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A facile approach to block copolymer (BCP) domain orientation control in thin films has been demonstrated by employing a
BCP with liquid crystalline semifluorinated side chains by tuning the composition of the copolymers of the bottom surface layer
(BSL). 1H,1H,2H,2H-Perfluorodecanethiol was attached to a precursor polymer, polystyrene-block-poly(glycidyl methacrylate)
(PS-b-PGMA), to obtain a novel BCP with a C8F17-containing liquid crystal (LC) side chain (PS-b-P8FMA). Anisotropic
hexagonally packed cylinder domains in a bulk state were first characterized by transmission electron microscopy (TEM) and
small angle X-ray scattering (SAXS). The observed morphology transition of BCPs with different fluorinated side chain lengths
of –CF3, –C4F9, and –C6F13 suggested the decisive effects of LC side chain ordering on the anisotropic nanostructures. In the thin
film study, poly(methyl methacrylate-random-2,2,2-trifluoroethyl methacrylate-random-methacrylic acid) (PMMA-ran-
PTFEMA-ran-PMAA) solution was used as BSLs for tuning the desired periodicities. The surface free energy (SFE) of BSL was
simply tailored by changing the composition of comonomers. In atomic force microscopy (AFM) characterization, long-range
ordered perpendicularly oriented BCP domains in a hexagonally packed array or parallel oriented BCP domains as striation
patterns were easily fabricated on non-preferential or preferential BSL, respectively. The study presents a novel approach to
tunable thin film periodicities without changing or modifying BCPs, which is desired in next-generation BCP lithography.

1. Introduction

Block copolymers (BCPs) are widely studied due to their
capability of self-assembling into a variety of long-ranged
structure. The commonly observed morphologies in coil–coil
flexible diblock copolymers include sphere, cylinder, gyroid,
and lamellae, depending on the specific volume fraction of
blocks [1–5]. This unique feature resulting from self-assembly
behaviors reveals potential applications in perspective
nanofabrication in the semi-conductor industry [6, 7].
However, compared to the conventional photolithographic
technology, lithographic applications based on block
copolymer self-assembly are confronted with the limita-
tion on pattern type in the thin film. Therefore, BCPs of
tunable thin film periodicities are in high demand.

The thin film periodicities could be tailored by BCPs of
specific chain architectures with cross-linking technique [8]
or using cyclic analogues instead of linear one [9]. Com-
pared to alternating the chemical structure of BCPs, tuning
thin film periodicities via precise control on thin film
domain orientation is more appealing, as top and side views
of the cylindrical domain indicate two accessible pattern
types in thin films. Currently, most relevant thin film studies
are based on semiflexible–flexible BCPs or side chain liquid
crystalline (SCLC) block copolymer, as patterns of narrow
domains and long-range orders could be obtained.

The self-assembly in semiflexible–flexible BCPs or SCLCmay
lead to unique domain packing array, which are usually associ-
ated with the BCP domain interface of non-constant mean-
curvature. For instance, the observation of rectangular-shaped
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cylinder in rectangular array [10] and similar morphology
predicted by self-consistent field theory (SCFT) [11] has been
reported. Besides, the anisotropic packing of cylinder with
stability in thermodynamics is predicted in rod-coil [12] or
semiflexible–flexible BCPs [13, 14] using the SCFT model.
The anisotropy in the self-assembly structure is also found
in SCLC BCP, which is widely used for controlling the orien-
tation of the BCP domains in thin films [15–18]. In the self-
assembly process of SCLC BCPs, their microstructure will
be influenced by two driving forces, side chain crystalline
LC ordering and block segregation, which is different from
self-assembly of coil–coil BCPs in which only block segrega-
tion will be involved. The periodicities of distinctive scales
from side chain LC ordering and main-chain segregation of
the counter-blocks will be co-existed and hence the hierarchi-
cal self-assembly will be governed by the combination of dif-
ferent driving forces [19]. Accordingly, modified models
based on the SCFT approach [20] or dissipative particle
dynamics (DPD) simulations [21–23] were developed to
characterize the self-assembly behavior in SCLC or rod-coil
BCP. Based on the experimental and theoretic studies, the
hierarchical self-assembly system exhibits morphologies sig-
nificantly different from those derived from conventional
amorphous BCPs based on coil–coil model.

In previous studies, orientation tunings on BCP domain
by introducing liquid crystal ordering [24–30] or other
entropy-confined architecture [31] were widely reported
for tailoring thin film pattern types. Verploegen et al. [32]
manipulated the morphology of side chain liquid crystalline
block copolymers through variations in the liquid crystalline
content. Xie et al. [33] achieved the orientation control of
BCP cylindrical domains by varying the substitution on the
tail of the side chain azobenzene mesogen. Without chemical
change in BCPs, Komura et al. [34] and Fukuhara et al. [35]
developed a surface covering method to switch the parallel
cylinder formation of BCP with liquid crystalline side chain
to perpendicular cylinder formation or inversely. Wang et al.
[36] developed a light-directed regulation of nanostructures

in thin films of liquid crystalline diblock copolymers con-
taining photoresponsive mesogen. Besides SCLC BCPs, Lo
et al. [31] demonstrated that for star-block copolymers with
symmetric volume fraction, perpendicularly oriented BCP
nanostructures could be induced instead of enthalpy-
driven parallel orientation via an entropic effect regulated
by the number of arms. Isono et al. [37] utilized thermal
annealing for inducing a drastic change in the domain orien-
tation of a biomass-based A–B–A triblock copolymer from
horizontal to vertical. However, these methodologies all
involve the massive synthesis work or time-consuming pro-
cess. Besides, the improvements on orders of thin film pat-
terns were in demand.

In this study, the precise orientation control on thin film
BCP domain is readily realized by tuning the composition of
bottom surface layer (BSL) copolymers. Two thin film pat-
tern types, striations and hexagonally packed dots, were
thereby prepared. To further investigate the observed aniso-
tropic packing array caused by LC side chain ordering, the
effects of the fluorinated side chain length on the self-
assembly morphologies were studied using BCPs of CF3,
C4F9, C6F13, and C8F17-containing side chains, as the side
chain liquid crystalline properties are highly dependent on
the lengths of introduced side chains. The molecular design
on BCPs and orientation control on thin film domain are
schematically demonstrated in Scheme 1.

