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Introduction

Microphase separation and self-assembly of (co)polymers'™”
are key techniques to construct nanostructures in bulk poly- terpolymers
mers, thin films, and functional materials for applications
including photolithography,
and solar cells."® Controlling nano- and ABC miktoarm star copolymers

ducting materials,"*®

Amphiphilic random and random block
terpolymers with PEG, octadecyl, and oleyl
pendants for controlled crystallization and
microphase separationt

Sahori Imai,? Yasuyuki Ommura,® Yuki Watanabe,” Hiroki Ogawa,”
Mikihito Takenaka, & ©€ Makoto Ouchi 2 2 and Takaya Terashima  *2

Controlled crystallization and microphase separation of multi-component copolymers are one possibility
to construct precise nanostructures in functional polymer materials. In this paper, we report the crystalli-
zation and sub-10 nm microphase separation of amphiphilic random and random block terpolymers in
the solid state. By using living radical copolymerization, we designed A/B/C random terpolymers and
A/C-B/C random block terpolymers, into which a hydrophobic and crystalline octadecyl group (A), a
hydrophobic and amorphous oleyl group (B), and hydrophilic poly(ethylene glycol) (C) were randomly
and/or site-selectively introduced as side chains. The crystallization and melting temperatures of A/B/C
random terpolymers gradually decreased with increasing content of amorphous oleyl units. The random
terpolymers with a relatively small amount of oleyl units induced microphase separation of the side chains
to form lamellae with hydrophilic and hydrophobic alternating layers in a domain spacing of about 6 nm,
while the lamellar structure was gradually disordered by increasing oleyl groups. In contrast, A/C-B/C
random block terpolymers efficiently induced crystallization of the octadecyl groups even in the presence
of random copolymer segments with amorphous oleyl units. The random block copolymers opened the
possibility of controlling microphase separation from the side chains of the random copolymers and the
main chains of the block copolymers.

sequence (e.g., block, random and alternating), and branching
structures (e.g., star and graft)."”*° To create complex nano-
scale morphologies, multi-component copolymers such as
>3 are more effective than common AB diblock
copolymers. By designing incompatible block chains with three
polyelectrolytes and ion con- different A, B, and C monomers, ABC triblock copolymers' >
>33% induce selective self-

structures to the desired domain size and morphologies is
important to design polymer materials with targeted pro-
perties and performances. The microphase separation behav-
iour depends on the design of immiscible segments or associ-
ating groups and the primary structures of copolymers such as
degree of polymerization (DP), composition, monomer
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assembly to form finely controlled and complex morphologies
in the solid state, e.g., core-shell gyroid,> sphere-in-lamellae,>
and kaleidoscopic morphologies.*”

Microphase separation of copolymers is driven by not only
self-assembly of polymer chains but also that of side chains. In
addition to the use of high y-low N block copolymers,®?*??
self-assembly of polymer side chains is an alternative pathway
to access sub-10 nm microphase separation structures.**™** By
incorporating highly segregated or selectively associating or
crystalline units into side chains, random®**® and alternat-
ing®® copolymers and brush (co)polymers induce self-
assembly of their side chains to give ordered nanostructures in
the solid state. Typically, amphiphilic random copolymers
bearing hydrophilic poly(ethylene glycol) (PEG) chains and
hydrophobic and crystalline octadecyl groups induce micro-
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Fig. 1 Design of (a) a PEGA/ODA random copolymer (P1), (b) PEGA/
ODA/OLA random terpolymers (P2—P6), (c) a PEGA/OLA random copo-
lymer (P7), and (d) PEGA/ODA-PEGA/OLA random block terpolymers
(P9 and P10) for controlled crystallization and sub-10 nm microphase
separation.

phase separation of their side chains via the crystallization of
the octadecyl groups, forming lamellae with a domain spacing
of 5-6 nm (Fig. 1a).>> As a unique advantage of such pendant
microphase separation, the domain spacing can be controlled
just by the copolymer composition (i.e., weight fraction of octa-
decyl groups); it is independent of the molecular weight and
molecular weight distribution of random copolymers.
Microphase separation of the amphiphilic random copolymers
involves crystallization of the octadecyl groups, while whether
such pendant crystallization is essential is still an unsolved
matter in designing random copolymers for microphase
separation.

