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Introduction

Installation of the adamantyl group in polystyrene-
block-poly(methyl methacrylate) via Friedel—-Crafts
alkylation to modulate the microphase-separated
morphology and dimensions+}

*3 Ema Baba,1® Shunma Tanaka,1® Ken Miyagi,© Takahiro Dazai,°
@ Kenji Tajima 2 # and Toshifumi Satoh (= *®

Takuya Isono,
Feng Li, @ Takuya Yamamoto,

Although polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) is the most widely employed tem-
plate and scaffold for constructing nanoscale patterns, its relatively small Flory—Huggins interaction para-
meter makes it challenging to realize microphase-separated structures with a periodicity (or domain
spacing) of less than 20 nm. The direct post-polymerization modification of PS-b-PMMA can resolve this
issue. In this study, we present the PS block post-polymerization modification of commercially available
PS-b-PMMA through a metal-free Friedel-Crafts alkylation reaction with adamantanols to modulate its
microphase-separated morphology and dimensions. The adamantyl group can be easily installed on the
PS benzene ring, which increases the incompatibility with the PMMA block, enabling ordered micro-
phase-separated structures, including lamellar, gyroid and hexagonally close-packed cylindrical struc-
tures, from low-molecular-weight PS-b-PMMA. Notably, a periodicity as low as approximately 16 nm was
realized with this strategy, which is much lower than the lowest accessible periodicity of pristine PS-b-
PMMA. Furthermore, we observed additional benefits from the installation of the adamantyl group, such
as increased thermal stability, glass transition temperature and etching contrast.

conductor substrate can allow fabrication of line-and-space
patterns on the underlying substrate by the selective removal

Block copolymers (BCPs) consisting of two chemically incom-
patible polymer blocks form periodic nanostructures known as
microphase-separated structures. Depending on the total
degree of polymerization (N) and the volume fraction, BCPs
show microphase-separated structures with different period-
icities ranging from a few to hundreds of nanometers and
different morphologies, such as lamellar, gyroid, hexagonally
close-packed cylinders and body-centered cubic spheres.'”
Such tunable nanostructures have a wide range of appli-
cations, with the most important one being their use as struc-
tural templates for nanofabrication.>® For example, applying
perpendicularly orientated lamellar structures to a semi-
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of one of the blocks and subsequent etching.” Perpendicularly
orientated cylinders can also be used for fabricating holes and
pillars on an underlying substrate.®® Meanwhile, gyroid struc-
tures have been used as nanotemplates to create nanofiltration
membranes,'® efficient photovoltaics,"" photonic crystals,'
etc'13,14

Among the wide variety of BCPs available,® PS-5-PMMA has
been the focus of intense research on nanotemplate appli-
cations. As the precise synthesis of PS-b-PMMA is achievable
by living anionic polymerization, narrowly dispersed products
with desirable molecular weights and compositions are made
available on a commercial scale. This is extremely important
to realize nanofabrications with high precision and reproduci-
bility."> Moreover, the reasonable etching contrast between the
PS and PMMA domains makes PS-b-PMMA more attractive and
useful for constructing nanostructures as templates and
scaffolds.'® However, the major limitation of PS-b-PMMA is the
difficulty in accessing microphase-separated structures with a
periodicity of less than 20 nm, which limits its application in
nanofabrications at the sub-10 nm resolution.’” Such limit-
ation stems from the relatively low Flory-Huggins interaction
(y) parameter of PS-b-PMMA.'® Since the product of y and N
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must be greater than 10.5 for microphase separation to occur
in symmetrical BCPs, low-y BCPs are required to have relatively
high molecular weights to satisfy the “yN > 10.5” requirement.
Meanwhile, the periodicity of the microphase-separated struc-
ture, that is, the domain spacing (d), is proportional to N*?, so
the lower limit of d is determined by the y value of the BCP. In
the case of PS-b-PMMA, the lowest theoretical molecular weight
required for microphase separation is 28 000 g mol ™, resulting
in the smallest accessible d of approximately 20 nm.'®

To expand the accessible d and control morphology while
maintaining the advantages of PS-b-PMMA, minor chemical
modification of PS-5-PMMA should be an effective strategy. For
example, the incorporation of short polar blocks, such as poly-
methacrylate derivatives and oligopeptides, between the PS
and PMMA blocks was found to be effective for producing
ordered microphase-separated structures with a d smaller than
the smallest accessible one of unmodified PS-b-PMMA
(Fig. 1a).">' Moreover, Kim reported a reduction in the line
edge roughness of the PS-b)-PMMA nanopattern by incorporat-
ing a hydrogen bond-forming urea functionality into the junc-
tion point (Fig. 1a).*> However, such modified PS-b-PMMAs
require multistep synthesis or a custom-made PS-b-PMMA pos-
sessing a reactive functional group. Meanwhile, our group
reported the direct post-polymerization modification of com-
mercially available (anionically synthesized) PS-b-PMMA to
install polar functional groups at either the PMMA side chain
or at the chain end (Fig. 1b).>*> We employed the ester-
amide exchange reaction for the side-chain functionalization®
and the terminal-selective transesterification reaction for the
PMMA chain end functionalization.>*** In both cases, the
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installation of a small proportion of polar functional groups
(e.g., amide and oligosaccharide segments) enhanced the
polarity of the PMMA block, which drastically promoted segre-
gation of the PS block, resulting in ordered microphase-separ-
ated structure formation from low-molecular-weight PS-b-
PMMA. The biggest advantage of the post-polymerization
modification strategy is the easy access to a wide variety of PS-
b-PMMA derivatives, involving different functional groups and
a desirable degree of functionalization, in addition to a fixed
backbone length and dispersity from a single starting material.
This can lead to rapid discovery of suitable materials for nano-
fabrication applications using emerging material informatics.
However, the post-polymerization modifications of pristine PS-
b-PMMA reported thus far are based on the reactivity of the
PMMA ester group, which limits the accessible chemical space
of the PS-h-PMMA derivatives.

