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In this study, synthesis of poly (styrene)-b-poly (2-vinyl pyridine) four-arm star block copolymers ((PS-b-P2VP)4
sBCPs) possessing high interaction parameter () feature was investigated. To obtain well-defined sBCPs, a
challenge on ATRP of pyridine-containing monomers is foreseeable. We thus scrutinized the domino effect from
PS macroinitiators (MIs) having different halogen chain ends (i.e., (PS-X)4, where X = Br/Cl) to the subsequent
chain extensions. As evident from the model reactions of benzyl halides (BzX, where X = Br/Cl) and 2-methyl-

pyridine (2 MP), the combination of BzCl and 2 MP can significantly suppress the substitution side reaction.
Consequently, well-defined (PS-b-P2VP)4 sBCPs were obtained (M, = ca. 58 k-82 k with PDI <1.5). From the
analyses of small angle X-Ray scattering (SAXS), transmission electron microscopy (TEM), and atomic force
microscope (AFM), self-assembly behaviors of the obtaining sBCPs were facilely observed due to the high y
feature, mainly including cylinder and lamellae morphologies, in nanoscale of approximately 30 nm.

1. Introduction

The evolutions of controlled/living radical polymerizations (CRPs)
empower academic research and industrial outputs to afford well-
defined (co)polymers with predictable molecular weights and low
polydispersity (PDI). The evolved CRPs mostly comprise atom transfer
radical polymerization (ATRP) [1-5], reversible addition-fragmentation
chain transfer (RAFT) polymerization [6-10], and nitroxide-mediated
radical polymerization (NMRP) [11,12]. Among them, a variety of
ATRP techniques have been manifested their robustness to afford not
only well-defined block copolymers (BCPs) but also various polymer
architectures, such as star block copolymers (sBCPs) and miktoarm star
copolymers (p-star) [13-15].

BCPs with high interaction parameter ()) features and/or star shapes
are emerging research targets that can conduct fascinating self-assembly
behaviors classifying as the “bottom-up” process. The self-assembly
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nanostructures generally exhibit ordered spheres (Sph), cylinders
(CyD), periodic gyroid (Gyr), and lamellae (Lam) types. Recently, an
unprecedented analogue Frank-Kasper (F-K) microphase self-assembled
from architectural symmetry/asymmetry soft matters with/without
additives was disclosure [16,17]. The F-K microphase basically belongs
to the low-symmetry sphere phases, such as A15 and ¢ phases. There-
fore, the combinations of “bottom-up” process (i.e., BCP self-assembly)
and “top-down” process (i.e., lithography) could support the evolu-
tions of semiconductor process technology for the fabrications of elec-
tronics with sub-micron feature sizes. Several high-y systems have been
studied from the synthetic challenge to the microphase separation be-
haviors [18-21]. In addition, star-shaped copolymers possess the “en-
tropy penalty” effect to effortlessly conduct the self-assembly process
[22-27]. For examples, Russell and co-workers [28-31] demonstrated
segmented copolymers comprising poly (styrene)/poly (2-vinyl pyri-
dine) (PS/P2VP, where y = 0.18), including AB diblock, ABA triblock,
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Scheme 1. Synthesis of PS-b-P2VP four-arm (sBCPs) [(i) normal ATRP: S/CuX/PMDETA = 1500/1/4/4 at 80 °C in anisole. (ii) AGET ATRP: 2VP/(PS-X)4/CuCl,/Cu

(0)/MesTREN = 2000/1/1/3/8 at 80 °C].

AB/ABC p-star, and three-/four-arm star block copolymers. They
further demonstrated that different architectures of salt-doped multi--
arm (PS-b-P2VP), sBCPs enhanced the ordering of the sBCPs, enabling
the generation of nanostructures with microdomain periods less than 10
nm. Hadziioannou et al. [32] studied the phase behaviors and associa-
tion properties of a series of five miktoarm PS,P2VPy, star copolymers (i.
e., ApBn—typed p-star). They found the d-spacing of lamellar structures
of miktoarm star copolymers chain length (N) was diverged from the
original N3 law of diBCPs. Namely, self-assembly behaviors of
PS-b-P2VP sBCPs are rarely disclosed, especially on the study of the
morphologies of 4-arm (PS-b-P2VP)4 sBCPs in the thin film states.