The connection of distinct random copolymers, i.e., mar-
riage of random copolymers and block copolymers, is also one
possibility to build well-ordered morphologies in self-
assembled materials.** A/C-B/C random block copolymers
potentially induce orthogonal self-assembly of the A/C random
copolymer segment and the B/C counterpart. In fact, we found
that A/C-B/C amphiphilic random block copolymers carrying
distinct two hydrophobic groups (A: a dodecyl group, B: a
benzyl group) and hydrophilic PEG side chains (C) formed
double core polymers in water via the orthogonal folding of
the A/C and B/C segments, respectively.*”> These results suggest
the possibility that A/C-B/C random block copolymers
undergo double microphase separation in the solid state: one
is triggered by the side chains of random copolymers and the
other is driven by the main chains of block copolymers. The
double microphase separation may further allow us to control
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the domain size of sub-10 nm microphase separation struc-
tures in dual directions of side chains and main chains.

Given these backgrounds, we herein report the crystalliza-
tion and sub-10 nm microphase separation behavior of amphi-
philic random or random block terpolymers in the solid state
(Fig. 1). This research focused on (1) elucidating the effects of
side chain crystallization on microphase separation and (2)
controlling the sub-10 nm microphase separation and crystal-
line domains by tuning the sequence and composition of crys-
talline/amorphous hydrophobic units. For this, we designed
A/B/C random terpolymers and A/C-B/C random block terpoly-
mers, both of which bound a hydrophobic and crystalline octa-
decyl group (A), a hydrophobic and amorphous oleyl group (B),
and hydrophilic PEG (C) as side chains. The amorphous oleyl
group (B) consists of 18 carbons identical to the octadecyl
group (A) and has the cis-structure of the internal olefin. The
crystalline octadecyl (A) and amorphous oleyl (B) units are ran-
domly incorporated into A/B/C random terpolymers, while
these units are discretely introduced into the two blocks of
A/C-B/C random block terpolymers. These terpolymers were
synthesized by living radical copolymerization (Scheme 1).

The crystallization and microphase separation of their ter-
polymers were examined by differential scanning calorimetry
(DSC), X-ray diffractometry (XRD), and small-angle X-ray scat-
tering (SAXS). The crystallinity of A/B/C random terpolymers
depended on the content of oleyl groups. The terpolymers
showed broad crystallization or melting peaks of the octadecyl
groups in their DSC curves, compared with random copoly-
mers bearing PEG and octadecyl groups (no oleyl groups). The
crystallization and melting temperatures decreased with
increasing content of oleyl groups. The random terpolymers
containing a small amount of oleyl groups formed phase-sep-
arated lamellar structures with alternating layers of hydro-
philic and hydrophobic side chains, while the lamellar struc-
tures were disordered by increasing the content of oleyl
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Scheme 1 Synthesis of (a) PEGA/ODA/OLA random terpolymers and
PEGA/ODA or OLA random copolymers (P1-P7), (b) an ODA/OLA
random copolymer (P8), and (c) PEGA/ODA-PEGA/OLA random block
terpolymers (P9 and P10) via living or free radical copolymerization.
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Table 1 Synthesis of PEGA/ODA/OLA random terpolymers and related copolymers®

Polymer ~ Monomer ODA? (mol%)  Time (h)  Conv.° (%) PEGA/ODA + OLA  M,% (SEC)  M,/M,? (SEC)  DP’  I/m/nopsd”
P1 PEGA/ODA 60 47 73/74 21400 1.26 100 40/60/0
P2 PEGA/ODA/OLA 55 71 66/64 19100 1.35 78 31/43/4
P3 PEGA/ODA/OLA 48 160 42/42 13900 1.19 50 20/24/6
P4 PEGA/ODA/OLA 42 160 65/64 16 600 1.28 79 32/33/14
P5 PEGA/ODA/OLA 35 214 68/64 18100 1.60 78 31/27/20
P6 PEGA/ODA/OLA 25 160 53/55 16 900 1.27 51 20/13/18
P7 PEGA/OLA 0 214 39/39 12500 1.36 37 14/0/23
P8 ODA/OLA 56 5 —/67 13 600 1.48 — —

