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Single-chain crosslinked polymers via the
transesterification of folded polymers: from
efficient synthesis to crystallinity control†
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Takaya Terashima *a

Herein we report efficient synthetic systems of single-chain crosslinked polymers via the intramolecular

transesterification of folded random copolymers in organic media and the unique crystallization behavior

of their crosslinked polymers. For this purpose, we designed random terpolymers comprising octadecyl

methacrylate (ODMA), 2-hydroxyethyl methacrylate, and methyl acrylate (MA). The copolymers self-

folded in octane via the association of the hydroxyl groups to form reverse micelles; the micelles were

intramolecularly crosslinked by scandium-mediated transesterification of the MA units with the hydroxyl

groups to give polymer nanoparticles bearing multiple octadecyl groups. This system affords efficient syn-

thesis of various single-chain crosslinked polymers with controlled molecular weight at a relatively high

concentration of up to 50 mg mL−1. Additionally, the crystallinity of these ODMA-based copolymers can be

controlled by the crosslinking degree; the crystallinity and melting temperatures of the octadecyl groups

gradually decreased as the intramolecular crosslinking of the copolymers proceeded. Thus, controlling the

intramolecular crosslinking of polymers is one possibility to tune the crystallinity of polymer materials.

Introduction

Crosslinked globular polymers serve as interesting functional
nanomaterials with unique physical properties and compart-
ments and are thus utilized for various applications as nano-
capsules, delivery vessels, dispersants, and coatings, among
many others. Several types of crosslinked polymers have been
developed by using controlled polymerization and crosslinking
techniques as follows: microgel star polymers,1–8 core or shell-
crosslinked block copolymer micelles,9–13 and single-chain
crosslinked polymers and single-chain polymer nanoparticles
(SCPNs).14–33 Microgel star polymers and crosslinked block
copolymer micelles are obtained from the intermolecular
crosslinking of polymers. In contrast, single-chain crosslinked
polymers are prepared by the intramolecular crosslinking of
polymer chains via physical self-assembly (e.g., by hydrogen-

bonding,19,20 metal coordination,21,22 and molecular reco-
gnition23) or covalent bond formation (e.g., by thiol–ene and
thiol–yne,24 Diels–Alder,25 photodimerization,26 olefin meta-
thesis,27 radical addition,28,29 imine,30,31 disulfide,32 and
polymerization33). In principle, crosslinking of single polymer
chains is efficient at controlling the molecular weight of cross-
linked polymers as desired because well-defined precursors
prepared by controlled polymerization can be unimolecularly
transformed into products. However, selective crosslinking of
single polymer chains often requires dilute conditions
(≲0.1 mg mL−1) to suppress intermolecular crosslinking into
multichain aggregates and network polymers. To overcome
this issue, covalent crosslinking of autonomously folded poly-
mers and unimer micelles has been investigated as a high-
throughput approach to single-chain crosslinked polymers
and related polymers in solutions.28,29,31

We have recently developed self-assembly systems of amphi-
philic random copolymers bearing hydrophilic poly(ethylene
glycol) (PEG) and hydrophobic alkyl groups as side chains in
water, organic media, and the solid state.34–38 Typically,
random copolymers carrying PEG and dodecyl groups induce
chain folding in water via the association of the hydrophobic
pendants to form unimer or multichain micelles with globular
and compact structures. Their micelles are selectively obtained
even at a relatively high concentration (∼60 mg mL−1) by con-
trolling the degree of polymerization (DP) and composition
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(hydrophilic/hydrophobic balance) of the copolymers.34–36

This is because the hydrophobic pendants are accumulated
inside and isolated by the hydrophilic shell of multiple PEG
chains. As a result, unimer micelles of random copolymers
bearing hydrophilic PEG and hydrophobic olefin or amino
groups can be intramolecularly crosslinked by a radical reac-
tion or imine bond formation in water to produce single-chain
crosslinked polymers without forming large aggregates
(Scheme 1b).28,29,31 Additionally, amphiphilic random copoly-
mers are capable of reversible folding in aqueous and organic
media by designing side chains.37,38 Typically, random copoly-
mers bearing PEG and octadecyl groups not only folded into
micelles with hydrophobic cores in water but also formed reverse
micelles with hydrophilic PEG cores in hexane.38 This result
motivated us to use reverse micellization for the efficient syn-
thesis of single-chain crosslinked polymers that are totally hydro-
phobic and dissolved only in organic solutions; crosslinking of
folded amphiphilic polymers has usually been investigated in
aqueous media for water-soluble polymer nanoparticles.

