – 0.35 
√7q* 0.45 –  

a Obtained with SAXS. 
b Obtained with AFM. 

Fig. 7. Experimental XRR profiles and the corresponding best fits (see text) for 
100 nm ISM2.2, ISM3.7 and ISM5.4 thin films on a Si-wafer (with 1.4 nm native 
Silicon oxide) before and after annealing (in 0.1 ml acetone vapor in 200 mL 
capped container for ~1 day). XRR profiles are scaled by a factor of 10 
for clarity. 
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4. Conclusion 

A homologous series of three low-dispersity ABC miktoarm star 
terpolymers consisting of PI, PS, and PMMA with systematic variation of 
the PMMA arm length, were synthesized successfully by living anionic 
polymerization with a coupling scheme not previously used for synthesis 
of this system. Also, in contrast to earlier work on similar bulk samples, 
the present series consist of both weakly segregated and strongly 
segregated arm pairs. The self-assembled bulk and thin film structures of 
the star series were investigated with different X-ray and microscopy 
techniques. 

SAXS and TEM were applied for morphological studies of thermally 
annealed bulk ISM stars. The thin film morphologies of acetone solvent 
vapor annealed ISM stars were investigated using XRR, AFM and SEM. 
The ISM star with the shortest PMMA arm length (ISM2.2), exhibit an 
alternating lamellar structure both in bulk and in thin films consisting of 
PMMA lamellae and lamellae with alternating PI and PS domains 
(possibly with some mixing of PS and PMMA). The ISM star with the 
longest PMMA block length (ISM5.4), in contrast, has in bulk a hexag
onally packed structure, consistent with core-shell cylinders (i.e. PI as 
core and PS as shell) in a PMMA matrix, where the PS shell screens the 
unfavorable interaction between PI and PMMA. The hexagonal packing 
of the cylinders change to a square packing in the ~100 nm thick ISM5.4 
films, and irregular arrays of standing ‘rods’ (few molecules) in the ~30 
nm thick film. ISM3.7 exhibit hexagonally packed core-shell cylinders in 
bulk and irregularly packed arrays of standing rods with a trend towards 
hexagonal packing in thin films with ~100 nm thickness, while in ~30 
nm thick films the ‘rods’ (few molecules) are just as irregularly packed as 
for ISM5.4. 

For the ISM stars in the present work, no wetting layers were formed 
neither at the air/polymer surface or the polymer/substrate interface for 
as-prepared or for annealed films, probably due to geometric constraints 
from the location of junction points on a line. For 100 nm films, the AFM 
surface patterns show long-range order for the samples with the shortest 
and the longest PMMA arms, while the irregular arrays of rods in ISM3.7 
implies that this sample is in a crossover regime between hexagonal and 
square lattice packing and accordingly shows only short-range order. An 
interesting observation is the lack of wetting layers at ISM star thin film 
interfaces contrary to expected [80]. It thus appears that for the 
particular choice of polymers forming the star system investigated in 
this paper, the driving force for forming wetting layers is small enough 

that packing constraints imposed by the star architecture prevents the 
formation. 

ABC miktoarm star terpolymers are a new class of block copolymer 
systems, where the molecular architecture plays an important role for 
nano structuring of corresponding melts. The ISM star system investi
gated in this paper show core-shell cylindrical structures remaining 
vertically aligned to the substrate for thicknesses up to several molecular 
sizes with no wetting layers formed. This point toward ISM stars as 
having a large potential in nano patterning applications. 