“P1-P7 were synthesized by ruthenium-catalyzed living radical copolymerization: [PEGA],/[ODA],/[OLA]y/[BzMA-Br|o/[RuCp*Cl(PPh;), ]o/[n-BusN],
=400/600/0/10/1/20 (P1), 400/550/50/10/1/40 (P2), 400/480/120/10/1/40 (P3), 400/420/180/10/1/40 (P4), 400/300/300/10/1/20 (P5), 400/180/420/10/1/
40 (P6), and 400/0/600/10/1/20 (P7) mM in toluene at 80 °C. P8 was prepared by free radical copolymerization: [ODA],/[OLA],/[AIBN], = 300/300/
10 mM in toluene at 80 °C.  ODA content (mol%), total degree of polymerization (DP), and //m/n (DP of PEGA, ODA and OLA) of the polymers
determined by "H NMR. ° Monomer conversion determined by "H NMR with tetralin as an internal standard. ¢ Determined by SEC in THF with

PMMA standard calibration.

groups. This indicates that the crystallization of the octadecyl
groups is essential for pendant microphase separation into
5-6 nm lamellae. In contrast, A/C-B/C random block terpoly-
mers undergo efficient crystallization of the octadecyl groups
even in the presence of random copolymer chains carrying
amorphous oleyl groups. Interestingly, the oleyl groups in dis-
crete block segments hardly disturb the crystallization of octa-
decyl groups. As a result, the random block terpolymers
opened the possibility of controlling the microphase separ-
ation of the side chains and/or block polymer chains by tuning
the length (degree of polymerization) of the block segments.

Results and discussion

Synthesis of amphiphilic random or random block
terpolymers

Amphiphilic A/B/C random terpolymers (P2-P6) bearing a
hydrophilic poly(ethylene glycol) (PEG) chain (C), a hydro-
phobic and crystalline octadecyl group (A), and a hydrophobic
and amorphous oleyl group (B) were designed to investigate
the effects of an amorphous oleyl group on the crystallization
and microphase separation of the side chains. As control
samples, amphiphilic random copolymers carrying hydro-
philic PEG and either a hydrophobic octadecyl group or a
hydrophobic oleyl group (P1 and P7) and a hydrophobic
random copolymer bearing an octadecyl group and an oleyl
group (P8) were prepared. To evaluate the effects of sequence
distribution of octadecyl and oleyl groups on crystallization
and microphase separation, amphiphilic A/C-B/C random
block terpolymers comprising two random copolymers with
different hydrophobic groups (P9 and P10) were designed: one
block segment consists of a random copolymer with PEG and
crystalline octadecyl pendants and the other comprises a
random copolymer with PEG and amorphous octadecyl
pendants.

Amphiphilic random copolymers and terpolymers (P1-P7)
were synthesized by ruthenium-catalyzed living radical copoly-
merization of PEG methyl ether acrylate (PEGA, M, = 480, 9

This journal is © The Royal Society of Chemistry 2021

average oxyethylene units), octadecyl acrylate (ODA), and oleyl
acrylate (OLA) with a ruthenium catalyst [RuCp*Cl(PPhs),/
n-BuzN] and a bromide initiator (benzyl 2-bromo-2-methyl-pro-
panoate) in toluene at 80 °C (Scheme 1 and Table 1). The mole
fraction of PEGA and hydrophobic monomers (ODA + OLA)
was set to 40 mol% and 60 mol%, respectively. The ODA
content was varied from 60 mol% to 0 mol% by changing the
feed ratio of ODA and OLA, while keeping the total fraction of
the hydrophobic monomers at 60 mol%.

In all the cases, PEGA and ODA and/or OLA were simul-
taneously consumed at the same speed, independent of the
monomer feed ratio (Fig. S1t). Synchronized consumption of
monomers supports the random sequence distribution of both
hydrophilic and hydrophobic monomers in terpolymers and
copolymers. Upon analysis by size-exclusion chromatography
(SEC), the SEC curves of the products shifted to a high mole-
cular weight with increasing monomer conversion (Fig. 2a-c
and S1f). Controlled terpolymers and copolymers were
obtained (P1-P7: M, = 12500-21400, M,/M, = 1.19-1.60 by
SEC in THF calibrated against PMMA standards). A hydro-
phobic random copolymer without hydrophilic PEG chains
(P8) was prepared by free radical copolymerization of ODA and
OLA with 2,2-azobis(isobutyronitrile) (AIBN) in toluene at
80 °C (M, = 13 600, M,,/M,, = 1.48).