Given these backgrounds, we herein developed synthetic
systems of single-chain crosslinked polymers via the intra-
molecular crosslinking of random copolymer reverse micelles
in organic media (Scheme 1a). To achieve both reverse micelli-
zation of random copolymers and intramolecular crosslinking
of their micelles, we focused on acrylate-selective transesterifi-
cation of methacrylate/acrylate random copolymers39 as a
crosslinking method. For this, random copolymers comprising
hydrophobic octadecyl methacrylate (ODMA) or related metha-
crylates, hydrophilic 2-hydroxyethyl methacrylate (HEMA), and
methyl acrylate (MA) units were designed.

Transesterification is effective for the site-selective and pin-
point functionalization of well-controlled poly(meth)acrylates

because of the unique reactivity and selectivity of the pendant
ester groups.39–43 If methacrylate (RMA)/methyl acrylate (MA)
random copolymers are transesterified with metal catalysts
(e.g., Ti(Oi-Pr)4) and alcohols (R1OH), the MA units are prefer-
entially transformed into the corresponding alkyl acrylate
(R1A) units to give RMA/R1A random copolymers.39 This is
because the main chain carbons adjacent to the MA units have
no α-methyl groups, and the MA carbonyl groups are less steri-
cally hindered than the other methacrylate counterparts.
Therefore, ODMA/HEMA/MA random copolymers satisfy the
following requisites: (1) the copolymers self-fold into reverse
micelles in hexane, in which the hydroxyl groups are accumu-
lated inside and the multiple octadecyl groups stabilize the
folded structures. (2) The MA units are intramolecularly and
selectively transesterified with the HEMA hydroxyl groups to
induce covalent crosslinking of the reverse micelles into
single-chain crosslinked polymers.

As expected, the reverse micellization afforded unimolecu-
lar crosslinking even at a relatively high concentration (∼50 mg
mL−1). The efficient intramolecular crosslinking of the copoly-
mers was confirmed by size-exclusion chromatography
coupled with multiangle laser light scattering (SEC-MALLS).
The molecular weight of the crosslinked polymers was directly
controlled by the random copolymer precursors that are pre-
pared by living radical polymerization. This system is further
applicable to the synthesis of various crosslinked polymers
comprising dodecyl methacrylate (DMA), methyl methacrylate
(MMA), and related monomers. Additionally, single-chain
crosslinked ODMA copolymers showed unique crystallinity of
the octadecyl pendants in the solid state. The crystallinity
gradually decreased as the intramolecular crosslinking of the
copolymers proceeded, meaning that the pendant crystallinity

Scheme 1 Single-chain crosslinked polymers (a) via the intramolecular transesterification of reverse-folded micelles in organic media or (b) via the
radical crosslinking of folded micelles in water.
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is controllable by the crosslinking degree. Thus, intra-
molecular transesterification of these common methacrylate/
acrylate random copolymers provided efficient synthetic meth-
odologies for various hydrophobic polymer nanoparticles and
crystallization control techniques for polymer materials.