2. Experimental Section

2.1. Materials. Lithium chloride (LiCl) obtained from Kanto
Chemical Co. Inc. was baked at 200°C prior to use. Styrene
was washed by 0.1M sodium hydroxide (NaOH) aqueous
solution for three times and dried by magnesium sulfide
(MgSO4); then, calcium hydride (CaH2) was added and stir-
red overnight before distillation. After the distillation, di-n-
butylmagnesium (MgBu2) was added under Ar protection
to remove the residual water in styrene. A secondary distilla-
tion was further carried out to degas using liquid nitrogen as
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Scheme 1: Schematics of molecular design on BCPs and orientation control on thin film domain.
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the freezing source. Similarly, glycidyl methacrylate (GMA)
was distilled, dehydrated by CaH2, and subsequently
degassed under Ar. Diphenylethene (DPE) was distilled,
dehydrated by n-butyl lithium, and subsequently degassed
under Ar. 3,3,4,4,5,5,6,6,6-Nonafluoro-1-hexanethiol was
synthesized from 1,1,1,2,2,3,3,4,4-nonafluoro-6-iodohexane,
which was purchased from Sigma-Aldrich. The synthesis
approach was carried out following the previous literature
[38]. The 1H NMR spectra of the prepared 3,3,4,4,5,5,6,6,6-
nonafluoro-1-hexanethiol are presented in the Supporting
Information (SI).

All other materials purchased from FUJIFILM Wako
Pure Chemical Corporation, Tokyo Chemical Industry, and
Sigma-Aldrich were of reagent grade and used as received.
The synthesis routines of homopolymers with varied side
chains and random copolymers are presented in the SI.

2.2. Methods. 1H NMR spectra were performed on a JEOL
JNM-ECS400 (400MHz) instrument using chloroform-d as
the solvent. SEC (size exclusion chromatography) analysis
was carried out with a Shodex GPC-101 instrument, which
was equipped with columns of Shodex LF804. The
number-average molecular weights (Mn) and molecular
weight distributions (Mw/Mn) were measured by SEC with
polymer/tetrahydrofuran solution containing 0.01mol/L of
lithium bromide (LiBr) at a flow rate of 1.0ml/min at 40°C
and calibrated with polystyrene. Thermal behaviors of poly-
mer were estimated from a Seiko DSC 7020 differential scan-
ning calorimeter (DSC) at a scanning rate of 10°C/min
under a nitrogen flow. The transition temperature values
were determined from the second heating and cooling scan.
The scanning temperature range was set from 25°C to 250°C,
and the second scanning curve was used for analysis. Micro-
scopic observation of thermal events was also conducted
using an Olympus BH-2 polarized optical microscope
equipped with a Mettler FP82HT hot-stage system. Small
angle X-ray scattering (SAXS)measurements were performed
on a Bruker SAXS NanoSTAR (output: 50 kV, 50mA) instru-
ment. After monochromatic processing by a Göbel mirror, a
concentrated CuKα radiation (wavelength: 1.5416Å) was
applied to the sample. The scatted X-ray was collected by a
2D-PSPC detector to determine the morphologies in bulk
sample. Synchrotron radiation was carried at Spring-8 out
using beam line BL40B2 with a sample-to-detector of 2.0
meters. Wide-angle X-ray scattering (WAXS) measure-
ments were carried out using a Bruker NanoSTAR-U instru-
ment equipped with imaging plate (IP) at a distance of
210mm from the sample using CuKα radiation (wave-
length: 1.5416Å). The WAXS pattern recorded on the IP
was read and analyzed by a Rigaku automatic X-ray imaging
system (R-AXIS) DS3C. Bright-field transmission electron
microscopy (TEM) images of the sample structure were also
obtained using a Hitachi H7650 Zero A under an 80 kV
accelerating voltage. Bulk samples were prepared for TEM
analysis by first being pasted onto epoxy resin for handling
and then microtomed (Reichert-Jung Ultracut E) by a DiA-
TOME diamond knife to a thickness of 70 nm. The sections
produced were then placed onto TEM grids and stained by
ruthenium oxide for observation. Steady shear alignments

were performed on a UBM Rheosol-G3000 rheometer
equipped with a cone-plate fixture with 25mm in diameter
at 200°C until the steady viscosity was observed (typical
shearing period is 1.5 h). After stopping the shear flow, the
BCP thick film sample with 400μm thickness was cooled to
150°C and kept for 3h. Then, the sample was cooled to room
temperature and removed from the rheometer fixture by put-
ting it into ethanol. The orientations of the LC mesogens and
the microcylinders in the sheared sample were determined by
SAXS patterns in various three characteristic vorticity (v × ∇v),
velocity (v), and velocity gradient (∇v) directions. Contact-
angle measurements were carried out using a Kyowa DM-
501YH instrument. O2-RIE treatments were performed by
etching instrument (SATO VAC, Inc.). The oxygen flow rate
was set to 40 sccm and the applied power used was 20W. The
thin film samples were fabricated using a spin coater
MIKASA IH-D7, and the film thicknesses were determined
by a FILMETRICS F20-EXR. To observe the surface mor-
phology of BCP thin films, an atomic force microscope
(AFM) (NanoWizard Ultra Speed A, JPK) was utilized.

2.3. Synthesis of PS-b-PGMA. The synthetic routine to tar-
geted diblock copolymer was classified into two steps, the
synthesis of precursor main-chain polymer PS-b-PGMA
via sequential anionic living polymerization and the subse-
quent post-functionalization for introduction of fluorine-
rich side chain.

The anionic polymerization of styrene and GMA is illus-
trated by the following example. All anionic polymerization
procedures were performed under Ar protection. First,
30mL of THF with LiCl (29.7mg, 0.700mmol) was added
into a 50mL Schlenk flask and then cooled to –78°C using
a cooling bath. Excess amount of sec-Butyllithium (sec-BuLi)
(in 1.05M hexane/cyclohexane solution) was added until the
solution color changed to yellow for the purification. Then,
the Schlenk flask was removed from the cooling bath and
kept under room temperature until the solution became col-
orless. The Schlenk flask was again cooled to –78°C, and a
fixed amount of sec-BuLi solution (0.69mL, 0.700mmol)
was added as initiator. Styrene (1.65mL, 14.42mmol) was
further added and stirred for 30min, resulting in bright
orange color of the solution. DPE (0.39mL, 2.1mmol) was
added, causing a change to deep red color. After 30min of
stirring, GMA (0.47mL, 3.52mmol) was added and stirred
for another 30min. The color of solution quickly disap-
peared. Finally, 3mL of methanol (MeOH) (excess amount)
purged with Ar was added to yield proton-terminated PS-b-
PGMA. The polymer was precipitated into MeOH and col-
lected by filtration. Then, the product was dried at 40°C
under a reduced pressure to yield PS-b-PGMA as a white
powder (1.80 g, 90% yield).

The Mn and dispersity (Đ=Mw/Mn) of the product
determined by SEC were 3900 gmol–1 and 1.23, respectively.