P1-P7 were analyzed by 'H nuclear magnetic resonance
(NMR) spectroscopy. As shown in Fig. 3a, P4 indicated the
proton signals of PEG chains (c: 4.4-4.2 ppm, d: 3.8-3.4 ppm,
and e: 3.4-3.3 ppm) and octadecyl and/or oleyl groups (f, j:
4.2-3.8 ppm, g, k 1.8-1.6 ppm, h, [ 1.5-1.2 ppm, m:
2.1-2.0 ppm, n: 5.5-5.3 ppm, and j, o: 1.0-0.8 ppm), in
addition to those of polyacrylate backbones (a, b) and the
initiator benzyl ester fragment (p: 5.2-5.0 ppm, Ph group:
7.5-7.3 ppm). In P7, the area ratio of the oleyl olefin protons
(n) agreed with that of the other methylene and methyl
protons (J, k, o, etc.), meaning that the pendant olefin is intact
during copolymerization (Fig. 3b). The direct introduction of
the oleyl groups into copolymer side chains without side reac-
tions and gelation was also confirmed by free radical copoly-
merization of ODA and OLA and 'H NMR analysis of the

Polym. Chem., 2021,12,1439-1447 | 1441
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Fig. 3 H NMR spectra of (a) P4, (b) P7, (c) P8, and (d) P9 in CDCls at
25 °C.

resulting P8 (Fig. 3c). The total degree of polymerization (DP)
and composition (PEGA/ODA/OLA = [/m/n) of P1-P7 were deter-
mined by '"H NMR from the area ratio of the respective side
chain units to the initiator fragment (Table 1). The I/m/n
values were close to those calculated from the feed ratio of the
monomers to the initiator and their monomer conversions.
Amphiphilic random block terpolymers (P9 and P10) were
prepared by ruthenium-catalyzed living radical copolymeriza-
tion of PEGA and OLA with bromine-capped PEGA/ODA
random copolymers and a ruthenium catalyst (Scheme 1c).
Here, two PEGA/ODA random copolymers with different DPs
were employed as macroinitiators to control the length of the

1442 | Polym. Chem., 2021,12,1439-1447
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crystalline 1st block segments against that of amorphous 2nd
block segments. Well-controlled PEGA/ODA random copoly-
mers were obtained from ruthenium-catalyzed living radical
copolymerization of PEGA and ODA with benzyl 2-bromo-2-
methyl-propanoate as an initiator (P9-1st: M, = 13 100, M,/M,
=1.13, DP = 37, P10-1st: M,, = 19 900, M,,/M,, = 1.18, DP = 79,
Table 2). Then, the random copolymers were applied to copoly-
merization of PEGA and OLA with RuCp*Cl(PPhj;),/n-Bu;N in
toluene at 80 °C, resulting in well-controlled random block ter-
polymers (P9: M, = 24500, M,/M, = 1.35, P10: M, = 29 000,
M, /M,, = 1.39, Table 2, Fig. 2d and S1t). The DP and compo-
sition (PEGA/ODA-PEGA/OLA = [/m-p/n) of P9 and P10 were
determined by "H NMR (Table 2 and Fig. 3d).

Crystallization and microphase separation of random
terpolymers

Effects of oleyl groups on crystallization. PEGA/ODA/OLA
random terpolymers (P2-P6), a PEGA/ODA random copolymer
(P1), and a PEGA/OLA random copolymer (P7) were analyzed
by differential scanning calorimetry (DSC) to examine the
effects of oleyl pendants on the crystallization. The bulk
polymer samples were obtained from the evaporation of
CH,Cl, solutions of their polymers at room temperature, fol-
lowed by drying under reduced pressure. DSC measurements
of the polymer samples were then conducted by the following
heating and cooling processes: the samples were first heated
from 40 °C to 150 °C to erase the thermal history. Then, the
samples were cooled to —80 °C and subsequently heated to
150 °C. The heating and cooling rates were 10 °C min~" and
—-10 °C min~", respectively. The first cooling and second
heating processes are shown in Fig. 4a and b, respectively.