Results and discussion
Polymer design and synthesis

We designed various methacrylate/acrylate random copolymers
bearing hydroxyl pendants (P1–P11, Scheme 2) as precursors
for single-chain crosslinked polymers. Random copolymers
bearing octadecyl and hydroxyl pendants and methyl acrylate
units (P1–P5) were prepared by ruthenium-catalyzed living
radical copolymerization of ODMA, HEMA, and MA. The
polymer design involves (1) reverse micellization in organic
media, (2) crosslinking by acrylate-selective transesterification,
and (3) the production of crystalline polymer materials. The

degree of polymerization (DP) and the content of the cross-
linking units (HEMA and MA) were varied (Table 1). P1–P4 had
different DP (67–280) with an almost constant content of the
linking units (m + n = ∼40 mol%), while P5 had a high content
of the linking units (m + n = 67 mol%) with 135 DP: ODMA/
HEMA/MA = 160/55/65 (P1), 140/40/55(P2), 95/27/35 (P3),
40/15/12 (P4), and 45/65/25 (P5).

For P1–P5, ODMA, HEMA, and MA were copolymerized
with a ruthenium catalyst [RuCp*Cl(PPh3)2/n-Bu3N]

39 and a
bromide initiator (ethyl α-bromophenylacetate: EBPA) in
toluene/1,4-dioxane (1/1, v/v) at 80 °C. In all the cases, the
three monomers were simultaneously consumed to produce
well-controlled ODMA/HEMA/MA copolymers with a narrow
molecular weight distribution [P1–P5, Mw/Mn < 1.2 was deter-
mined by size exclusion chromatography (SEC) in THF with
PMMA standard calibration, Table 1]. The content of the three
monomer units in the copolymer (Fcum) was almost constant
along the polymer chain (Fig. S1†), calculated from the
monomer conversion. This importantly means that these copo-
lymers consist of a random monomer sequence along the
polymer chain without any biased sequence distribution like
gradient copolymers.43 The products (P1–P5) were purified by
preparative SEC or precipitation into methanol to remove cata-
lyst residues and unreacted monomers. The DP, composition,
and number-average molecular weight of P1–P5 were deter-
mined by 1H NMR. To evaluate the crosslinking behavior of
the products by transesterification, the absolute weight-
average molecular weight of the copolymers was also deter-
mined by SEC-MALLS in THF.

In addition to octadecyl-bearing copolymers, random copo-
lymers comprising dodecyl methacrylate (DMA) or methyl
methacrylate (MMA) (P6, P7) were synthesized (Scheme 2,
Table 1). DP (230, 245) and the HEMA/MA content (∼40 mol%)
were set to be almost the same values as those of P2. An acry-
late-based precursor (P8) was prepared with HEMA and MA.
Three control samples were also prepared: an ODMA/MA copo-
lymer (P9) without HEMA units, an ODMA/HEMA copolymer
(P10) without MA units, and an ODMA/HEMA/MMA copolymer
(P11) containing MMA instead of MA (Table S1†).

Scheme 2 Design and synthesis of hydroxyl-functionalized methacry-
late/methyl acrylate random copolymers and related copolymers (P1–
P11) as precursors for single-chain crosslinked polymers.

Table 1 Synthesis and characterization of RMA/HEMA/MA random copolymersa

Polymer RMA
Time
(h)

Conv.b

(%) DPc
l/m/nobsd

c

(RMA/HEMA/MA)
m/n (linking)
(mol%)

Mn
d

(SEC)
Mw/Mn

d

(SEC)
Mn

c

(NMR)
Mw

e

(MALLS)

P1 ODMA 24 71/83/44 280 160/55/65 20/23 64 200 1.14 67 200 76 800
P2 ODMA 66 64/80/52 235 140/40/55 17/23 53 300 1.18 57 600 67 700
P3 ODMA 24 74/87/49 157 95/27/35 17/22 40 300 1.12 38 900 44 900
P4 ODMA 72 37/53/31 67 40/15/12 22/18 16 800 1.14 16 800 18 000
P5 ODMA 48 35/58/26 135 45/65/25 48/19 28 600 1.14 26 100 29 400
P6 DMA 60 64/77/38 230 140/35/55 15/24 43 600 1.16 45 200 51 000
P7 MMA 48 74/83/47 245 150/40/55 16/23 28 800 1.19 25 200 31 400
P8 — 48 —/78/40 145 —/30/115 21/79 17 000 1.11 14 000 15 000