Herein, we focus on the PS block post-polymerization modi-
fication of commercially available PS-b-PMMA to modulate its
microphase-separated morphology and dimensions (Fig. 1c).
Although the benzene ring is chemically stable and much less
reactive than other functional groups, such as ester groups, PS
benzene ring modifications have been reported and widely
implemented on a commercial scale. For example, sulfonation
and chloromethylation of crosslinked polystyrene are well-
known important steps for producing ion-exchange resins.>®
In addition, many other aromatic ring transformation reac-
tions, such as hydrogenation (dearomatization),>” halogena-
tion,”® nitration,”® borylation®® and acrylation reactions,*™*
have been applied to modify the PS benzene ring. Among
them, the Friedel-Crafts alkylation reaction is a facile tool to

(b) Post-polymerization modification of PMMA block
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Fig.1 Chemical modification of PS-b-PMMA. (a) Previous works on the junction point functionalization. (b) Previous works on the PMMA side-
chain and chain-end functionalization via post-polymerization modification of commercially available PS-b-PMMA. (c) This work, which focuses on
post-polymerization modification of the PS block via the metal-free Friedel—Crafts alkylation reaction.
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install hydrophobic functional groups on the PS block, which
endows the modified PS-b-PMMA with a higher polarity differ-
ence between the blocks, thus enhancing the y value. Indeed,
poly(4-tert-butylstyrene)-b-PMMA, which has an extra tert-butyl
group on each PS benzene ring compared to conventional PS-
b-PMMA, shows a higher y value, thus allowing access to a
smaller d value.*® Notably, metal-free Friedel-Crafts alkylation
is readily realized by combining a 3° alcohol substrate with a
strong Bronsted acid catalyst.>**> Such metal-free reactions are
highly advantageous for reducing metal contamination, which
is a prerequisite for semiconductor lithographic applications.

In this study, we investigated the installation of an adaman-
tyl group on the PS block of low-molecular-weight PS-b-PMMA
via metal-free Friedel-Crafts alkylation to control its mor-
phology and dimensions. Interestingly, we found that the
installation of an adamantyl group on the PS block resulted in
higher thermal stability and higher etching resistance of the
modified PS block. The adamantyl group also served as an
additional hydrophobic functional group, which increased the
x value of the modified PS-b-PMMA, thus allowing the for-
mation of ordered microphase-separated structures with d
values as low as 16 nm. Moreover, the volume fraction change
through the adamantyl group installation led to a shift in the
microphase-separated morphology from lamellar to gyroid and
finally to a hexagonally close-packed cylinder structure. These
findings contribute to the discovery of nanotemplate materials
suitable for various nanofabrication applications.

Experimental

The general procedure for the Friedel-Crafts alkylation reac-
tion is as follows: in an Ar-filled glovebox, PS;o-b-PMMA;
(300 mg, 1.47 mmol of styrene units, 1.00 eq.) and an adaman-
tanol (0.735 mmol, 0.50 eq.) were placed in a Schlenk flask
and dissolved in CH,Cl, (10 mL). After sealing with a rubber
septum, the Schlenk flask was taken out from the glovebox.
Triflic acid solution (1.10 mmol, 0.75 eq. in 10 mL CH,Cl,)
was added into the polymer solution to start the reaction. The
reaction mixture was stirred at room temperature for 1 h, after
which the solution was poured into methanol to precipitate
the polymer. The resulting precipitate was filtered and dried

Ph
- -1 adamantanol LY
Ph =
? ©  toHincHC

Ad
PS-b-PMMA

from Ad-OH: Ad-PS-b-PMMA
from MeAd-OH: MeAd-PS-b-PMMA
from Me,Ad-OH: Me,Ad-PS-b-PMMA
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under vacuum to give the adamantly-modified PS;-b-
PMMA, (, as a white powder. See the ESIT for more details.