A PEGA/ODA random copolymer (P1) sharply showed an
exothermic signal originating from the crystallization of the
octadecyl groups in the cooling process (crystallization temp-
erature: T, = 38.5 °C) and an endothermic signal stemming
from the melting of the octadecyl groups in the heating
process (melting temperature: Ty, = 43.0 °C) (Table 3). In con-
trast, a PEGA/ODA/OLA (40/42/18 mol%) random terpolymer
(P4) indicates the broad exothermic and endothermic signals
of the octadecyl groups in the cooling and heating processes,
respectively (Fig. 4a and b). Both T, and T, of P4 were lower
than those of P1; the enthalpy of crystallization and melting
for P4 was also smaller than the corresponding enthalpy for
P1 (Table 3). Similarly, broad exothermic and endothermic
signals with lower 7. and T;, were observed in an ODA/OLA
random copolymer (P8) (Fig. S2 and S37). These results impor-
tantly suggest that oleyl groups incorporated into P4 affect the
crystalline domains of the octadecyl groups in the solid state.

To investigate the crystallization dependent on oleyl groups
in detail, random terpolymers with different ODA/OLA con-
tents (ODA/OLA = 55/5-25/35 mol%, P2-P6) were evaluated. All
the samples showed both exothermic and endothermic signals
in cooling and heating processes, while the peak broadness,
T., Tm, and enthalpy of crystallization and melting were depen-
dent on the ODA/OLA ratio (Fig. 4a and b). Both exothermic
and endothermic signals gradually broadened with increasing

This journal is © The Royal Society of Chemistry 2021
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Table 2 Synthesis of PEGA/ODA-PEGA/OLA random block copolymers®

Polymer ~ Monomer  ODA/OLA” (mol%)  Time (h)  Conv.® (%) PEGA/ODA or OLA  M,? (SEC)  M,/M,? (SEC) DP®  l/m-p/nopsd’

P9-1st PEGA/ODA  59/0 7 26/27 13100 1.13 37 15/22
P9 PEGA/OLA 27/32 79 23/28 24 500 1.35 82 15/22-19/26
P10-1st PEGA/ODA  59/0 7 43/43 19900 1.18 79 32/47
P10 PEGA/OLA 43/17 45 28/27 29000 1.39 109 32/47-12/18

“Random block copolymers were synthesized by ruthenium-catalyzed living radical copolymerization. P9-1st: [PEGA],/[ODA]y/[BzMA-Br],/
[RuCp*Cl(PPhj),]o/[n-BusN], = 400/600/10/1/40 mM in toluene at 80 °C. P9: [PEGA]y/[OLA]y/[P9-1st],/[RuCp*Cl(PPh;),]o/[n-BusN], = 560/840/10/1/
40 mM in toluene at 80 °C. P10-1st: [PEGA],/[ODA]y/[BzMA-Br],/[RuCp*Cl(PPh;),]o/[n-BusN], = 640/960/10/1/20 mM in toluene at 80 °C. P10:
[PEGA],/[OLA],/[P10-1st],/[RuCp*Cl(PPh;),]o/[-Bu;N], = 560/840/10/1/20 mM in toluene at 80 °C. ® Hydrophobic monomer content (mol%) in the
respective block segments, total degree of polymerization (DP), and //m-p/n (DP of PEGA/ODA-PEGA/OLA) of the random (block) copolymers
determined by "H NMR. ° Monomer conversion determined by '"H NMR with tetralin as an internal standard. ¢ Determined by SEC in THF with
PMMA standard calibration.

PEGA/ODA/OLA Random PEGA/ODA Random

VTN oM R VLY
(b)

(a) ODA/OLA (c) ODA

(mol%) (mol%)
T~ ] =
P7 40
e N\, | ¥
s s
P5 35/26 60
— 7
o |P5 % h/— 42118 = 0
S S S
5 = 48/12 = 80
3 RN E
w w
§ P4 § = 55/5 = 100
T & £
P1
P3 60/0
P2
P1 0 /i ; ;
10 °C/min 10 °C/min 10 °C/min
———T T ———T—T7— —— T
-60 -30 0 30 60 -60 -30 0 30 60 -60 -30 0 30 60
Temperature (°C) Temperature (°C) Temperature (°C)