1H NMR (400MHz, CDCl3, δ, ppm): 0.98 (s, α-CH3,
PGMA), 1.14 (s, α-CH3, PGMA), 1.29–1.80 (br, backbone,
–CH2–CH–, PS), 1.84–2.30 (br, backbone, –CH2–CH–, PS, br,
backbone, –CH2–C(CH3)–, PGMA), 2.70 (s, –CH2–CH(CH2)–
O–, PGMA), 2.82 (s, –CH2CH(CH2)–O–, PGMA), 3.28 (s,
–CH2–CH(CH2)–O–, PGMA), 3.84 (s, –(C=O)O–CH2–,
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PGMA), 4.37 (s, –(C=O)O–CH2–, PGMA), 6.39–6.85 (m, o-
aromatic, PS) 6.91–7.42 (m, m-, p-aromatic, PS).

2.4. Synthesis of PS-b-PXFMA (X = 1or 4 or 6 or 8) through
the Post-Functionalization of PS-b-PGMA with 2,2,2-
Trifluoroethanethiol or 3,3,4,4,5,5,6,6,6-Nonafluoro-1-hexanethiol
or 3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluoro-1-octanethiol or
1H,1H,2H,2H-Perfluorodecanethiol. Thiol-epoxy click reac-
tion was utilized to introduce the semi-fluorinated side chains
to the backbone of precursor copolymers PS-b-PGMA. The
general procedure is as follows regardless of the type of thiols:
a 10ml glass tube was charged with PS-b-PGMA and THF
(20 mole equiv. to PGMA repeating units) and immersed in
an ice-water bath. 1wt% lithium hydroxide (LiOH) aqueous
solution (LiOH 0.05 mole equiv. to PGMA repeating units)
and thiol (1.3~1.5 mole equiv. to PGMA repeating units) were
added to the tube. After stirring for 20min, the tube was trans-
ferred to a thermal reactor preset to 30°C and stirred for 3h.
The crude solution was precipitated in hexane or methanol
or mixture of water and methanol, depending on the Mn of
BCP and type of thiol. After filtration, the solid was again dis-
solved in THF and precipitated and then filtered two more
times to remove any residual reagents. Eventually the product
was dried at room temperature under a reduced pressure to
yield a white powder (41% yield).

2.4.1. Characterization of PS-b-P1FMA. 1H NMR (400MHz,
CDCl3, δ, ppm): 0.95 (s, α-CH3, P1FMA), 1.07 (s, α-CH3,
P1FMA), 1.22–1.70 (br, backbone, –CH2–CH–, PS), 1.72–2.23
(br, backbone, –CH2–CH–, PS, br, backbone, –CH2–
C(CH3)–, P1FMA), 2.72–2.90 (m, –CH(OH)–CH2–S–,
P1FMA), 3.11–3.31 (q, –S–CH2–CF3, P1FMA), 3.88–4.18
(m, –(C=O)O–CH2–CH(OH)– P1FMA), 6.28–6.73 (m,
o-aromatic, PS), 6.86-7.32 (m, m-, p-aromatic, PS).

2.4.2. Characterization of PS-b-P4FMA. 1H NMR (400MHz,
CDCl3, δ, ppm): 0.96 (s, α-CH3, P4FMA), 1.12 (s, α-CH3,
P4FMA), 1.20–1.68 (br, backbone, –CH2–CH–, PS), 1.70–
2.28 (br, backbone, –CH2–CH–, PS, br, backbone, –CH2–
C(CH3)–, P4FMA), 2.30–2.50 (t, –CH2–CF2–, P4FMA),
2.60–2.76 (t, –S–CH2–CH2–CF2–, P4FMA), 2.76–2.87 (d,
–CH(OH)–CH2–S–, P4FMA), 3.82–4.17 (d, –(C=O)O–
CH2–, P4FMA) (m, –CH(OH)–, P4FMA), 6.28–6.85 (m, o-
aromatic, PS), 6.86–7.32 (m, m-, p-aromatic, PS).

2.4.3. Characterization of PS-b-P6FMA. 1H NMR (400MHz,
CDCl3, δ, ppm): 0.98 (s, α-CH3, P6FMA), 1.12 (s, α-CH3,
P6FMA), 1.21–1.70 (br, backbone, –CH2–CH–, PS), 1.72–2.25
(br, backbone, –CH2–CH–, PS, br, backbone, –CH2–
C(CH3)–, P6FMA), 2.29–2.50 (t, –CH2–CF2–, P6FMA),
2.60–2.76 (t, –S–CH2–CH2–CF2–, P6FMA), 2.76–2.87 (d,
–CH(OH)–CH2–S–, P6FMA), 3.82–4.17 (d, –(C=O)O–
CH2–, P6FMA) (m, –CH(OH)–, P6FMA), 6.28–6.85 (m,
o-aromatic, PS), 6.86–7.32 (m, m-, p-aromatic, PS).

2.4.4. Characterization of PS-b-P8FMA. 1H NMR (400MHz,
CDCl3, δ, ppm): 0.98 (s, α-CH3, P8FMA), 1.12 (s, α-CH3,
P8FMA), 1.21–1.70 (br, backbone, –CH2–CH–, PS), 1.72–
2.25 (br, backbone, –CH2–CH–, PS, br, backbone, –CH2–
C(CH3)–, P8FMA), 2.29–2.50 (t, –CH2–CF2–, P8FMA),

2.60–2.76 (t, –S–CH2–CH2–CF2–, P8FMA), 2.76–2.87 (d,
–CH(OH)–CH2–S–, P8FMA), 3.82–4.17 (d, –(C=O)O–CH2–,
P8FMA) (m, –CH(OH)–, P8FMA), 6.28–6.85 (m, o-aromatic,
PS), 6.86–7.32 (m,m-, p-aromatic, PS).

2.5. Bulk Sample Preparation. The bulk samples for the
investigation on bulk morphologies and domain spacings
(d-spacing) of the self-assembled nanostructures were pre-
pared by slowly evaporating a dilute BCP THF solution fil-
tered through a 0.25μm pore size PTFE membrane syringe
filter at 30°C. The as-prepared samples were further annealed
at 150°C for 24 h under a reduced pressure.