Thus we attempt to synthesize well-defined PS-b-P2VP sBCPs via
ATRP technique which is still quite challenge. In another CRP example,
Lowe and co-workers [33] studied RAFT polymerizations of 2- and
4-vinylpyridines (2VP and 4VP) with nice controls using cumyl dithio-
benzoate (CDB) and further conducted chain extensions of 4VP/2VP to
afford well-defined (P2VP-b-P4VP)s. However, high temperatures are
needed to obtain well-controlled RAFT polymerizations of styrene using
CDB [34] and the synthesis of multi-functional chain transfer agent
(CTA) would be another challenge in practical concerns. In another
example, Zhu group [35] investigated Cu(0)-mediated CRP of 2VP
which assisted by specific solvent serving as strong hydrogen bonding
donor (i.e., 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)) to form
“2VP-HFIP supramonomer”. The supramonomer structure redistributed
the electron density of 2VP monomer and led to undergo well-controlled
Cu(0)-mediated CRP. Nevertheless, we could expect a poor solubility of
PS macroinitiators (MIs) in HFIP that would lead to uncontrolled fashion
during chain extensions. Namely, the synthesis of PS-b-P2VP sBCPs via
ATRP techniques is still limited.

Beneficial from ATRP systems, we can facilely attain multi-
functional initiators. As shown in Scheme 1, a tetra-functional initiator
(i.e., 4f-BiB) was synthesized. Similar initiating sites (i.e., alkyl 2-bromo-
propionate) to achieve well control of ATRP of styrene (S) were reported
[2,36,37]. We thus carry out normal ATRP of S with 4f-BiB and different
copper catalysts (I.e., CuBr and CuCl). We investigated the domino effect
from the obtaining PS macroinitiators (MIs) having different chain ends
(i.e., (PS-X)4; X = Br or Cl) to the subsequent chain extensions. We thus
scrutinized the challenges on chain extensions of (PS-X)4 MIs with
2-vinyl pyridine (2VP) to attain well-defined (PS-b-P2VP),4 sBCPs. The
self-assembly behaviors of (PS-b-P2VP), sBCPs in the solid-state were
analyzed by small angle X-Ray scattering (SAXS), transmission electron
microscopy (TEM), and atomic force microscope (AFM).

2. Experimental
2.1. Materials

Styrene (S), 2-vinyl pyridine (2VP), copper (I) bromide (CuBr, 98%),

copper (I) chloride (CuCl, 97%), copper (II) chloride (CuCly, 99%),
copper powder (Cu(0), 150 mesh, 99.5%), N,N,N',N’’,N’’-pentam-
ethyldiethylenetriamine (PMDETA, 99%), and alumina (neutral) were
purchased from Sigma-Aldrich. Benzyl bromide (BzBr, 98%), benzyl
chloride (BzCl, 97%), 2-methylpyridine (2 MP), and naphthalene were
ordered from TCI. Syntheses of pentaerythritol tetrakis (2-bromoisobu-
tyrate) (4f-BiB) and tris [2-(dimethylamino)ethyl]lamine (MegTREN)
were referred to previous literature [38,39]. The FT-IR and H NMR
spectra of 4f-BiB were shown in Fig. S1 (see the Supporting Informa-
tion). Solvents and monomers were distilled prior to use.