Fig. 4 DSC curves recorded for (a) the first cooling scans and (b and c) second heating scans of (a and b) PEGA/ODA/OLA random copolymers
(P1-P7: ODA + OLA = 60 mol%) and (c) PEGA/ODA random copolymers (ODA = 25-100%)*° between —80 °C and 150 °C. The cooling and heating
rates were —10 °C min~* and 10 °C min™?, respectively.

amorphous OLA units. T, T, and enthalpy of crystallization decrease with decreasing ODA mole fraction, different from
and melting decreased with increasing OLA units. P5 with that of P2-P5 with oleyl groups (Fig. 5a). These results suggest
35 mol% ODA exhibited a quite broad endothermic peak from that the broadness of exothermic or endothermic signals and
—30 to 30 °C (T, = 11.0 °C). P6 with 25 mol% ODA, as well as  decreasing T, and T, in P2-P5 are attributed to the decreasing
a PEGA/OLA random copolymer (P7), exhibited exothermic size of crystalline domains by the sequence distribution of
and endothermic signals at temperatures lower than 0 °C octadecyl units and oleyl units. Since a PEGA/ODA random
(Table 3). The crystallization and melting peaks would be copolymer with 25 mol% ODA did not show a melting peak of
derived from PEG side chains and/or trace water included in the octadecyl groups, random copolymers and terpolymers

the samples (e.g., intermediate water).*® containing octadecyl units less than 25 mol% hardly induce
In contrast, PEGA/ODA random copolymers with different crystallization of the octadecyl groups.
ODA contents (40-80 mol%) maintained the sharp endother- The enthalpy of melting for P2-P4 and PEGA/ODA random

mic signals originating from the melting of the octadecyl copolymers (with over 40 mol% ODA) was linearly proportional
groups (Fig. 4c).*® Ty, of the random copolymers did not so to the ODA content (Fig. 5b), namely, the melting enthalpy

This journal is © The Royal Society of Chemistry 2021 Polym. Chem., 2021,12,1439-1447 | 1443
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Table 3 Crystallization behavior of PEGA/ODA/OLA terpolymers and related copolymers

Entry Polymer Monomer ODA (mol%) T (°C) AHS (g™ T (°C) AHL (g™
1 P1 PEGA/ODA 60 38.5 52.2 43.0 52.2
2 P2 PEGA/ODA/OLA 55 35.0 50.5 39.9 50.3
3 P3 PEGA/ODA/OLA 48 30.5 44.5 32.9 43.6
4 P4 PEGA/ODA/OLA 42 18.6 34.2 27.4 34.2
5 P5 PEGA/ODA/OLA 35 —-0.6 27.9 11.0 27.3
6 P6 PEGA/ODA/OLA 25 —21.4 16.4 -10.3 16.4
7 P7 PEGA/OLA 0 -39.1° 18.4° —13.2 18.4
8 P8 ODA/OLA 56 13.6 35.3 23.9 35.1
9 P9 PEGA/ODA-PEGA/OLA 27 —33.9° 3.8° -16.3 3.3
35.6 23.0 40.7 22.8
10 P10 PEGA/ODA-PEGA/OLA 43 38.2 37.3 42.7 37.9
11 P1 +P7 PEGA/ODA + PEGA/OLA 60 —37.4° 9.1 -12.2 9.2
35.4 27.1 44.0 25.1

“The samples of entries 1-11 were analyzed by DSC between the temperature range of —80 °C and 150 °C. The cooling and heating rates were
10 °C min™" and —10 °C min~", respectively. The crystallization temperature (7.) and the enthalpy of crystallization (AH,) were obtained from the
first cooling scans of the samples from 150 °C. The melting temperature (7y,) and the enthalpy of melting (AH,,) were obtained from the second
heating scans of the samples from —80 °C. ” The crystallization temperature (T,) and the enthalpy of crystallization (AH,) were obtained from the

second heating scans of the samples from —80 °C.
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Fig. 5 (a) Melting temperatures and (b) enthalpy and (c) entropy of melting of octadecyl groups in PEGA/ODA/OLA random terpolymers (red
squares: P2, P3, and P4) and PEGA/ODA random copolymers (black circles,® black open square: P1) as a function of the ODA content (mol%).

normalized by the ODA content was constant. This suggests
that the octadecyl groups in P2-P4 have crystalline structures
similar to those in PEGA/ODA random copolymers. The
entropy of melting for P2-P4 was also calculated with the fol-
lowing: AS,, = AH.,/Ty,. The entropy values for P2-P4 were
almost identical, although those for PEGA/ODA random copo-
lymers decreased with decreasing ODA content (Fig. 5c). The
entropy of melting is generally related to volume and confor-
mation changes of polymers through phase transition from a
crystalline state to a melting state. Thus, this result implies
that P2-P4 with 60 mol% hydrophobic content form similar
self-assembled nanostructures in the solid state.