2.6. Thin Film Preparation. Bare silicon wafers cut into 1 cm2

pieces were washed in toluene for 3min with sonification,
and dried in streams of nitrogen. The washed wafers were
then treated with a mixture of H2O2 (30%) and H2SO4
(70%) (v/v) at 80°C for 40min. Then, the wafers were rinsed
with water repeatedly and dried. BSL was generated by spin
coating a 1.0wt% poly(2, 2, 2-trifluoroethyl methacrylate)-
random-poly(methyl methacrylate)-random-poly(methacrylic
acid) (PTFEMA-r-PMMA-r-PMAA) solution in propylene gly-
col monomethyl ether acetate (PGMEA) solution at 3000 rpm
for 30 s onto the cleaned silicon wafers, followed by cross-
linking at 200°C for 5min. The silicon substrates were subse-
quently sonicated in toluene to remove any unattached ran-
dom copolymers and rinsed with fresh toluene. Furthermore,
approximately 1.0wt % solutions of the BCPs in toluene were
spin-coated at 3000 rpm for 30 s onto the surface-modified sil-
icon substrates to obtain thin films with ca. 1.5L0 thicknesses
(1.0L0 denotes one periodic length of self-assembled nano-
structure). The as-prepared thin films were further annealed
at 150°C for 24h. An O2-RIE treatment was carried out for a
certain time (40 sccm, 20W, 20Pa) to selectively remove the
methacrylate-based segments.

3. Results and Discussion

3.1. Synthesis and Characterization of the Homopolymers.
The homopolymers with fluorinated side chains of various
length were first synthesized using the same precursor
homopolymer PGMA and corresponding characteristics
were investigated. The precursor homopolymer PGMA was
prepared via living anionic polymerization of GMA mono-
mer using sec-BuLi as initiator in THF under –40°C. By con-
trol on the molar ratio of initiator to monomer, Mn of the
synthesized PGMA was intentionally kept low because of
the poor solubility of the post-functionalized homopolymers
especially with the relatively long side chains. The broadening
of the molecular weight dispersity of homo-PGMA

(Đ = 1:18), as well as PS-b-PGMA (Đ = 1:23), are
thought caused by the diffusional restriction of the monomer
access towards the living centers [39], because of lesser solva-
tion and increasing compactness of the polymer coils in low
temperature THF solvent. In the thiol-epoxy reaction, PGMA
was mixed with approximately 1.5 times of excessive thiols in
THF solution loaded with catalytic amount of LiOH at 30°C.
LiOH is considered as the optimized catalyst as quantitative
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conversions are obtained at a catalyst loading over a few
hours’ reaction time under mild reaction temperatures.

The synthesized homopolymers, including homo-
P4FMA, homo-P6FMA, and homo-P8FMA were charac-
terized by NMR, SEC, DSC, and WAXD (Figures S1–S5,
SI) and summarized (Table S1, SI). The properties of
homo-P1FMA were listed in our previously published
paper [40]. In NMR spectra, homo-P8FMA only reveals
the characteristic proton signals from polymer backbone
because of the bulky C8F17 side chain of high rigidity. The
solubility of homopolymer in THF or chloroform was sig-
nificantly improved as the length of introduced side chain
was reduced. Except C8F17-containing homopolymer, other
homopolymers reveal the characteristic proton signals
from various side chains and the epoxy unit in precursor
PGMA becomes disappeared, indicating the nearly 100%
introduction rate of side chain. In SEC results, a significant
shift to higher Mn was observed after thiol-epoxy reaction
and the measured Mn of homopolymers were in good
agreement with the Mn estimated from precursor PGMA,
indicating the complete conversion in chemical modifica-
tion. Additionally, the thermal analysis reveals an increased
Tg of homopolymer with elongated side chain, which is
highly correlated with the reduced mobility of elongated
semi-fluorinated side chain. More importantly, significant
transitions from LC to isotropic phase were detected in
C6F13 and C8F17-containing homopolymers. In contrast,
CF3 and C4F9-containing homopolymers merely reveal a
glass transition within the scanning temperature range.
The liquid crystalline (LC) structures of C6F13 and C8F17-
containing homopolymers in bulk were further characterized
by X-ray. The LC lamellar structure of 3.2 nm and 3.6 nm
periodicity was observed in C6F13 and C8F17-containing

homopolymers, respectively. C8F17-containing homopoly-
mer reveals a higher periodicity evidenced by more refined
diffraction peaks. According to the previous study on the rela-
tionship between LC phase and number of fluorocarbons in
side chain [41], smectic LC phase may be formed in C6F13
and C8F17-containing homopolymer. The S-cis conformation
of semi-fluorinated side chain was also reconstructed using
MM2 energy-minimization based on Chem 3D 16.0 (Figure
S6, SI). The estimated distance in the model compound from
backbone carbon atom to end carbon atom of –CF3 is 1.5 nm
(C6F13-containing side chain) and 1.8 nm (C8F17-containing
side chain), respectively, which are in good agreement with
the half LC periodic length estimated from WAXD. Based
on the molecular simulation results, a single LC periodic
length is composed of a pair of mesogens with head-to-head
stereo-regularity [42].

The surface free energies (SFEs) of PXFMA with vari-
ous semi-fluorinated side chain length, estimated via the
water and diiodomethane contact-angle measurements
based on the Owens–Wendt method was 33.3 [40], 25.7,
23.1, and 21.6mJm–2, respectively (Table S6). SFE of PS
was measured to be 40.7mJm–2 [43]. Comparatively, the
SFE of poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA)
was measured to be 25.1mJm–2 using the same method.
For CF3-containing side chain, the hydrophobicity of CF3
and the hydrophilicity of hydroxyl group will be cancelled
off with each other. Therefore, a balance between SFEs of
PS and CF3-containing P1FMA block was achieved for
perpendicular orientation on BCP domain in thin film.
However, the introduction of the elongated semi-
fluorinated side chain contributed more to the hydropho-
bicity of PXFMA block and a gradually decreasing SFE
value was accompanied.
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Scheme 2: Synthetic scheme of PS-b-PGMA precursor via sequential living anionic polymerization of styrene and glycidyl methacrylate and
post-functionalization with a variety of semi-fluorinated thiols.
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3.2. Synthesis and Characterization of the BCPs. PS-b-PGMA
precursor polymer (SG4) was successfully synthesized via
the sequential anionic polymerization (Scheme 2). Based
on NMR and SEC analyses, the synthesized BCPs revealed
a molecular weight of 3.9 kgmol–1 and a narrow dispersity
of 1.23.

Semi-fluorinated thiols of various F numbers were then
introduced to the precursor PS-b-PGMA in THF solution

with LiOH as the catalyst at 30°C for 3 h reaction. The Mn
of the BCPs were increased in accordance with the molecular
weight of introduced thiol, while dispersities remained low
(Table 1 and Figure S7, SI) Besides, the characteristic 1H
NMR signals corresponding to the glycidyl moieties in PS-
b-PGMA (a, a′, b, c, and c′ at 2.70, 2.82, 3.28, 3.84, and
4.37 ppm, respectively) (Figure 1) had disappeared and the
signals attributed to the introduced side chains were observed,

Table 1: Characterization data of the synthesized BCPs.