Results and discussion

Post-polymerization modification of the polystyrene block via
the Friedel-Crafts alkylation reaction with adamantanols

The preferred adamantane source was 1-adamantanol (Ad-OH)
(Scheme 1). Thus, the metal-free Friedel-Crafts alkylation reac-
tion was carried out by treating PS;-b-PMMA, o with Ad-OH
in the presence of triflic acid (TfOH) in CH,Cl, with a [styrene
unit]y/[Ad-OH]/[TfOH] ratio of 1.00/0.50/0.75 (run 1 in
Table 1). The resulting product (Ad-PS;g-b-PMMA, ;) exhibi-
ted new signals at 1.77, 1.87 and 2.08 ppm in its "H NMR spec-
trum due to the adamantyl group, supporting the progress of
the reaction (Fig. S1bf). Based on "H NMR analysis, the degree
of side-chain functionalization (f: the average number of ada-
mantyl groups attached per styrene unit) was determined to be
0.44. However, size exclusion chromatography (SEC) analysis
revealed the presence of many high-molecular-weight by-pro-
ducts (line (b) in Fig. 2). This can be explained by crosslink for-
mation through the adamantane moiety. Since multiple substi-
tution reactions have been reported during the Lewis acid-cata-
lyzed arylation of 1-bromoadamantane with benzene,**® it is
reasonably expected that crosslinking could occur in the same
manner. Although the mechanism of the multiple substitution
reaction is not mentioned in the literature, the reaction most
likely proceeds via pathways involving carbocation formation
from the 3° carbons of the adamantyl group.

Using the preliminary result, we employed commercially
available 2-methyl-2-adamantanol (MeAd-OH) and 3,5-
dimethyl-1-adamantanol (Me,Ad-OH) as the adamantane
sources to reduce the possibility of the carbocation migration.
Friedel-Crafts alkylation reactions were performed using these
two adamantanol derivatives under the same conditions estab-
lished above (runs 2 and 3 in Table 1). The SEC trace of the
product obtained with MeAd-OH (MeAd-PS;q-b-PMMA )
exhibited high molecular weight elution peaks (line (c) in
Fig. 2), indicating intermolecular crosslinking. In contrast, the
product obtained with Me,Ad-OH indicated a suppressed
crosslinking reaction, as evidenced by the clean SEC trend,
even though a small high-molecular-weight elution peak was

adamantanols
Ph

OH OH

oy

MeAd-OH

R3 R'
R2
R'=R2=R®=H: Ad-OH
R' = R2 = Me, R® = H: Me,Ad-OH
R' = R? = R® = Me: Me;Ad-OH

from Me;Ad-OH: Me;Ad-PS-b-PMMA |

Scheme 1

This journal is © The Royal Society of Chemistry 2023

Metal-free Friedel—Crafts alkylation of PS-b-PMMA using adamantanols.
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Table 1 Friedel-Crafts alkylation reactions of PS-b-PMMA with various adamantanols?

Run Sample name [Styrene”],/[adamantanol],/[TfOH] f M,? p? Yield (%) s’
1 Ad-PS; 0, -b-PMMA g, 1.00/0.50/0.75 — — — 92.5 —

2 MeAd-PS, o -b-PMMA, 1.00/0.50/0.75 - 26 400 1.44 69.6 —

3 Me,Ado_41-PS101-h-PMMA o1 1.00/0.50/0.75 0.41 21400 1.06 90.1 0.65
4 MesAdy 35-PS;or-b-PMMA oy 1.00/0.50/0.75 0.35 22200 1.02 97.7 0.64
5 Me,Ady o7-PS;01-b-PMMA, o 1.00/0.10/0.15 0.07 19300 1.02 92.1 0.55
6 Me,Ady »0-PS;0r-b-PMMA oy 1.00/0.20/0.30 0.20 20300 1.03 84.9 0.60
7 Me,Ado 20-PS11-h-PMMA o1 1.00/0.30/0.45 0.29 21600 1.07 87.1 0.62
8 Me,Ady 55-PS;0r-b-PMMA oy 1.00/0.40/0.60 0.38 24200 1.35 83.1 0.64
9 Me,Ady ¢5-PS;01-b-PMMA, o 1.00/0.60/0.90 0.63 24000 1.06 96.5 0.70
10 Me;Ady se-PS;or-b-PMMA oy 1.00/0.80/1.20 0.86 25400 1.06 84.6 0.73
11 Me,Ado, 05 PS14i-h-PMMA 41 1.00/0.10/0.15 0.08 26 600 1.02 86.6 0.56
12 Me,Adq 14-PSy4-b-PMMA 41 1.00/0.20/0.30 0.14 28000 1.03 89.5 0.58
13 Me,Ady 25-PS141-h-PMMA 1.00/0.30/0.45 0.28 30300 1.09 92.4 0.62
14 Me,Ady go-PS; »-h-PMMA, 51 1.00/0.10/0.15 0.09 9300 1.03 85.1 0.56
15 MeAdg_a1-PS, o1-h-PMMA, 51 1.00/0.30/0.45 0.41 10200 1.05 88.1 0.64
16 Me,Ady s0-PS; 21-b-PMMA, 1 1.00/0.60/0.90 0.59 13 400 1.36 86.5 0.68

“Reaction conditions: Ar atmosphere; solvent, dichloromethane; temperature, r.t.; and reaction time, 1 h. b Styrene units in PS-b-PMMA. “ Degree
of substitution (f) was determined by quantitative "*C NMR analysis of Me,Ad-PS-b-PMMA and by "H NMR analysis of Me;Ad-PS-b-PMMA.
4 Determined by SEC in THF, using PS standards. ¢ Volume fraction of the modified PS block.