a Conditions: [RMA]0/[HEMA]0/[MA]0/[EBPA]0/[RuCp*Cl(PPh3)2]0/[n-Bu3N]0 = 1600/440/1160/8/0.8/8 (P1), 1500/400/1100/10/1/10 (P2), 1600/440/
1160/16/1.6/16 (P3), 1125/300/825/15/1.5/15 (P4), 1280/1120/1200/12/1.2/12 (P5), 1500/375/1125/10/1/10 (P6), 3200/800/2000/20/2/20 (P7), and
0/750/6750/25/2.5/25 (P8) mM in toluene/1,4-dioxane (1/1, v/v) at 80 °C. b Conversion (RMA/HEMA/MA) determined by 1H NMR with tetralin as an
internal standard. cDP of RMA (l), HEMA (m), MA (n) and Mn of the copolymers determined by 1H NMR. dDetermined by SEC in THF with
PMMA standard calibration. e Absolute weight-average molecular weight determined by SEC-MALLS in THF.
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Reverse micellization

Generally, intramolecular crosslinking of polymers is con-
ducted under dilute conditions (<0.1 wt%) to prevent inter-
molecular crosslinking of multiple polymer chains.15–18

However, hydroxyl- and octadecyl-bearing random copolymers
are expected to form reverse unimer micelles via the associ-
ation of the hydroxyl groups in organic media. Reverse micelli-
zation would efficiently afford the intramolecular crosslinking
via transesterification at a relatively high concentration
(>1 wt%). Thus, the structure of an octadecyl-bearing P2 in
octane was examined by dynamic light scattering (DLS) and
small angle X-ray scattering (SAXS). Octane was selected owing
to its high boiling temperature that allows transesterification
at high temperature. P2 was homogeneously dissolved in
octane to have unimodal DLS size distribution with a small
hydrodynamic radius (Rh = 5.4 nm, Fig. 1a). Analyzed by SAXS,
P2 had a spherical and compact structure in octane different
from that in THF (Fig. 1b). In the double logarithm SAXS pro-
files, the scattering intensity around the q range of 1–4 nm−1

in octane decreased with the slope of about −4. Determined by
the Guinier plots (Fig. S2†), the radius of gyration of P2 in
octane (Rg = 3.4 nm) was smaller than that in THF (Rg =
5.2 nm). These results indicate that P2 forms micelles in
octane.

Single-chain crosslinked polymers via intramolecular
transesterification

Various metal alkoxides and Lewis acid catalysts were exam-
ined for the transesterification of a hydroxyl- and dodecyl-
bearing P6 in octane. The efficiency of intramolecular transesteri-
fication was evaluated by the consumption of the MA units and
the SEC peak shift of the products to a low molecular weight.
Here, six kinds of catalysts employed for transesterification,

direct esterification, and related reactions were investigated:
Ti(Oi-Pr)4, FeCl3, Sc(OTf)3, Y(OTf)3, Hf(OTf)4, and La(OTf)3.

43–47

P6 (Mn = 43 600, Mw/Mn = 1.16) was treated with these six
catalysts in octane at 120 °C for 48 h ([catalyst] = 1.0 mM,
[P6] = 10 mg mL−1); the products were analyzed by 1H NMR
and SEC (Fig. 2 and S5†). In all the cases, the MA units of P6
were consumed via transesterification with the hydroxyl
groups, while the efficiency of the intramolecular crosslinking
depended on the catalyst species. Sc(OTf)3 and Hf(OTf)4 cata-
lyzed intramolecular transesterification more efficiently than
the others to achieve 40% conversion of the MA units
(Table 2). The SEC curves of the products clearly shifted to a
low molecular weight, keeping narrow molecular weight distri-
bution (Fig. 2c and e). The absolute weight-average molecular
weight (Mw) of the product crosslinked using Sc(OTf)3 was rela-
tively close to that of P6 (Tables 1 and 2). This indicates that
intramolecular crosslinking of P6 mainly proceeds with this
catalytic system in octane. In contrast, Ti(Oi-Pr)4, FeCl3,
Y(OTf)3, and La(OTf)3 induced just 10% conversion of the MA
units. These products showed a small SEC peak shift to low
molecular weight and/or large molecular weight parts derived
from the intermolecular crosslinking of polymers. This is prob-
ably because of the low activity for transesterification, low solu-

Fig. 1 (a) DLS intensity size distribution of P2 in octane at 25 °C and (b)
SAXS profiles of P2 in octane (red) or THF (blue) at 25 °C: [P2] = (a) 10 or
(b) 1 mg mL−1.