BCP Labela Mn
b (kgMol–1) Đ wPS

c fPS
c dspacing

d (nm) LC periodicitye (nm) Morphologyf

PS-b-PGMA SG4 3.9 1.23 0.73 0.68 8.9 — Disorder

PS-b-P1FMA S1F 5.2 1.25 0.60 0.67 9.6 — LAM

PS-b-P4FMA S4F 6.4 1.21 0.48 0.56 12.1 (2.6) LAM

PS-b-P6FMA S6F 6.6 1.19 0.42 0.54 11.6 3.2 HEX

PS-b-P8FMA S8F 7.5 1.18 0.38 0.50 11.5 3.6 Asym HEX
aThe labels SG and S(X)F refer to PS-b-PGMA and PS-b-PXFMA, respectively, while the number to the right refers to the number-average molecular weight
(Mn) of the polymer. bMn and dispersities (Đ) were obtained by SEC using THF as the eluent based on PS standards. cPS weight fractions (wPS) of PS-b-PGMA
were calculated via 1H NMR and PS weight (wPS) and volume fractions (fPS) of PS-b-PXFMA were further estimated based on 100% introduction rate of side
chain using bulk densities for each block (1.05 g cm−3 for PS, 0.805 g cm−3 for PGMA, 1.43 g cm−3 for P1FMA, 1.45 g cm−3 for P4FMA, 1.66 g cm−3 for P6FMA
and 1.73 g cm−3 for P8FMA). dThe domain spacings (d-spacing) were estimated from the position of first-order scattering peak in the SAXS profile upon
thermal annealing at 150°C for 24 h. eThe periodicity of LC side chain was determined by the position of first-order scattering peak in the WAXD profile
of homopolymer upon thermal annealing at 150°C for 24 h. fThe bulk morphologies were determined by SAXS and TEM.
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Figure 1: 1H NMR spectra of PS-b-PGMA (SG4) and chemically modified PS-b-PXFMA (abbreviated as S1F, S4F, S6F, and S8F).
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indicating the complete conversion of side chain functional-
ities in all chemical modifications.

In thermal analysis (Figure S8, SI), only S6F and S8F
with sufficient long semi-fluorinated side chain reveal a tran-
sition from LC ordered phase to isotropic phase. Besides, Tg
mainly attributed to PS segments almost remained constant
because of the same PS-b-PGMA precursor polymer used in
the study. The observation results of BCPs are in good agree-
ment with those revealed in homopolymer studies.

3.3. Morphologies in the Bulk. The bulk morphologies of the
synthesized PS-b-PXFMAs were then analyzed via SAXS
(synchrotron radiation) and TEM characterizations
(Figures 2–4).

The precursor PS-b-PGMA (SG4) exhbits a disordered
morphology because of the relatively low χ parameter [40].
However, following the chemical modifcation of semi-
fluorinated side chain, all PS-b-PXFMAs reveal significant
self-assembly morphologies, indicating enhanced χ parame-
ters. The dspacing estimated from the position of primary
scattering peak in SAXS is narrowly distributed among
9.6–12.1 nm, which are reasonably attributed to the similar
Mn and estimated χeff of PS-b-PXFMAs. However, the
observed morpology of PS-b-PXFMAs exhibits a transition
from lamellar to hexagonally packed cylinderical type as
the incorporated side chain becomes longer. The SAXS pro-
files of amorphous PS-b-P1FMA and PS-b-P4FMA both
suggest q ratios of integers, which are representative indica-
tors of formation of lamellar morphology. A lamellar mor-
pholgy of PS-b-P1FMA with similar Mn and more
symmetric volume fraction (f ps = 0:62) was also observed
in the reported experimentals [40]. Besides, an insignfcant
2.6 nm periodic length was detected by SAXS, which is
related to the extremly weak ordering from C4F9 side chain.
Accordingly, no signifcant LC phase transition was observed
in DSC analysis. The thresohold of side chain length for
exhibiting significant LC phase is C6F13. Owing to the forma-
tion of side chain LC structure, a hierarchical self-assembly
strucuture containing segments segregation and LC ordering
begins to emerge. A lamellar structure of 3.2 nm periodic
length was indicated by the X-ray analysis on PS-b-P6FMA
and corresponding homopolymer. DSC results also suggested
a transition from the assigned smectic to isotripic phase at
126°C, which is below the annealing temperature of 150°C.
Therefore, the contribution from side chain LC ordering is
partially suppressed during the thermal annealing process.
The SAXS characterizaiton revealed characteristic q ratios of
1 :√3 : 2 in response to anisotropic hexagonally packed cylin-
derical morphology. The significant peak with q ratio of √3
indicates the high symmetry of hexagonal array. Besides, the
isotropy of hexagonal array was also evidenced by the TEM
observation results (Figure 3). The self-assembled cylinderi-
cal morphology from symmetic diblock copolymer with LC
side was also predicted by SCFT theory [20].

Addtionally the SAXS profiles of amorphous PS-b-
P1FMA, PS-b-P4FMA, and liquid crystalline PS-b-P6FMA
were analyzed using Scatter (version 2.5, 03/2011) (Figure
S9 in SI). The predicted periodic nano-strucutres estimated
from the fitting profiles are highly consistent with the TEM

observations (Figure 3). PS-b-P4FMA reveals a more aniso-
tropic lamellar structure in compasion with that of PS-b-
P1FMA, which is possibly related to the weak ordering of
fluorinated side chain. The minor domain of 4.1 nm width
is possibly consisted of an adjacent pair of C4F9 side chain
with a predicted 2.6 nm length. For PS-b-P6FMA with sig-
nificant LC side chain ordering, hexagonally packed cylin-
ders with 5.4 nm radius are predicted. The volume fraction
of cylinder is estimated being 0.56, which is close to the esti-
mated PS volume fraction (f PS = 0:54) in synthesis charac-
terizaiton. Beisdes, the minmial spacing between adjacent
cylinders is esimtated being 3.0 nm, which is close to the
spacing of a pair of C6F13 side chain in head-to-head regu-
larity. Therefore, the self-assembly morpholgy transition is
likely caused by the spacing confinments from the enhanced
side chain ordering.