(e) Me;Ady 35-PS,o-b-PMMA
[}

-

(d) Me;Adg 41-PS1o-b-PMMA, o,
1

(c) MeAd-PS,4,-b-PMMA
A

(b) Ad-PS,g,-b-PMMA,,
|

&

(a) PS,g-b-PMMA o,

|
H

10 12 14 16 18
elution time (min)

Fig. 2 SEC traces of (a) PSjox-b-PMMA;jox and PSior-b-PMMAo
modified with (b) Ad-OH, (c) MeAd-OH, (d) Me,Ad-OH, and (e) MesAd-
OH ([styrene unit]p/[adamantanol]e/[TfOH] = 1.00/0.50/0.75).

still visible (line (d) in Fig. 2). Nevertheless, the '"H NMR spec-
trum showed new signals corresponding to the dimethyl-
adamantyl group (Fig. Sict), supporting the success of the
Friedel-Crafts alkylation reaction. A logical outcome from the
above results is that the best source of adamantane is 3,5,7-tri-
methyl-1-adamantanol (Me;Ad-OH), in which all 3° carbons
are blocked by methyl groups. Indeed, Friedel-Crafts alkyl-
ation reactions using Me;Ad-OH with a [styrene unit]o/[ada-
mantanol]y/[TfOH] ratio of 1.00/0.50/0.75 successfully pro-
duced side-chain-functionalized PS-b-PMMA (Me;Ad-PS;gi-b-
PMMA, ) virtually without the high-molecular-weight elution
peak due to intermolecular crosslinking (run 4 in Table 1, line

2678 | Polym. Chem., 2023, 14, 2675-2684

(e) in Fig. 2 for SEC, and Fig. S31 for "H NMR spectra).
However, the limited commercial availability and the high
price of Me;Ad-OH led us to use Me,Ad-OH for subsequent
experiments.

Because the "H NMR signals of the Me,Ad groups over-
lapped with those of the polymer main chain, we employed an
inverse-gated decoupling *C NMR spectrum to calculate the f
value of Me,Ad-PS g -b-PMMA, . (Fig. 3). By comparing the
signal intensities of the aromatic carbons (128-124 ppm) and
adamantyl carbons (31.6-30.0 ppm), the f value was calculated
to be 0.41. Based on the adamantane source, f value and the
starting PS-b-PMMA, this sample was named Me,Ad 41-PS1ok-
b-PMMA, o

Using the established protocol, we performed the Friedel-
Crafts alkylation reactions with PS;-b-PMMA, o using Me,Ad-
OH at various [Me,Ad-OH]/[styrene unit], ratios, from 0.10 to
0.50, to control the f value (runs 5-8 in Table 1). Note that a
[TfOH]/[Me,Ad-OH], ratio of 1.5 was applied for all of the reac-
tions. Importantly, f increased linearly from 0.07 to 0.41 with
an increasing [Me,Ad-OH]y/[styrene unit], ratio, suggesting a
high reaction yield and easy control of f (Fig. 4). The Fourier
transform infrared (FT-IR) spectra of the products revealed a
new characteristic absorption band at approximately
2900 cm™" due to the C-H stretching of the adamantyl side
chain, and the peak intensity increased with increasing f
(Fig. S27). The SEC traces of the resulting products showed a
sharp elution peak with a dispersity (D) typically well below 1.1
(Fig. 5). However, the increase in the [Ad-OH]y/[styrene unit],
ratio (typically >0.4) resulted in high-molecular-weight by-
product formation. Friedel-Crafts alkylation reactions were
also successfully applied to PS-b-PMMAs with different mole-
cular weights, that is, PS;4-b-PMMA, 4 and PS, 51-b-PMMA, 3
(runs 11-16 in Table 1).

In addition, we attempted to incorporate an adamantyl side
chain with f = 0.5, or higher, using Me;Ad-OH. Owing to the

This journal is © The Royal Society of Chemistry 2023
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6 (ppm)

Fig. 3 13C NMR spectra of (a) Me,Ad-OH and (b) PSyox-b-PMMA,q in CDCls (100 MHz), and (c) inverse-gated decoupling 13C NMR spectrum of
Me,Adg 41-PS10k-b-PMMA o (lower) in CDClz (100 MHz). (d) The expansion from 60 to 25 ppm of the spectrum (c).
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Fig. 4 Linear dependence of the f value on the initial ratio of Me,Ad-
OH to the styrene unit.

absence of free 3° carbons, Friedel-Crafts alkylation reactions
on PS;-h-PMMA, o with [Me;Ad-OH],/[styrene unit], ratios of
0.60 and 0.80 successfully produced the desired products with
f values of 0.63 and 0.86, respectively (runs 9 and 10 in
Table 1). Notably, gelation was not observed in these reactions.
This was in contrast to the reaction using Me,Ad-OH at the
same [Me,Ad-OH],/[styrene unit], ratio, which produced a par-
tially insoluble product (data not shown). However, even with
Me;Ad-OH, a small measure of the high-molecular-weight
elution peak became pronounced with an increasing [Me;Ad-
OH]/[styrene unit], ratio (Fig. S371).