2.2. Characterization

The monomer conversions were monitored by a Hewlett-Packard
gas chromatograph (GC) set with a CD-5 column and an FID detector
(HP 5890 ser. II). Bruker 400 NMR spectrometer was employed to record
14 NMR spectra were recorded using CDCl3 (7.26 ppm) for chemical
shift (6 = ppm) calibration. A gel permeation chromatography (GPC)
equipped with two PSS SDV columns in series (linear S and 100 A) and a
RI detector (Waters 410) was conducted at 40 °C (eluent: tetrahydro-
furan (THF); flow rate: 1 mL/min). Characterization of average molec-
ular weights (i.e., M, and M,,) and polydispersity (PDI = My,/M;) was
estimated from a polystyrene-based calibration line. FT-IR spectra were
collected by PerkinElmer Spectrum One to discriminate the functional
groups of the drop-casted samples on KBr disks. Bulk sBCP samples were
first heated to 140 °C with a heating rate of 60 °C/min and kept isotherm
for 15 min to eliminate their thermal histories. Thermally treated bulk
samples were attained after rapidly cooling at a rate of 150 °C/min from
the melt state. Differential scanning calorimetry (DSC) of Seiko 6220
was employed to detect the glass transition (Tg) of star block copolymers
(sBCPs) in the 2nd run (from 50 to 180 °C with 20 °C/min ramping rate
under nitrogen atmosphere). A thermogravimetric analysis (TGA) in-
strument of TA Q50 was applied to measure the thermal stability of the
samples (from 30 to 700 °C under nitrogen with 20 °C/min ramping
rate). Small-angle X-ray scatterings (SAXS) were measured at the End-
station BL23A1 beamline of the National Synchrotron Radiation
Research Center (NSRRC), Taiwan. The energy of X-ray source and the
sample-to-detector distance were 15 kV and 3 m, respectively. The d-
spacing values were calculated from the first scattering peaks (g*) using
the formula of d = 2n/q*. Bright-field transmission electron microscope
(TEM) images were obtained using the mass-thickness contrast with a
JEOL JEM-2010 LaB6 at an accelerating voltage of 200 kV. Topological
images were measured at room temperature by using Dimension-3100
atomic force microscope (AFM) with an Olympus AC200TS micro-
cantilever. The sBCPs solutions (3 wt% in THF) were spin-coated on a Si
wafer with a SiO, surface (3000 rpm, 1 min) and sBCP thin films with
thicknesses of 150-300 nm were attained.
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Table 1

Chain extensions of (PS-X)4 MIs with 2VP and characterization.

Entry” MI Conv. M, PDI® M, Simple abbr.
#) (%) arc” NMR

1 (PSgo-Br); 15 37,020 233 54,640  (Sgo2VP42)4
2 (PSgo-CD), 14 37,230 1.18 64,440  (Sgo2VPes)4
3 (PSgo-CD, 25 39,230  1.39 81,520  (Sgo2VP10s)s
4 (PS100-CDs 10 40,070 1.24 58,500  (S1002VP41)4
5 (PS100-CD)s 16 41,870  1.49 66,800  (S1002VPeo)s
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@ 2VP/MI/CuCl,/Cu(0)/MesTREN = 2000/1/1/3/8 at 80 °C; [2VP]p = 9.4 M.

b vValues of M, and PDI were measured by GPC (eluent: THF), with polystyrene
standards for calibration. Repeating units of S, can be obtained.

¢ The molar ratios of PS and P2VP were estimated by m: n = [(A¢.2-7.25ppm — 3
X Ag.1-8.5ppm)/5HI: [Ag1-8.5ppm/1H]. By combining with the pre-determined m
values from the GPC measurements, the repeating units of P2VP can be esti-
mated (i.e., 2VP,).

2.3. Model reactions

An example: A Schlenk flask was charged with BzBr (0.19 mL, 1.62
mmol), 2 MP (2.0 mL, 20.3 mmol), acetone (3.6 mL), and small amounts
of naphthalene (i.e., internal standard). An initial sample was taken. The
reaction flask was sealed and carried out the reaction at ambient. The
conversions of the model reactions were analyzed by H NMR according
to the consumption of BzBr or BzCl reactant.

2.4. Synthesis of four-arm star (PS-X)4 by normal ATRP

A general procedure [40]: A Schlenk flask was charged with 4f-BiB
(95 mg, 0.13 mmol), PMDETA (0.1 mL, 0.52 mmol), S (15 mL, 130
mmol). The bottle was sealed and degassed through few freeze/-
pump/thaw cycles. In a frozen state, CuCl (51 mg, 0.52 mmol) was
added and additionally degassed through two freeze-pump-thaw cycles
(S/4f-BiB/CuCl/PMDETA = 1000/1/4/4; [Slp = 8.7 M). Prior to con-
ducting reaction, ty reference was taken using anisole as the internal
standard and the solution was immersed in an oil bath with 80 °C. The
conversion of the monomer and the molecular weight (MW) of the
polymer were analyzed by using GC and GPC, respectively. The reaction
was ended with a conversion of less than 40% by placing the flask into
an ice bath, exposed to air, and diluted by THF. The mixture was filtered
by alumina and precipitated in methanol. The resulting white powder of
(PS—CI)4 macroinitiator (MI) can be collected (M, gpc = 41,870 and PDI
= 1.16). The dried samples were stored in a dry box.