As the length of side chain was further increased to
C8F17, LC lamellar strucutre of higher periodicity and larger
periodic legnth is expected based on the previous study [41].
The interpaly between the segments segregation and
enhanced LC ordering creates a unique anisotropic mor-
phology, which is different from any known morphology
reuslting from amorphous BCP. First, SAXS reveal a signifi-
cant primary scattering peak in response to 3.6 nm dspacing
and its sceondary scattering peak at 2q position could be
even detected, indicating a well-defined lamellar structutre.
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Figure 2: SAXS profiles of the precursor PS-b-PGMA and PS-b-
PXFMAs (X = 1, 4, 6, and 8) bulk samples following thermal
annealing. The blue triangle indicates the peak from LC phase of
side chain.
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This observation on BCPs were also highly consistent with
the lamellar stucutre chararterized in correpoding homopol-
ymer. Combined with the observed narrower transition
peaks in DSC of both BCP and homopolymer compared to
those of PS-b-P6FMA, a smectic phase with higher periodic-
ity than that of PS-b-P6FMA could be assgined to LC order-
ing of PS-b-P8FMA. The higher periodicity of LC structure
could also be inferred from the sharper scattering peak
attributed to 0.53 nm spacing, which corresponds to the dis-
tance between adjacent CF3-end of semi-fluorinated side
chain [41]. To determine the the two chacteristic orienta-
tions of the BCP microclyinder and LC mesogen, the
shear-flow orientation in this side chain liquid crystalline
PS-b-P8FMA was investiagted by SAXS measurements
(Figure 4). From the obtained SAXS patterns with X-ray
irradiated to three characteristic directions, vorticity
(v × ∇v), velocity (v), and velocity gradient (∇v) directions,

obviously the microcylinder is oriented normal to the LC
smectic layer because of the indicated two distincitve prefer-
ential scattering singals with a near 90° intersection angle in
vorticity (v × ∇v) and velocity gradient (∇v) directions. In
the velocity (v) direction, the reflections are expected to
appear as six characteristics spots if the microcylinders are
preferentially oriented along the velocity direction [44].
However, because of the insufficent long-ranged orders pos-
sibly suffering from a low χN value (χN = 16:9), the
expected characteristics sattering spots from the hexagonal
packing array of microcylinders are not significant. Besides,
different from the other two directions, no scattering signals
from LC smectic layers were revealed because the irradiated
X-ray beam is almost normal to the lying smectic layer stru-
cuture. The two orientations of BCP domains and side chain
LC mesogens perpendicular to each other were also reported
in other SCLC BCP systems [45, 46].

200 nm
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Figure 3: (a) TEM micrographs showing the regular symmetric hexagonally packed cylindrical morphology of annealed PS-b-P6FMA bulk
sample. Two phases noted as P1 and P2 are from top and side view of the cylinder structure, respectively. The bottom left inset in TEM
images displays the Fourier-transform pattern of the real-space image and in P1 six periodic lengths of 10.6 nm with an averaged
60 intersection angle indicating symmetric hexagonal packed array are clearly revealed. (b) TEM micrographs showing the averaged
9.5 nm width lamellar morphology of annealed PS-b-P1FMA bulk sample. (c) TEM micrographs showing the averaged 12.4 nm width
lamellar morphology of annealed PS-b-P4FMA bulk sample. The bright and dark region corresponds to PS and heavily ruthenium
tetroxide-stained hydroxyl groups in fluorinated segments, respectively.
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Figure 4: SAXS patterns of PS-b-P8FMA sheared in the isotropic phase at 200°C at rates of 5 s–1 and following thermal annealing at 150°C
in the smectic phase for 3 h. The SAXS measurements were performed at room temperature by irradiating the X-ray beam along (a) vorticity
(v × ∇v), (b) velocity (v), and (c) velocity gradient (∇v) directions. The observed patterns in indicate that the preferential orientation of BCP
cylindrical domains is along the velocity direction and the smectic layers consisted of perfluoroalkyl side chains are arranged vertical to the
BCP domains in the velocity direction. And the 1-D integration profile of 2-D SAXS pattern along the radius to the circle center by
irradiating the X-ray beam along (d) vorticity (v × ∇v), (e) velocity (v), and (f) velocity gradient (∇v) directions. The smectic layer
orientation is suggested by the absence of the smectic layer reflection in SAXS pattern irradiating X-ray beam from (b) the neutral
velocity gradient direction. The scattering peaks attributed to hexagonally packed cylinderical BCP domain and LC side chain ordering
are marked with red and navy triangle markers, respectively.
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Besides, the self-assembly structure resulting from
block segregation was also revealed by X-ray analysis in
combination with TEM. In SAXS characterizations, charac-
teristic q ratios of 1 :√3 : 2 :√7 :√12 were observed and
hexagonall packed cylinderical morhology was thereby
assigned. However, in TEM characteization three distinc-
tive phases could be observed: two striation phase with
characterisitc 10.9 and 12.7 nm dspacing, respectively, and a
hexgonally packed array consisted of these two distinctive
dspacing (Figure 5). In addition, the grain boundaries
between those distinctive phases were clearly revealed in
TEM images. The inset of TEM image clearly reveals the
hexgonally packed array of significant anisotropy in which
the bright elliptical PS domains are surrounded by the seg-
ments attached with LC side chains. The observed middle
dark interface was possibly caused by intensive accumu-
lated ruthenium tetra-oxide stained on hydroxyl groups in

the backbone of P8FMA segments, which is consistent with
the proposed head-to-head configuration in side chain
ordering. The bottom left inset in TEM images displays
the Fourier-transform pattern of the real-space image.
The array of anisotropic hexagonally packed cylinder in
shear flow was further proposed based on X-ray and TEM
results and the characteristic dimensions were noted as
shown in the below scheme. Here, the core elliptical PS
(red) and shell P8FMA backbone (orange) domains are
approximated as an integrated PS hexagon because of neg-
ligible volume fraction of the P8FMA backbone. The sim-
plified PS volume fraction calculated from the model
(f PS = 0:46) is consistent with that (f PS = 0:50) estimated
from Mn of block. In this model, the normal vector of
(001) plane consisted of PS cylinder in hexagonally packing
array is parallel to the velocity direction and LC director
axis is along the velocity direction as well.
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Figure 5: TEM micrographs showing the anisotropic hexagonally packed ellipsoids of the annealed PS-b-P8FMA bulk sample. Three phases
noted as P1, P2, and P3 are in response to the striations of two distinctive dimensions from (010) and (2�10) directions in side view and the
anisotropic hexagonally packed array in top view.
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The fast Fourier transform of this anisotropic array was
further given by Image-J (Figure S10(a), SI). Two distinctive
dspacing with a 125° intersection angle and their secondary
singals at √3 : 2:√7 qpositions were successfully assgined.
These sginals were further intergrated along the radius to the
center and a 1-D integration profile was obtained (Figure
S10(c), SI). The peak posititons in the integrated profile could
be correlated with those in SAXS profile. And the overlapped
signals from two distinctive dspacing possibly lead to the broader
scattering peaks of PS-b-P8FMA compared to other studied
BCPs. A schematic illustration on the hierarchical structure
of PS-b-P8FMA is further proposed based on the X-ray and
TEM characterization results. The orientation of PS microcy-
linder is aligned vertical to the 3.6-nm-width LC smectic layer
consisted of a pair of perfluoroakyl side chain in head-to-head
regularity. Because of the chain-stretching confinements
brought by the LC side chain ordering, the surrounded PS
domain may take the elliptical shape in order to minimize
the free energy of the hierachcial self-assembly system.