Overall, we successfully demonstrated an easy post-polymer-
ization modification of the polystyrene block in PS-b-PMMAs

This journal is © The Royal Society of Chemistry 2023

() Me,Adg 41-PS,0-b-PMMA o,

(e) Me,Ad 35-PS g-b-PMMA ;5

(d) Me,Adg 29-PS,-b-PMMA ;o

(c) Me,Ad, 50-PSx-b-PMMA ;o / \
(b) MezAdom-PSmk-b-PMMAmj\

10 12 14 16 18
elution time (min)

(a) PS ok-b-PMMA o,

Fig. 5 SEC traces of Me,Ad-PS;o-b-PMMA; g, samples (b)—(f) and the
corresponding PSjo-b-PMMA,, (a) (eluent, THF; flow rate, 1.0 mL
min~Y). The dashed curves represent the SEC traces after preparative
SEC purification.

via Friedel-Crafts alkylation. The synthesis results are sum-
marized in Table 1. The volume fraction of the modified PS
block (¢ps) was calculated based on the density values of

Polym. Chem., 2023, 14, 2675-2684 | 2679
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PMMA (1.18 g cm %) and PS (1.05 g cm™>). Here, the density of
the modified PS block was assumed to be the same as that of
pristine PS because a previous study confirmed that there is
no significant difference in density between PS and poly[4-(1-
adamantyl)styrene] homopolymers.*®

Thermal properties

To investigate the impact of the adamantyl side-chain modifi-
cation, we assessed the thermal properties of a series of
Me,Ad-PS;gi-b-PMMA, o copolymers with varied f values by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). TGA revealed a slight increase in 5% and
10% weight loss temperatures (Tqs and Ty40, respectively) with
an increasing f value (T4s: 348 °C for f = 0 and 355 °C for f=
0.41; Tq410: 356 °C for f= 0 and 364 °C for f = 0.41) (Fig. S47).
This confirmed that the adamantyl side chain rendered PS-b-
PMMA more thermally stable. Ishizone reported a slightly
increased Ty4;0 in poly[4-(1-adamantyl)styrene] compared to
that in pristine polystyrene,*® which is consistent with our
results. Through DSC analysis, we observed an increase in the
glass transition temperature (T,) with increasing f (Fig. 6). A
baseline shift was observed at 108 °C in the second heating
DSC curve of the parent PS;q-b-PMMA, (i, which was assign-
able to the composite of T, values of the PMMA and PS blocks.
When the fvalue increased from 0.07 to 0.29, the composite T,

(f) F=0.41

(e) f=0.38

(d) £=0.29

(c) f=0.20

(b) £=0.07
116 °C
(a)f=0
108 °C
\4
e
50 100 150 200 250

temperature (°C)

Fig. 6 Second heating DSC traces of (a) PSiok-b-PMMAjq, (b)
MezAdo.07-PS10k-b-PMMAq, () MezAdo.20-PS10k-b-PMMAyq,,  (d)
MezAdo_zg'Plek'b'PMMAlok, (e) MezAdo_:/,s-PSlOk-b-PMMAlok and (f)
MeZAdo_41-PSiok-b-PMMAlok.
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increased from 116 to 133 °C. A further increase in the fvalue
resulted in two separate T, values, in which the lower T,
corresponding to the PMMA block was observed at
132-133 °C. Meanwhile, the higher T, corresponding to the
modified PS block increased from 145 to 167 °C with increas-
ing f value. These results also demonstrate the increased
thermal stability of the adamantyl-modified PS blocks. Such
increased thermal stability is preferable for various nanotem-
plate applications.

Etching resistance of adamantyl-modified PS

Since the adamantyl group is widely known as an etching-
resistive functional group,*®*' we predicted that the installa-
tion of the adamantyl group on the PS block could improve
the etching resistance. To test this hypothesis, we prepared a
series of PS;o samples modified with Me,Ad-OH, that is,
Me,Adg 15-PS1ox and Me,Adg 6:-PS10k, in the same manner as
the PS-b-PMMA modification (Fig. S5 and S67). Thin films of
the modified PS, PS and PMMA homopolymers were prepared
on a silicon substrate by spin coating, which was then sub-
jected to O, reactive ion etching for 15, 30, 60 and 120 s. The
etching depth for all materials linearly increased with the
etching time (Fig. 7). Importantly, the etching rate decreased
with increasing adamantyl content. Notably, the etching resis-
tance of Me,Adge,-PS was 7.7 and 2.0 times compared to
PMMA and PS, respectively. These results confirm that the ada-
mantyl group effectively enhanced the etching resistance of
the PS block. This is another merit of installing an adamantyl
group onto PS-b-PMMA for nanofabrication.