2.5. Chain extensions of (PS-X)4 with 2VP via AGET ATRP

A typical procedure [41]: solids of (PS—-Cl)4 MI (0.63 g, 0.015 mmol),
CuCl, (2 mg, 0.015 mmol), and Cu powder (3 mg, 0.045 mmol) were
added to a Schlenk flask. The flask was degassed and backfilled with
nitrogen gas. Then degassed 2VP (3.2 mL, 30 mmol) and MegTREN (42
pL, 0.20 mmol) were added into the flask (2VP/(PS-Cl)4/CuCly/Cu
(0)/MegTREN = 2000/1/1/3/8; [2VP]y = 9.4 M). The flask was sealed
and placed in a thermostatted bath at 80 °C. Conversions of the reaction
were periodically monitored by GC using anisole as the internal stan-
dard. The purification steps were similar to the above-mentioned but
precipitated in hexane. The light-brownish solid was collected and dried
overnight to obtain (PS-b-P2VP), star block copolymer (sBCP) (Mp nmr
= 65,950; My, gpc = 37,230 and PDI = 1.18). Due to the hydrodynamic
differences, the My nvr value was utilized to identify the sBCP infor-
mation. The chain extension results were summarized in Table 1. For the
latter physical properties discussion (i.e., after Fig. 7), we herein named
sBCP as (S,2VPp,)4. The m and n values inside the bracket represent the
degree of polymerization and the value outside the bracket is arm
numbers. Densities of PS with dps = 1.06 and P2VP with dpoyp = 1.15
were utilized to estimate volume fractions (@) of each block in the
(Sh2VPy,)4 SBCP.
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. | @ CuCl¥_ OcCucCl
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Fig. 1. (a) ATRP first-order kinetic plot and (b, ¢) M,,/PDI vs conversion plots
(S/4f-BiB/CuX/PMDETA = 1000/1/4/4 at 80 °C; X = Br or Cl; [S]y, = 8.7 M).

3. Results and discussion

Fig. 1 shows the kinetic plots of normal ATRP of styrene (S) at 80 °C
(S/4f-BiB/CuX/PMDETA = 1000/1/4/4; X = Br or Cl [S]p = 8.7 M).
Using CuBr as the catalyst (i.e., curve a in Fig. 1a: kapp, cupr = 1.83 X
1077 s71), a linear first-order reaction and moderate reaction rate were
obtained. Using CuCl as the catalyst (i.e., curve b in Fig. 1a: kapp, cuc1 =
6.44 x 1078 s_l), a linear first-order reaction was also obtained but we
observed a slower reaction rate (ca. 2.8 times); than that of using CuBr.
With the same initiating side from 4f-BiB, the activation rate constants
(kac) of using CuCl should be similar to that of using CuBr. With the
polymerization proceedings, a notable difference of kapps in Fig. 1a was
acquired. Since k,c¢ depends on the types of initiating sites, the original
a-bromoisobutyrate sites will be exchanged to a-chloroisobutyrate when
CuCl was used [8,10]. The k¢ of chloride chain ends are lower than of
bromide chain ends, resulting in a lower kapp, cuc1 value compared to
that of kapp, cupr- Therefore, the halogen exchange reactions led to a
slower polymerization rate. As shown in Fig. 1c and b, we both acquired
linear growth of molecular weights (MWs) up to M, = ca. 60 k with
narrow molecular weight distributions (i.e., PDI < 1.4). Fig. 2 displayed
the corresponding GPC traces in Fig. 1. MW evolutions with
mono-modal distribution were attained in a conversion of less than 40%.
With higher conversions (i.e., >40%), a small peak of higher MW was
observed in Fig. 2a and slightly broad distribution was obtained in
Fig. 2b, which might be resulted from star-star coupling reactions [39].
Thus, controlled/living polymerization fashions and well-defined
(PS—X)4 four-arm star homopolymers (X = Br or Cl) can be obtained
with moderate conversions (i.e., <40%).