CRediT authorship contribution statement 

Sina Ariaee: Investigation, Formal analysis, Writing – original draft, 
Visualization. Bo Jakobsen: Software, Data curation. Poul Norby: Re
sources. Detlef-M. Smilgies: Resources. Kristoffer Almdal: Investiga
tion, Formal analysis, Resources, Writing – review & editing. Dorthe 
Posselt: Conceptualization, Investigation, Formal analysis, Writing – 
review & editing, Supervision, Project administration, Funding 
acquisition. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

Support by the Independent Research Fond Denmark, Project DFF – 
7014-00288 (filmSTAR) to D.P. and S.A. is gratefully acknowledged. D. 
P. and B.J. thank DanScatt for travel support. CHESS is supported by the 
National Science Foundation through award DMR-1332208. The au
thors would like to thank the Sergey Chernyy for his contribution to the 
sample synthesis and for his help with the TEM and SEM measurements. 
Esben Thorman, DTU is thanked for help and access to perform ellips
ometry measurements. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.polymer.2023.126202. 

References 

[1] J.N.L. Albert, T.H. Epps, Self-assembly of block copolymer thin films, Mater. Today 
13 (6) (2010) 24–33. 

[2] H.-C. Kim, S.-M. Park, W.D. Hinsberg, Block copolymer based nanostructures: 
materials, processes, and applications to electronics, Chem. Rev. 110 (1) (2010) 
146–177. 

[3] J.A. Liddle, G.M. Gallatin, Nanomanufacturing: a perspective, ACS Nano 10 (3) 
(2016) 2995–3014. 

[4] J. Li, Y. Tu, H. Lu, X. Li, X. Yang, Y. Tu, Rapid synthesis of sustainable poly 
(ethylene 2,5-furandicarboxylate)-block-poly(tetramethylene oxide) multiblock 
copolymers with tailor-made properties via a cascade polymerization route, 
Polymer 237 (2021), 124313. 

[5] J. Bang, U. Jeong, D.Y. Ryu, T.P. Russell, C.J. Hawker, Block copolymer 
nanolithography: translation of molecular level control to nanoscale patterns, Adv. 
Mater. 21 (47) (2009) 4769–4792. 

[6] C.J. Hawker, T.P. Russell, Block copolymer lithography: merging “bottom-up” with 
“top-down” processes, MRS Bull. 30 (12) (2011) 952–966. 

[7] S.-J. Jeong, J.Y. Kim, B.H. Kim, H.-S. Moon, S.O. Kim, Directed self-assembly of 
block copolymers for next generation nanolithography, Mater. Today 16 (12) 
(2013) 468–476. 

[8] C. Barner-Kowollik, A.S. Goldmann, F.H. Schacher, Polymer interfaces: synthetic 
strategies enabling functionality, adaptivity, and spatial control, Macromolecules 
49 (14) (2016) 5001–5016. 

Table 4 
Comparing the fitted thickness and root mean square (RMS) roughness obtained 
from the fits to the XRR profiles of the ISM thin films with the corresponding 
experimental data obtained by Optical Film Thickness Measurement (OFTM), 
ellipsometry and AFM RMS roughness.  

Material Treatment 
history 

aXRR 
thickness 
(nm) 

bOFTM 
thickness 
(nm) 

dXRR RMS 
roughness 
(nm) 

eAFM RMS 
roughness 
(nm) 

ISM2.2 As.cast 99.2 100.7 1.3 1.0 
SVA 103.9 102.9 2.5 2.0 

ISM3.7 As.cast 104.3 104.2 1.4 0.9 
SVA 107.5 107.3 1.7 1.0 

ISM5.4 As.cast 100.6 99.2 1.1 0.9 
SVA 102.4 102.7 1.3 1.3 

SiO2 n/a 1.4 1.8(1.78c) 0.4 0.2 
Si n/a infinite infinite ideally 

smooth 
ideally 
smooth  

a The thickness is obtained from the fit to XRR profile with GenX. 
b The thickness is obtained from a Cauchy fit to white light (λ = 400–850 nm) 

reflectance spectrum. 
c The thickness is obtained utilizing an ellipsometer (M − 2000, J. A. Woollam 

Co., Inc.). 
d The roughness is obtained from the fits to the experimental XRR profile with 

GenX. 
e The roughness is obtained by AFM analysis of the film surfaces. 
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