Microphase-separated structures

Using a series of Me,Ad-functionalized PS-b-PMMAs, we inves-
tigated their microphase-separated structures in the bulk
material by small-angle X-ray scattering (SAXS) and trans-
mission electron microscopy (TEM). To study the effects of f
on the microphase separation behavior, the Me,Ad-PS;gi-b-

250 — PMMA PS
] (7.4 nm sec™) (1.9 nm sec™)
1 A
200 —
b Me,Ady.15-PS ok
T ] (1.8 nm sec-)
5 -
= 150
g
] ] o &
o ]
£ 100
S ] A Me,Ady 62 -PS.0x
[ E . (0.96 nm sec™)
50 — &
1/ A 5
=
o K~
0 20 40 60 80 100 120

etching time (sec)

Fig. 7 Plots of etching depth of PMMA, PS, MeyAdp1s-PS and
Me,Adg 62-PS thin films with increasing etching time. The values in par-
entheses represent the etching rate determined by the slope.
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(f) Me,Adg 41-PS0x-b-PMMA
HEX, d,. = 20.4 nm (200 °C)

(e) Me,Ady 35-PS 19-b-PMMA
HEX, d,.. = 20.4 nm (200 °C)

v(15/3)q*
(16/3)q* (d) MeAdg 29-PS 19-b-PMMA
Vi19/3)g* GYR, d,;, = 16.8 nm (200 °C)

/V(21/3)9%(23/3)g*
e g
v(25/3)g*

acp =41.2nm

(€) Me,Adg 56-PS 10c-b-PMMA o,
LAM, d = 16.5 nm (150 °C)

(b) MeAdg g7-PS 16-b-PMMA ;g
disorder (150 °C)

M) PS,0-b-PMMA (5
..,,..‘.,...,,....,dis°’de’(2°°°°)
0.5 1.0 15 20
q(nm’”)

Fig. 8 SAXS profiles of thermally annealed Me,Ad-PS;ox-b-PMMA .
(a) Pslok-b-PMMAlok, (b) MezAdo_07-Plek-b-PMMAlok, (C) MezAdozo-
PS10k-b-PMMAyg, (d) MezAdo 29-PS1ok-b-PMMA, (€) MezAdo 38-PS1ok-
b'PMMAlOk and (f) MezAdo_41-Pka-b-PMMAmk.The value in the par-
entheses represents the annealing temperature.

PMMA, o samples were thermally annealed at 200 °C for 24 h
and then subjected to SAXS measurements at room tempera-
ture. As we previously reported,”® unmodified PS;q-b-
PMMA, o did not show any ordered microphase-separated
structures, as evidenced by the correlation of hole scattering in
its SAXS profile, because yN was lower than the critical value
owing to its low N content (line (a) in Fig. 8). Similarly, the
200 °C-annealed Me,Adg ¢-PS;o-b-PMMA o and Me,Ad -
PS1ok-b-PMMA, o samples did not show any higher-order scat-
tering in their SAXS profiles, indicating the absence of ordered
nanostructure formation. We also examined the SAXS profiles of
the BCP annealed at 150 °C for 24 h (lines (b) and (c) in Fig. 8).
Me,Adg.07-PS10k-b-PMMA, o exhibited only a broad peak, con-
firming the absence of an ordered structure. In contrast, the
MeyAd 20-PS10k-b-PMMA, o sample exhibited a sharp primary
scattering peak (g*) at 0.380 nm™" together with higher ordered
scattering peaks at the 2g* and 3¢* positions. This scattering
pattern is assignable to the lamellar morphology, and the
domain spacing (d) was calculated to be 16.5 nm using Bragg’s
equation (d = 2n/q*). This result successfully demonstrated that
xN crossed the critical value (yN > 10.5) upon the installation of
the adamantyl group with f > 0.20. More importantly, a d of
16.5 nm was well below the smallest d achievable in pristine PS-
b-PMMA (approximately 20 nm).'® Thus, we can conclude that
the introduction of the adamantyl group on the PS block is an
easy and efficient strategy to realize smaller nanopatterns from
low-molecular-weight PS-b-PMMA.

A further increase in the f value resulted in a shift of the
microphase-separated morphology from lamellar (LAM) to

This journal is © The Royal Society of Chemistry 2023
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gyroid (GYR) and finally to hexagonally close-packed cylinder
(HEX) structures. The 200 ©°C-annealed Me,Ady ,9-PSyo1-b-
PMMA, . samples exhibited a rather complicated scattering
pattern, that is, g%, (4/3)"%q*, (7/3)"%q*, (8/3)""*¢*, (10/3)"*g*...,
which can be assigned to the GYR structure (Fig. 8d). The
linear relationship in the plot for g vs. (> + k> + I?)"/?, where
h, k and [ are the Miller indices, validates the successful peak
assignment (Fig. S7t). The cubic lattice parameter, a..,, was
calculated to be 41.2 nm using degp, = 2n(h* + & + 12)"?/g . To
further confirm the GYR structure, the nanostructures were
examined using TEM (Fig. 9a). In the TEM images, double-
wave morphologies, which are typical for GYR, were observed
over a large area, which again confirmed the long-range order
of GYR formation. Interestingly, the GYR structure was main-
tained for more than one year, as confirmed by SAXS measure-
ments on the same sample left for one year under ambient
conditions (Fig. S81). This clearly demonstrates the highly
stable nature of the GYR morphology. To date, ordered GYR
structures have rarely been reported for PS-b-PMMA and
solvent annealing or homopolymer blending are generally
required to induce the GYR structure.***?

For Me,Ad) 35-PSi0k-b-PMMA, o and Me,Adg 41-PS1ok-h-
PMMA, i, a sharp primary scattering peak (g*) together with
higher-order scattering peaks at 2¢* and 1/7¢* were observed
in the SAXS profiles (lines (e) and (f) in Fig. 8). In addition,
the \/Sq* peak was barely observed. Considering the PS
volume fraction, the scattering pattern could be reasonably
assigned to the HEX morphology. The intercylinder distance
(de—c = (21/q*)(4/3)"*) was calculated to be 20.4 nm for both
BCPs.