Concerning about the chain ends, the obtaining two types of (PS-X)4
macroinitiators (MIs) belong to a similar analogue of ATRP initiator of
benzyl halides. The next step is to conduct chain extensions of MIs with
2-vinyl pyridine (2VP). However, it has been reported that pyridine
groups can facilely react with alkyl/benzyl halides to form pyridinium
salts through nucleophilic substitution reactions which could play as an
interference to achieve well-controlled chain extensions [42]. Prior to
the subsequent polymerizations, our attempt is thus to carry out model
reactions of benzyl halides (i.e., BzX, where X = Br or Cl) and 2-methyl
pyridine (2 MP). The reactions and the resulting 'H NMR traces with
various reaction times were displayed in Fig. 3 (BzX/2 MP = 1/12.5 in
acetone at ambient). Conversions of the limited compounds can be
estimated from the related ratios of a reference peak of naphthalene
internal standard (6 = ca. 7.7 ppm) and the peak a (§ = ca. 5.45 ppm) of
BzX. One new peak a’ (§ = ca. 6.18 ppm) resulted from the pyridinium
product can be acquired. In the case of BzBr/2 MP (i.e., Fig. 3B and C),
we can slightly observe a small amount of pyridinium product from the
initial timing (to) and acquire a high conversion (ca. 83%) of BzBr in 3 h,
illustrating a fast substitution reaction between BzBr and 2 MP. In the
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Fig. 2. GPC traces of the corresponding ATRPs of S in Fig. 1 with catalysts of (a) CuBr and (b) CuCl.
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Fig. 3. (A) Model reaction scheme. Results of IH NMR spectra from (B, C)
BzBr/2 MP and (D, E) BzCl/2 MP with various reaction times (BzX/2 MP = 1/
12.5 in acetone at ambient with naphthalene as the internal standard).

case of BzCl/2 MP (i.e., Fig. 3D and E), we observed a much slower
reaction compared to the former case and a low conversion (<3%) of
BzCl was acquired. Revealing from these results, our subsequent chain
extensions of 2VP might encounter fast substitution reactions between
benzylic bromide and 2-substituted pyridines and vary the chain end
functionality, leading to the formation of branching structures.

0.15 -(a) A from (PS-Br) 241 (b) A
® from (PS-Cl) 2.0 A
81.6- A
— ®[T12hA 00
s 0.10 4 Y T T
> A .
2 N FE= N
cC Mhn,th
— ‘ =
0.05 4 ° 50k{(c)
A 40 O
0.00 §—° . . 30k
10 20 30 0.00 0.05 0.10
t (h) Conversion

Fig. 4. Chain extensions of (PS-X)4 MIs with 2VP: (a) first-order kinetic plot
and (b, ¢) M,/PDI vs conversion plots (2VP/MI/CuCl,/Cu(0)/MecTREN =
2000/1/1/3/8 at 80 °C; [2VP]y = 9.4 M).

Alternatively, combinations of benzylic chloride and 2-substituted pyr-
idines might efficiently suppress side reactions and lead to good control.

Subsequently, we conduct chain extensions of (PS-X)4 MIs with 2VP
via AGET ATRP (i.e., step (ii) in Scheme 1: 2VP/(PS-X)4/CuCly/Cu(0)/
MegTREN = 2000/1/1/3/8 at 80 °C; [2VP]p = 9.4 M). Notably, using a
strong ligand, such as MecTREN, is necessary to suppress the competi-
tions of copper chelating from 2VP [42]. In addition, AGET ATRP
technique can elude freeze-pump-thaw cycles that might obtain a het-
erogeneous mixture due to poor solubility of MIs in the solution during
recovery from the frozen state. Also, the copper complexes deactivated
by the small amounts of oxygen in the solution can be also regenerated
[41,43]. Kinetic plots of the chain extensions of MIs with 2VP were
displayed in Fig. 4. In the case of (PS-Br)4 (i.e., triangle symbols in
Fig. 4), a gradual consumption of 2VP in the early stage but nearly pause
in the latter stage was observed. A fast consumption from the (PS-Br)4
MI was due to a fast activation rate constant of benzylic bromide initi-
ating sites at the chain ends. As shown in Fig. 4b and c, however, the
corresponding PDI values increased promptly (>1.7) and the MWs did
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Fig. 6. 'H NMR (400 MHz, CDCl3) spectra of four-arm star (co)polymers: (A)
(PS)4, (B) (PS-b-P2VP), extended from (PS-Br)y4, and (C) (PS-b-P2VP), extended
from (PS—Cl),.