To further investigate the interpaly between block segre-
gation between LC ordering, SAXS was taken at temperatures
higher than the observed Tiso of PS-b-P8FMA (Figure S11,
SI). As the annealing temperature is cooling from 250°C to
190°C, the intensities of characteristic secondary peaks at
√3 : 2:√7 q positions indicating the hexagonal packing arr-
ray became increased, suggesting an ehanced hexgonally
packing ordering. The observed hexongall packed cylinder
morpholgy with thermaldyanmics stability was against the
predicted laemllar morpholgy from self-assembly of
symmrteic volume fraction using flexible coil–coil model
[1]. The inconsistence was attibuted to the unneglectable
rigidity difference from blocks of sigingicantly unequal statis-
tical segments legnth [12, 47, 48], which is obviously caused
by the incorporated perfluorinated side chain. As the temper-
ature was further cooled to 170°C, the scattering peak attrib-
uted to LC side chain ordering at high q region began to
appear, which is in good agreement with detected Tiso at
171.6°C in DSC analysis. The ordering of LC side chain was
increased with elongated spacing with lowering temperature.
Accordingly, the domain spacing determined by the position
of primary scattering peak became smaller, which is against
the change of χ parameter and unperturbed chain dimension
(Rg), as the domain spacing will be increased by the higher χ
parameter and larger Rg at lower temperature [49]. Besides, at
lower temperature the relatively intensities of secondary
peaks at √3 : 2 :√7 q positions to the primary peak became
basically constant, indicating a thermodynamics stable mor-
phology from block segregation under Tiso. Therefore, a mor-
phology transition from isotropic to anisotropic hexagonal
packing array caused by the appearance of LC side chain
ordering could be inferred.

3.4. Estimation of χeff. To quantify the strength of the segre-
gation of PXFMA against PS, the random-phase approxima-
tion (RPA) method [40] was used, in which the effective
Flory–Huggins interaction parameter is expressed by
χeff =A/T+B, where A/T is the enthalpic contribution, and
B is the entropic contribution. First, temperature-dependent
SAXS measurements were conducted on PS-b-PXFMA

(X = 4, 6, or 8), starting in 10°C decrements (Figure S12, SI),
which are all above ODTs of BCPs (Figure S13, SI). As all
measuring temperatures are well-above the LC isotropic
transition temperature of C6F13 or C8F17-based side chains,
no modification from side chain LC ordering is included
into the existed RPA method based on flexible coil–coil
model [49]. Herein, the SAXS profiles in the mean-field dis-
ordered state were then analyzed based on Leibler’s mean-
field theory, which is modified to include the effects from
the dispersity and volume asymmetry of segments. Remark-
ably, as χeff is dependent on the reference volume used to cal-

culateN, a common reference volume (v0 = 118 Å
3
) was used for

the comparison between the estimated χeff and other reported
values.

The χeff of S4F, S6F and S8F was expressed by
χeff PS/P4FMA = 7:1/T + 0:139, χeff PS/P6FMA = 8:2/T + 0:142
and χeff PS/P8FMA = 21:5/T + 0:172 (Tables S2—S4). Χeffof
S1F was previously reported by our group with an expression
of χeff PS/P1FMA = 19:4/T + 0:126 [40]. The difference in the
enthalpic contributors may come from the distinctive Mn
and dispersities of BCPs of varied chain end effects. Consid-
ering the estimated χeff of BCPs with varied side chain lengths
at 150°C annealing temperature (χeff PS/P1FMA = 0:172,
χeff PS/P4FMA = 0:155, χeffPS/P6FMA = 0:161 and χeff PS/P8FMA =
0:223), the driving forces of block segregation are further
quantified based on the known Mn of BCPs
(χeff PS/P1FMAN = 10:5, χeff PS/P4FMAN = 11:3, χeff PS/P6FMAN =
11:2 and χeff PS/P8FMAN = 16:9). The estimated driving forces
are of the similar magnitudes, however, in bulk study a
morphology transition of BCPs with increased side chain
lengths was clearly observed. Therefore, the significant dif-
ferences on morphologies are reasonably correlated to the
LC ordering of introduced side chain.

Besides, all estimated χeff of BCPs with semi-fluorinated
side chains are several times higher than that of commonly
used poly(styrene-b-methyl methacrylate) (PS-b-PMMA).
For instance, χeff value of PS-b-PMMA at 25°C was mea-
sured being 0.04 [50], which was barely 1/6 of χeff PS/P8FMA
= 0:244 at 25°C. The measured higher χeff is also indicated
by the significantly unbalanced SFEs of counter-blocks in
contact-angle characterization.

3.5. Domain Orientation Control in Thin Film. Owing to the
potential for creating a variety of morphologies in thin film,
PS-b-P8FMA was spin-coated onto BSLs of distinctive
SFEs. In this study, two synthesized random copolymers
poly-(methyl methacrylate-random-2,2,2-trifluoroethyl
methacrylate-random-methacrylic acid) (PMMA-r-PTFEMA-
r-PMAA) (Figure S14 and Table S5, SI) of various compositions
were spin-coated onto bare silicon substrate and cross-linked to
induce the desired orientation of BCP on top bottom substrate.
In all used BSL copolymers, approximately 3% weight fraction
of methacrylic acid was added as cross-linking functionalities.
PTFEMA and PMMA units were selected for tuning SFE of
BSL, because SFE of PTFEMA and PMMA is found close
to SFE of P8FMA and PS block, respectively (Table S6, SI).
The periodic length of thin film pattern obtained from AFM
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characterizations was extracted from fast Fourier transform
(FFT).

The AFM phase images (Figure 6) reveal the morphol-
ogies of PS-b-P8FMA on BSLs of distinctive SFEs. A neutral
BSL (43-54-3) without any preferential interaction to the
either block was first obtained. Therefore, the BCP domains
perpendicular to the substrate was achieved. As shown in the
inset image, a hexagonally packed array perpendicular to the
substrate was observed. Two distinctive dspacing of 12.6 nm
and 14.8 nm obtained from FFT characterized in thin film
was highly consistent with the spacing observed in bulk
state. Remarkably, following the selective etching of sur-
rounding P8FMA-based segments, a clearer hexagonally
packing array of PS cylinders with significant anisotropy
was revealed by AFM characterization (Figure S15, SI).