Thus, it was demonstrated that the installation of the ada-
mantyl side chain is an efficient strategy to induce microphase
separation even from the low-molecular-weight PS-b-PMMA,
which originally did not form an ordered structure.
Furthermore, the control of the f value enabled access to the
desired morphologies involving LAM, HEX and even GYR. The
shift in the morphology appeared to be the result of both the
increase in N and y upon PS side-chain functionalization.

To gain an insight into the effect of a higher f on the micro-
phase-separated structures, we performed SAXS measurements

(b) Me,Ad 25-PS 4c-b-PMMA

(a) Me,Ady 55-PS1gx-b-PMMA ;o

Fig. 9 TEM micrographs of (a) Me,Adg 29-PS10k-b-PMMA;0, (@annealed
at 200 °C for 24 h) and (b) Me,Adg 2g-PS14-b-PMMA, 4, (annealed at
250 °C for 24 h).
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on Me3;Ad-PS;gi-b-PMMA, .. For the 200 ©°C-annealed
Me;3Adg 35-PS1o-b-PMMA, o, the SAXS profile was assigned to
the HEX structure with a d._. of 20.7 nm. Notably, the mor-
phology and dimensions of this sample closely resemble those
of Me,Ad, 35-PS101cb-PMMA 4. This confirmed that f is the
most important parameter for tuning the microphase-separ-
ated structure, whereas the difference between the Me,Ad and
Me;Ad groups has no significant impact. Considering the elev-
ated T, for the high-f BCPs (T, of the modified PS block:176
and 197 °C for f= 0.63 and 0.86, respectively; see Fig. S91), the
thermal annealing of Me;Adge3-PSi01cb-PMMA;o  and
MezAdg 56-PS1o-h-PMMA o was conducted at 250 °C for 24 h.
The SAXS profiles of the samples also showed a typical scatter-
ing pattern assignable to the HEX morphology (Fig. 10). This
result reveals that a further increase in f did not alter the
resulting morphology when starting from the symmetric PS-b-
PMMA.

SAXS measurements were also performed on the Me,Ad-
PS141-b-PMMA 4. and Me,Ad-PS, 51-b-PMMA, 3. series to verify
the versatility of the proposed strategy. For Me,Ad-PS, i-b-
PMMA, 5, no nanostructure formation was observed, even
after annealing at 150 °C, regardless of the fvalue, as indicated
by the absence of a higher-order scattering peak (Fig. S107).
This suggests that the increments in N and y upon side-chain
modification are not sufficient to cross the critical value for
microphase separation (yN > 10.5) for this low-molecular-
weight PS-b-PMMA. A higher fvalue is necessary to induce the
microphase separation. However, it is more challenging to syn-
thesize such high-f value samples because the intermolecular
crosslinking reaction occurs more easily when the [Me,Ad-
OH]y/[styrene], ratio is increased, as mentioned before. In con-
trast, Me,Ad-PS,4-b-PMMA,, exhibited evidence of micro-
phase separation even in the samples with f = 0.08. This indi-
cates that the slight increase in y by adamantyl side-chain
installation is sufficient to surpass the critical yN for this rela-
tively high-molecular-weight PS-b-PMMA. The SAXS profiles of
150 °C-annealed Me,Ad( og-PS14-b-PMMA,, and 200 ©°C-

(€) Me;Ady g6-PS 10-b-PMMA
HEX, d,_, = 22.6 nm (250 °C)

(b) Me;Ady 53-PS 10-b-PMMA ;g
HEX, d, . = 21.9 nm (250 °C)

29" y7q+ (@) Me;Ad, 35-PS.g,-b-PMMA o
Yy _ v HEX, d,.. = 20.7 nm (200 °C)
LA I L L L A B |
0.5 1.0 1.5 2.0
-1
q(nm)

Fig. 10 SAXS profiles of the thermally annealed MezAd-PS;ox-b-
PMMAso. (@) MesAdo 35-PSiok-b-PMMAsq,, (b)  MeszAdg s3-PSiok-b-
PMMAo and (c) Me3Ado ge-PS10k-b-PMMA ;. The value in the parenth-
eses represents the annealing temperature.
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*

v V(4/3)9*
v(7/3)q*

v(8/3)q* *
V(10/3)g* "(13(/1?2 B)q* (d) Me,Ady 25-PS 14-b-PMMA
. v GYR, dyy, = 21.0 nm (250 °C)
q Y v v(25/3)q* acyp = 51.5 nm

2 (€) Me,Ady 14-PS 14-b-PMMA
- 3q 4 LAM, d = 20.7 nm (200 °C)
> ¥y
2q* (b) Me,Ad, g5-PS 14-b-PMMA ;4

LAM, d = 18.8 nm (150 °C)

(@) PS4-b-PMMA,,,
disorder (200 °C)

L B e e e LA e |
0.5 1.0 1.5 2.0

q(m’)