not show significant increases. From the corresponding GPC traces in
Fig. 5a, bi-modal distributions of GPC traces were observed, indicating
significant side reactions have occurred during the chain extension of
(PS-Br)4 with 2VP, such as the aforementioned substitution reactions or
coupling reactions [44,45]. In the case of (PS—Cl)4 (i.e., circle symbols in
Fig. 4), an induction period in the early stage and gradual consumptions
of 2VP in the latter stage were acquired. As correspondingly shown in
Fig. 4b, low PDI values (<1.2) were attained. As shown in Fig. 4c, we
could correspondingly observe gradual increases of the MWs. The MW

~ 80 -
S
©
S
S 60 -
»
(0]
0'd
<
-% 401 @---- (Se2VP,)),
< (b) === (S;2VP,y),
20 - (€)= = (S42VP i),
(d)— (81002VP41)4
(e) (S,602VPe,)s
0 o

100 200 300 400 500 600
Temperature (°C)

Fig. 7. TGA thermograms of PS-b-P2VP sBCPs under nitrogen (range:
30-700 °C; ramping: 20 °C/min).

biases were due to the hydrodynamic difference between the obtaining
(PS-b-P2VP), four-arm star block copolymers (sBCPs) and the linear
polystyrene calibration standards. From the corresponding GPC traces in
Fig. 5b, mono-modal distributions of GPC traces were observed, indi-
cating a good control fashion.

In Fig. 6, 'H NMR (400 MHz, CDCl3) spectra of the obtaining (co)
polymers were demonstrated. Typical PS signals were shown in Fig. 6A
spectrum, including peaks a—d. Fig. 6B and C displayed (PS-b-P2VP) star
copolymers through chain extension from (PS-Br)4 and (PS-Cl)4 MlIs,
respectively. Comparing the spectra, notable P2VP signals were both
observed (i.e., peaks e and f), indicating insignificantly chemical struc-
ture variations of the copolymers with bi-modal and mono-modal dis-
tributions. Based on M, of the first PS block and estimated from the area
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Fig. 8. DSC traces of (S,,2VP,)4 sBCPs under nitrogen (range: 50-180 °C;
ramping: 20 °C/min).

ratio of f (ca. 7.25 ppm) and c—e (ca. 6.1-7.25 ppm), we can obtain the m
and n repeating units in each block (i.e., obtaining (PSy-b-P2VPp)4
sBCPs). Fig. S2 shows the corresponding FT-IR spectra of the samples in
Fig. 6. The chain extension conditions and characterization were sum-
marized in Table 1. Using simple abbreviations for the latter discussion,
notably, we further named the obtaining sBCPs in the form of (S;,2VP;)4
as illustrated in Table 1.

We then measure the thermal stability of the sBCPs by using ther-
mogravimetric analysis (TGA) under a constant nitrogen flow. As shown
in Fig. 7, the obtaining (S,2VP,)4 samples performed similar TGA pro-
files with single-step pyrolysis. The maximum decomposition rates (rgs)
of the sBCP were all at ca. 400 °C. The temperatures of five weight
percent loss (Tgsy) and char yield were around 320 °C and 3 wt%,
respectively. In Fig. 8, differential scanning calorimetry (DSC) traces of
the (Sm2VPy)4 sBCPs were displayed. In (Sg92VP42)4 SBCP, single T with
a value of 99 °C was acquired that might be due to its broad molecular
weight distribution (i.e., PDI = 2.33). In other cases of (S;,2VP;)4 sBCPs,

Table 2
Characteristics of thermal properties and morphology of the 4-arm sBCPs.
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single Tgs in a range of 104-111 °C were observed. Table 2 listed the
characterization of the TGA and DSC properties. Basically, the misci-
bility of different polymeric segments can be preliminarily analyzed by
using DSC. In our case, however, pure PS and P2VP homopolymers have
similar Ty values at around 105 °C which was thus difficult to discrim-
inate the miscibility between PS and P2VP segments on the basis of DSC
traces.