Crystalline structures. P1, P2 and P5 were analyzed by X-ray
diffractometry (XRD) at 20 °C. P1 and P2 with over 55 mol%
ODA showed sharp peaks at 21.6° of 20 (Fig. 6a), indicative of
the formation of the hexagonally packed structure of the octa-
decyl pendants in d = 4.1 A.*® This is consistent with their
melting temperatures being higher than the analysis tempera-
ture. Additionally, sharp peaks were detected at a small angle
area at around 3° of 26. This suggests the formation of longi-

1444 | Polym. Chem., 2021,12,1439-1447

tudinal nanostructures derived from the microphase separ-
ation of the side chain groups. In contrast, P5 with 35 mol%
ODA only showed amorphous halo peaks at around 20° of 20
owing to the low melting temperature (T}, = 11.0 °C).

Temperature-dependent XRD of P2 was conducted between
20 and 50 °C. Upon heating the sample from 20 °C to 40 °C,
the height of the sharp peak at 21.6° decreased and an amor-
phous halo peak gradually overlapped with the sharp peak. At
50 °C, the sharp peak completely disappeared, meaning that
the octadecyl groups were disordered. Upon cooling from 50 °C
to 20 °C, the octadecyl groups crystallized to show a sharp peak
at 21.6° of 26. These results indicate that the octadecyl groups
of P2 reversibly form a hexagonally packed structure through
melting and crystallization processes. It should also be noted
that small peaks at around 3° of 20 were also reversibly observed
in this heating and cooling process, suggesting the reversible
formation of longitudinal nanostructures.

Effects of oleyl groups on microphase separation. To evalu-
ate microphase separation, P2, P3, P4, P5, and P6 were ana-
lyzed by small angle X-ray scattering (SAXS) at 25 °C, compared

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a) X-ray diffractograms of (a) P1, P2, and P5 at 20 °C and (b)
temperature-dependent X-ray diffractograms of P2 at 20, 30, 40 and
50 °C and 20 °C after cooling from 50 °C. (c) SAXS profiles of P1, P2, P3,
P4, P5, P6, and P7 at 25 °C.

with a PEGA/ODA random copolymer (P1) and a PEGA/OLA
random copolymer (P7) (Fig. 6¢). P1 and P2 with 55 mol%
ODA exhibited integer order peaks (1:2:3) to form lamellar
structures. The domain spacing of P1 and P2 was estimated as
5.2 nm and 5.5 nm from the peaks at ¢ = 1.20 nm™" and
1.14 nm ™", respectively. Considering the size range, the lamel-
lar structure is derived from the microphase separation of PEG
side chains and octadecyl and oleyl groups.*® In contrast, P5,
P6, and P7 only showed broad peaks at around g = 1 and
2.5 nm™". In addition to such broad peaks, P3 and P4 showed
small integer order peaks (1:2), where the domain spacing
was 5.6 nm. The broad peaks in P3, P4, and P5 are attributed
to the disordered state via partial or complete melting of octa-
decyl groups at the SAXS measurement temperature. This is
consistent with the melting temperature of the samples. In
other words, this result importantly demonstrates that the
crystallization of the octadecyl groups is essential for the for-
mation of longitudinal lamellar structures via the microphase
separation of random copolymer side chains. In P1, P2, P3,
and P4, the domain spacing ranged between 5.2 nm and
5.6 nm. The small difference of the domain spacing implies
that oleyl groups with the cis conformation affect the interdigi-
tating and/or end-to-end structures of octadecyl groups in
their crystalline domains.*

Crystallization and microphase separation of random block
terpolymers

The crystallization and microphase separation of PEGA/
ODA-PEGA/OLA random block terpolymers (P9 and P10) were