Fig. 11 SAXS profiles of the thermally annealed Me,Ad-PS;4,-b-
PMMA4. (@) PSiak-b-PMMAyy, (b) MesAdg og-PSiak-b-PMMA4, (c)
Me,Adg.14-PS14k-b-PMMA 4 and (d) MezAdg 2-PS14x-b-PMMA 4. The
value in the parentheses represents the annealing temperature.

annealed Me,Ad 14-PS14-b-PMMA, 4 exhibited scattering pat-
terns associated with LAM structures with a d value of 18.8
and 20.7 nm, respectively (lines (b) and (c) in Fig. 11). A
further increase in the fvalue resulted in the formation of the
GYR structure, and the SAXS profile of the 250 °C-annealed
Me,Adg »5-PS14-b-PMMA 4 exhibited the characteristic scatter-
ing pattern assignable to the GYR structure (line (d) in Fig. 11).
The characteristic morphologies observed in the TEM images
also confirm the formation of a highly ordered GYR structure
(Fig. 9b). SAXS analysis revealed a.,, = 51.5 nm for Me,Ady o-
PS1ok-b-PMMA; . This GYR structure was also stable for more
than one year (Fig. S87).

Phase behavior

The results described above clearly demonstrate the enhance-
ment of the y value by side-chain modification. To investigate
the change in the y value by changing the f value, we used the
SAXS data of the disordered Me,Ad-PS, ;i -b-PMMA, 5 with
different f values (f = 0.09, 0.41 and 0.59) and PS;g-b-
PMMA, o (f = 0) acquired at 200 °C for fitting with Leibler’s
mean-field theory.** These details are summarized in the ESL}
The result of the fitting for PS;q-b-PMMA,(y yielded a y value
of 0.032 at 200 °C, which is close to the reported value for PS-
b-PMMA (y = 0.0282 + 4.46/T, where T is the absolute tempera-
ture; y = 0.038 at 200 °C)."® As shown in Fig. 12a, the y value
increased with increasing f and reached an almost five-fold
value (y ~0.20) of that for the original PS-b-PMMA when f =
0.59. This confirmed the versatile control of the y value
through optimization of the [adamantanol],/[styrene unit],
ratio. The increased hydrophobicity of the polystyrene block
stemming from the additional adamantyl group was respon-
sible for the increase in the y value. As a consequence, poly(4-
tert-butylstyrene)-b-PMMA also showed an increased y value
(0.043 at 200 °C) over that of PS-b-PMMA.>*> Compared to the
tert-butyl group, the damantly group appeared to contribute

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 (a) Dependence of the y value on f determined from the SAXS
curve analysis of disordered Me,Ad-PS, -b-PMMA, 3, at 200 °C. (b)
Summary of the microphase-separated morphologies of the adamantyl-
modified PS-b-PMMA.

more efficiently to the increased y value due to its higher
carbon number.

The shift in the morphology from LAM to GYR and finally
to HEX is reminiscent of the conventional BCP phase
diagram.? As shown in Table 1, an increase in f results in an
increase in ¢pg. Thus, it is reasonable to deduce that the mor-
phology shift is a direct result of increased ¢ps. In this study,
we did not observe a body-centered cubic (BCC) sphere mor-
phology. To obtain the BCC morphology, ¢ps must be higher
than 0.8. Given that the original PS-b-PMMA has a symmetric
volume fraction, ¢ps > 0.8, this cannot be achieved even with f
=1.0. Nevertheless, we have demonstrated easy access to nano-
technologically interesting GYR and lithographically relevant
LAM and HEX morphologies from a single PS-b-PMMA starting
material. These results support the facile access to various
nanotemplate structures by a judicious choice of the fvalue.

Conclusions

We have successfully demonstrated PS block post-polymeriz-
ation modification of low-molecular-weight PS-b-PMMA via a
Friedel-Crafts alkylation reaction to induce microphase separ-
ation. In this study, an adamantane moiety was installed on
the benzene ring of PS, and the degree of functionalization
was easily controlled. One of the important features of this
post-polymerization modification is that the reaction proceeds

This journal is © The Royal Society of Chemistry 2023
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without a metal catalyst, which is advantageous for microelec-
tronic applications. The incorporation of the adamantyl group
enhanced the incompatibility with the PMMA block, resulting
in microphase separation into lamellar, gyroid and hexagon-
ally close-packed cylindrical morphologies, even in the low-
molecular-weight region. Notably, using this strategy, we
achieved a domain spacing of approximately 16 nm, which was
considerably lower than the lower limit of pristine PS-b-PMMA
(~20 nm). Interestingly, the adamantyl group increased the
thermal stability, glass transition temperature and etching re-
sistance of the modified PS block, which are all preferable for
nanofabrication applications. Because the presented post-
polymerization modification reaction proceeds under mild
reaction conditions, this strategy should be applied to a wide
variety of PS-containing BCPs as well as tertiary alcohol sub-
strates. Moreover, by combining this approach with the pre-
viously established direct PMMA post-polymerization modifi-
cations, the accessible chemical space of PS-b-PMMA deriva-
tives can be vastly expanded, creating a large BCP library with
a fixed total degree of polymerization and dispersity from a
single PS-h-PMMA starting material. With the aid of an emer-
ging materials informatics approach, a novel BCP material that
is best suited for future nanofabrication applications can be
obtained.
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