Next, we attempt to study the formation of well-ordered nano-
structures from the self-assembly of (S;,2VP,)4 sBCPs in the bulk state.
The samples were thermally treated to eliminate their thermal histories
before one-dimensional SAXS and TEM identification. As mentioned
above, the Tgs of the (S,2VP,)4 SBCPs based on the DSC measurements
in Fig. 8 were in a range of 100-111 °C. For (Sgg2VP42)4 (Pps = 70%),
the SAXS result (Fig. 9a) shows a blurred scattering profile without
definite reflection peaks, indicating a disordered structure. The micro-
phase separation structures can be further examined in TEM images
after ruthenium tetroxide (RuOy4) staining as shown in Fig. 10a. Notably,
the RuO4 complexed with the double bonds in the PS blocks, rendering
the PS microdomains in dark regions due to the mass-thickness contrast.
By contrast, the bright regions can be referred to the P2VP micro-
domains under TEM observation. Similar to the SAXS results, the cor-
responding TEM image further reveals dark spherical domains dispersed
in a bright matrix without definite self-assembled morphologies. The
observed disordering of self-assembled nanostructures should be
attributed to the large PDI value of the (Sgg2VP45)4 (i.e., PDI = 2.33,
Table 1), leading to insufficient self-assembly tendency.

We then examined the other sBCP samples with small PDI values (i.
e., PDI < 1.5, Table 1). In the (Sg92VPg5)4 (@ps = 60%) sample, we ac-
quired a well-ordered cylindrical phase with hexagonal packing re-
flected in the 1D SAXS profile (i.e., Fig. 9b) with the q ratios of 1: \/3:
V4. \/ 7. Using the primary peak, the d-spacing of the (100) plane was
determined as 34.4 nm and the interspacing of each cylinder was then
calculated as 39.8 nm. Bright cylinder-forming domains of the P2VP part
were well-dispersed in a dark matrix of the PS part as shown in TEM
images (i.e., Fig. 10b). In the (Sg92VP1¢5)4 (®ps = 48%) sample, the self-
assembled morphology was identified as a lamellar phase according to
the reflection peaks at the g ratios of 1: 2: 3 shown in Fig. 9c. The d-
spacing of the (100) plane was determined as 33.2 nm from the primary
peak of the reflections. The corresponding TEM image (i.e., Fig. 10c)
showed alternative dark and bright sheets, confirming the lamellar
nanostructure of the (Sg92VP1¢5)4 (Pps = 0.48) from the self-assembly in
the melt state. In the samples of (S1092VP41)4 (Pps = 0.72) and
(S1002VPg0)4 (Pps = 0.64), because of the larger PS volume fractions,
well-ordered cylindrical phases were both observed. Fig. 9d and e
demonstrated the corresponding 1D SAXS profiles while Fig. 10d and e
represented the corresponding TEM images. Notably, obvious black and
bright sheets can be observed as shown in Fig. 10c (such as the point of
the white arrow). Nano-sheet structures are critical features of lamellar
phase from polymer self-assembly. TEM image of (Sg92VP105)4 (®Pps =
0.48) sample was thus identified as a lamellar nanostructure. We also
examined the spin-coating films of the sBCPs to analyze their self-
assembly behaviors. As shown in Fig. 10a’-10€/, the tapping mode

Sample Tas9 (°C) Char yield (%) Ty (°C) Dpg” SAXS results TEM results AFM results
Morph.© Size (nm) Morph.* Size (nm) Morph.*
(Sg92VP43)4 341.1 1.83 99.5 0.7 Dis - Dis-Sph 17.2 Dis-Sph
(S892VPgs)4 356.5 1.27 108.4 0.6 Cyl 34.4 Cyl 29.4 Cyl
(S892VP105)4 344.4 1.29 106.9 0.48 Lam 33.2 Lam 32.5 2VP-Wet
(S1002VPa1)4 365.4 1.34 104.2 0.64 cyl 35.4 cyl 31.1 cyl
(51002VPg0)4 357.7 0.87 111.4 0.72 Cyl 33.4 Cyl 36.3 Cyl