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 (a) DSC curves recorded for the second heating scans of P1, P7,
P9, P10 and the binary blend of P1 and P7 from —80 °C to 150 °C with a
heating rate of 10 °C min~™. (b) SAXS profiles of P1, P9, P10 and the
binary blend of P1 and P7 at 25 °C. (c) Enthalpy of melting of PEGA/ODA
random copolymers (black circles),*®> PEGA/ODA/OLA random terpoly-
mers (P2, P3, and P4: gray squares), P9 (red square), P10 (blue square)
and the binary blend of P1 and P7 (orange open square) as a function of
the ODA content (mol%).

evaluated by DSC and SAXS (Fig. 7). Upon analysis by DSC, P9
and P10 showed sharp endothermic signals derived from the
melting of the octadecyl groups in the heating process (T, =
40.7, 42.7 °C), as well as P1 as a model polymer for the 1st
block segments (Fig. 7a). The binary blend of P1 and P7 also
showed a similar melting peak at 44.0 °C. The melting peak
for octadecyl groups of P9 comprising a short crystalline block
exhibited a shoulder at the low temperature region. In P9, P10
and the binary blend of P1 and P7, the enthalpy of melting
was proportional to the mole fraction of ODA, although these
samples have a relatively low total ODA content below
40 mol% (Fig. 7c). These results indicate that octadecyl groups
of random copolymers efficiently induce crystallization even in
the presence of random copolymers bearing amorphous oleyl
groups.

P9, P10 and the binary blend of P1 and P7 were analyzed by
SAXS, compared with P1. P10 with a long crystalline 1st block
and the binary blend of P1 and P7, as well as P1, showed
integer order peaks (1:2:3) stemming from lamellar struc-
tures (Fig. 7b). The domain spacing of P10 (d = 5.4 nm) and
the binary blend (d = 5.2 nm) was close to that of P1 (d =
5.2 nm). It is interesting that P1 still induces microphase sep-
aration into lamellae even in the presence of P7 bearing amor-
phous oleyl groups. In contrast, P9 with a short crystalline 1st
block indicated not only a peak derived from the microphase
separation of the side chains at ¢ = 1.14 nm™" (d = 5.5 nm) but
also another peak at ¢ = 0.50 nm ™" whose domain spacing was
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calculated to be 13 nm (Fig. 7b), although the former micro-
phase separation of the side chains does not give longitudinal
structures.

These results suggest that the random block terpolymers
competitively induce microphase separation of the side chains
and block polymer chains, dependent on the length and/or
volume fraction of the 1st and 2nd block segments. Lamellar
microphase separation of the crystalline octadecyl groups and
PEG chains in the presence of amorphous oleyl-bearing copo-
lymers requires relatively long 1st crystalline random seg-
ments. P9 induces double microphase separation in the solid
state: one originates from the side chains of hydrophilic PEG
and crystalline octadecyl groups in the 1st random segment
and the other is probably derived from microphase separation
between the crystalline 1st block domains and the amorphous
2nd block domains.”” Since P10 with a long crystalline 1st
block did not show such a low g peak, the volume fraction of
two blocks would also affect the double microphase separation
behaviour. To understand these microphase separation behav-
iour and morphologies, detailed analyses are now under inves-
tigation using various random block copolymers with different
chain lengths, compositions, and side chains. These interest-
ing discoveries would open new possibilities to three-dimen-
sional control of nanodomain structures and sizes within solid
polymer materials.

Conclusions

In summary, we designed amphiphilic random and random
block terpolymers bearing PEG chains, crystalline octadecyl
groups, and amorphous oleyl groups to examine the crystalliza-
tion and microphase separation behaviour. Dual incorporation
of octadecyl and oleyl groups as hydrophobic side chains
opened the possibility to control not only the crystallization
and melting temperatures but also temperature-dependent
microphase separation and the crystalline domain sizes and
structures in the solid state. In particular, we found the possi-
bility that random block terpolymers comprising a crystalline
random segment and an amorphous counterpart induced
double microphase separation in different size scales stem-
ming from side chains and polymer chains. The volume frac-
tions of crystalline and amorphous blocks also affected the
microphase separation behaviour and longitudinal lamellar
structures. Therefore, the controlled crystallization and micro-
phase separation systems using amphiphilic random and
random block terpolymers would bring innovation to con-
struct well-defined nanostructures in polymer materials that
are potentially applicable to various research fields including
nanotechnologies and photolithography.
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