As the composition of PTFEMA in BSL was reduced, the
ontop PS-b-P8FMA begins to exhibit a morphology transi-
tion from perpendicular hexagonally packed cylinders to
long-ranged striation patterns of 12.0 nm domain spacing
with half-pitch of 6.0 nm. The striation pattern was thought
in response to the parallel oriented PS cylinder domain on
the substrate, as the used BSL (77-20-3) is slightly preferen-
tial to PS segments. Conclusively, the precise adjustments on
aligned orientation of PS domain enable the facile tailoring
on thin film pattern type.

4. Conclusion

In this study, semi-fluorinated C8F17-containing LC side
chain was introduced to the backbone of precursor BCP
PS-b-PGMA for enhanced segregation and precise thin film
orientation control, which enables the facile tailoring on pat-
tern type without any additional efforts. The observed hex-
agonally packed cylindrical morphology of PS-b-P8FMA
exhibits anisotropic characteristics with smectic side chain
ordering. As the length of side chain is gradually reduced
to –C6F13, –C4F9, and –CF3, a gradual phase transition from

smectic to amorphous state is revealed. Accordingly, an iso-
tropic hexagonally packed cylinder or lamellae-based mor-
phology is observed for symmetric BCPs, indicating the
increased influences from enhanced side chain ordering on
the self-assembled morphology. Besides, a hierarchical self-
assembly structure model including both block segregation
and LC ordering characteristic spacing is proposed. The
domain orientation of PS-b-P8FMA in thin film is readily
adjusted by varying the composition of copolymers as BSL.
The long-range ordered striations and hexagonally packed
dots pattern, in response to parallel and vertical domain ori-
entation, respectively, are thereby prepared by simply tuning
the compositions of BSLs without changing BCPs or applica-
tion of additional techniques. Therefore, the fine orientation
control on BCP domains could be successfully achieved, in
response to the specific chemically modified bottom surface
region. This simple but high efficiency approach to tailoring
BCP pattern type enables the easy fabrication of various sub-
10 nm half-pitch patterns in lithographic application.
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Supplementary Materials

Figure S1. 1H NMR spectra of 1,1,1,2,2,3,3,4,4-nonafluoro-6-
iodohexane (black) in acetone-d6 and the synthesized
3,3,4,4,5,5,6,6,6-nonafluoro-1-hexanethiol (red) in chloro-
form-d. Table S1. Characteristics of the synthesized homo-
polymers. Figure S2. 1H NMR spectra of synthesized
homo-PGMA and post-functionalized homo-PXFMA
(X = 4, 6 and 8) in CDCl3 solvent. The below right number
indicates the molecular weight of each homopolymer. Figure
S3. SEC chromatograms of the precursor homo-PGMA and
post-functionalized homo-PXFMA (X = 4, 6 and 8) in THF
eluent. The below right number indicates the molecular
weight of each homopolymer. Figure S4. DSC curves of the
synthesized homo-PXFMA (X = 4, 6 and 8) at (a) a heating
and a cooling rate of 10°C/min under nitrogen atmosphere,
respectively. Figure S5. WAXD profiles of the homo-
PXFMA (X = 4, 6 or 8) following thermal annealing. Figure
S6. The optimized conformations of model compounds with
various side chains using MM2 energy-minimization based
on Chem 3D 16.0. The below right scheme represents the
LC lamellar structure consisted of a pair of mesogens with
end-to-end stereo-regularity. Figure S7. SEC chromatogra-
phy of precursor PS-b-PGMA (SG4) and corresponding
PS-b-PXFMA (SXF, X = 1, 4, 6 and 8) after post functionali-
zation. Figure S8. DSC curves of the studied PS-b-PXFMA
(SXF, X = 1, 4, 6 and 8) at a heating rate of 10°C/min under
nitrogen atmosphere in heating and cooling cycles. The
noted transition temperatures are estimated from the heat-
ing cycles. Figure S9. The experimental SAXS profile (black
scatters) and the fitted SAXS profiles (red line) based on
the model shown in the insets of (a) PS-b-P1FMA, (b) PS-
b-P4FMA and (c) PS-b-P6FMA using Scatter (Version 2.5,
03/2011) 1D (scatter curve). The insert figure in (c) shows
the hexagonally packed cylinder in top (left) and side (right)
views and the red scales in nanometer units are also given in
each inset. Figure S10. (a) The fast Fourier transform of P3
phase and the signals in response to d1 and d2, as labeled
in blue and red circle, respectively. The green circle indicates
the overlapping signals from √3q of d1 and 2q of d2. (b) The
TEM images showing the dimension a1 and a2 in response
to d1 and d2, respectively, in anisotropic hexagonal packing
array. (c) The 1-D integration profile of (a) along the radius
to the center of image and the signals from two spacings
were labeled. (d) The experimental SAXS 1-D integration
profile in comparison with (c). Figure S11. SAXS profiles
of PS-b-P8FMA bulk sample taken at varied temperatures
in a cooling process. The blue triangle marker indicates the
scattering peak from LC side chain ordering. The estimated
domain spacing of self-assembly morphology becomes
smaller with reduced temperatures. Figure S12. The scatter-
ing profiles (dotted lines) measured by SAXS and the fitting
profiles (smooth lines) at different temperatures for (a) PS-
b-P4FMA (S4F), (b) PS-b-P6FMA (S6F) and (c) PS-b-
P8FMA (S8F). Figure S13. Temperature dependences of the

effective Flory–Huggins interaction parameter for (a) PS-b-
P4FMA (S4F), (b) PS-b-P6FMA (S6F) and (c) PS-b-P8FMA
(S8F) using a reference volume of 118Å3. Table S2. The fixed
parameters used to estimate χeff for PS-b-PXFMA.
(X = 4, 6 or 8). Table S3. The estimated parameters χeff for
PS-b-PXFMA at varied temperatures. (X = 4, 6 or 8). Table
S4. Estimated enthalpic and entropic contributions for PS-
b-PXFMA. (X = 4, 6 or 8). Figure S14. (a) 1H NMR spectra
and (b) GPC chromatograms of the synthesized random
copolymers PMMA-r-PTFEMA-r-PMAAs. The labeled
number in XX–YY–ZZ form indicates the weight fraction of
three comonomers MMA, TFEMA and MAA in percentage.
Table S5. Characteristics of the synthesized BSL copolymers.
Table S6. Contact angles and surface free energies (SFEs) of
homopolymers. Figure S15. The AFM phase image of the thin
film prepared from PS-b-P8FMA on BSL (43-54-3) following
oxygen plasma etching. The inset reveals the fast Fourier
transform of the image and the signals in response to d1 and
d2 are marked. The inset magnified AFM images shows the
dimension a1 (blue marker) and a2 (red marker) in response
to d1 and d2, respectively, in anisotropic hexagonal packing
array. (Supplementary Materials)
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