# The temperatures at five weight percent loss of the (S;,2VP;)4 SBCPs.
b @pg: volume fraction of the PS part.

¢ Dis: disorder; Cyl: cylinder; Lam: lamellae; Dis-Sph: disorder sphere; 2VP-Wet: P2VP preferential wetting via air.
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Fig. 9. SAXS proﬁles Of (a) (SggZVP42)4 (‘pps = 07), (b) (SggZVP65)4 (@ps =
0.60), () (Sg92VP105)s (Pps = 0.48), (d) (S1002VPa1)4 (Pps = 0.72), and (e)
(S1002VPe0)4 (Pps = 0.64) (Pps: volume fraction of the PS part).

atomic force microscopy (AFM) phase images clearly displayed the
corresponding nanostructures. Notably, the darker areas in the phase
image are attributed to the stiff PS domains and the brighter areas
belong to the soft P2VP domains. We thus attained disorder (i.e.,
Fig. 10a’) and cylinders (i.e., Fig. 10b’, 10d’, and 10e’) morphologies. In
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the sample of (Sgg2VP1¢5)4 thin films (Fig. 10c’), distinctively, we
observed minor dark PS domains dispersed in the brighter P2VP wetting
matrix. It is plausibly the affinity effect by which air exhibits preferential
selectivity toward the P2VP blocks, resulting in the formation of a P2VP
wetting layer. The characterization of sBCPs from SAXS, TEM, and AFM
were summarized in Table 2.

It has reported the phase diagram of PS-b-P2VP diBCP [46]. As dis-
played in Fig. S3 (see the Supporting Information), the microphase
separation morphologies of linear and star BCPs are similar. Cyl
morphology exists at PS volume fractions fpg) from 0.60 to 0.75 [i.e.,
(5892VP65)4, (5392VP65)4, and (51002VPg0)4] and Lam morphology is
presented at fpg) around 0.50 [i.e., (Sg92VP105)4]. By comparing further
details, however, the Cyl morphology has a slightly broader region in the
case of the 4-arm sBCPs. The difference might be attributed to the less
symmetricity and more congested center of the sBCP chains. These lead
to forming curve interfaces of PS and P2VP polymer chains which are
briefly illustrated in the inserted figures. Thus cylindrical structures
could be easily generated during self-assembly process. Note that con-
trolling thin film morphologies is quite a challenge that might be sen-
sitive to the molecular weight, surface energy of constituted
components, interactions among copolymers and substrate/air, polymer
topology, and thickness of the thin film samples. Hence, systematic
studies on the phase behaviors of sBCP thin films, such as the
order-disorder and order-order transition boundaries, are currently in
progress.

4. Conclusions

We synthesized well-defined (PS-X)4 MIs (PDI < 1.4) with various
chain ends (X = Br or Cl) via normal ATRP. Then a significant substi-
tution side reaction was revealed from the model reactions of BzX and 2
MP, illustrating the importance of the chain end to suppress the subse-
quent chain extensions of (PS-X)4 MIs with 2VP. A s a result, well-
defined four-arm (PS-b-P2VP), sBCPs (M, = ca. 58 k-82 k with PDI
<1.5) can be synthesized by using AGET ATRP in proper conditions.
From the analyses of SAXS, TEM, and AFM, self-assembly behaviors of
the obtaining sBCPs driven from the highly incompatible of the P2VP
and PS blocks were facilely revealed. Nanostructures, mainly including
cylinder and lamellae morphologies, in a scale of approximately 30 nm
were attained.

Fig. 10. TEM micrographs of (a) (Sgg2VP43)4, (b) (Sg92VPes)4, (¢) (Sg92VP105)4, (d) (S1002VP41)4, and (e) (S1002VPg0)4 SBCPs (note: dark areas from PS domains
while bright areas from P2VP domains). (a’)-(e’) Tapping-mode AFM phase images of the corresponding sBCPs (note: darker areas relating to PS domains and

brighter areas relating to P2VP domains based on the chain stiffness).
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