Fig. 2 SEC curves of the products (solid lines) obtained from the cross-
linking of P6 (dashed lines) with (a) Ti(Oi-Pr)4, (b) FeCl3, (c) Sc(OTf)3, (d)
Y(OTf)3, (e) Hf(OTf)4, and (f ) La(OTf)3 in octane at 120 °C for 48 h:
[P6]0 = 0.23 mM (10 mg mL−1), [catalyst]0 = 1.0 mM.
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bility of the catalysts in octane, and association of the catalysts
to the polymer pendants.

In addition to the selection of catalysts, the removal of
MeOH generated from the transesterification of polymers is
also important to shift the equilibrium and enhance the reac-
tion yield.39,40,43 But in the systems using Sc(OTf)3 or Hf
(OTf)4, transesterification effectively proceeded in the absence
of molecular sieves for the removal of MeOH probably due to
the relatively high reaction temperature of 120 °C.

Interestingly, Ti(Oi-Pr)4 partially induced physical cross-
linking via the coordination of the titanium metals onto the
hydroxyl pendants,21,22 in addition to chemical crosslinking
via transesterification (Fig. S6†). This is confirmed by the fol-
lowing: after the removal of free Ti(Oi-Pr)4 catalysts, a cross-
linked P6 was treated with benzyl alcohol in anisole at 120 °C
for 48 h. The SEC peak-top molecular weight of the product
slightly shifted to a high molecular weight, indicating that the
ligand exchange of the entrapped titanium metals with benzyl
alcohol occurred to cleave the in-core physical crosslinking.

Based on the catalyst survey, we decided to employ Sc(OTf)3
for the intramolecular transesterification of methacrylate/acry-
late copolymers. Preferential transesterification of MA units
was further supported by the following model experiments.
Transesterification of methyl pivalate or methyl isobutyrate (as
model compounds of MMA or MA units) was conducted with
Sc(OTf)3 in toluene/benzyl alcohol (1/1, v/v) at 80 °C for 48 h
(Fig. S3†). Confirmed by 1H NMR, methyl isobutyrate as a
model of MA was transesterified into a corresponding benzyl
ester (61%) more efficiently than methyl pivalate as a model of
MMA (41%). PMA (Mn = 6200, Mw/Mn = 1.08) was transesteri-
fied into benzyl ester pendants (16% conversion, by 1H NMR)
with Sc(OTf)3 in anisole/benzyl alcohol (1/1, v/v) at 120 °C
(48 h), while PMMA (Mn = 7600, Mw/Mn = 1.21) was not reacted
(0% conversion) (Fig. S4†).

We thus investigated the synthesis of single-chain cross-
linked polymers bearing octadecyl pendants via the intra-
molecular transesterification of ODMA/HEMA/MA random
copolymers (P1–P5) with Sc(OTf)3 in octane at 120 °C (Fig. 3),

focusing on the effects of polymer structure, composition,
degree of polymerization (DP), solvents, and concentration.
P2 (Mn = 53 300, Mw/Mn = 1.18, ODMA/HEMA/MA = 140/40/55,
[P2] = 0.19 mM, 10 mg mL−1) was treated with Sc(OTf)3
(1.0 mM) in octane at 120 °C for 48 h (Fig. 3b). The SEC curve
of the product clearly shifted to a low molecular weight, main-
taining a narrow molecular weight distribution (Mw/Mn = 1.14).
Confirmed by 1H NMR measurement of the product (Fig. 3i
and j), the methoxy protons of the MA units decreased
(g: 3.7–3.5 ppm, 35% conversion), whereas the methylene
protons of ODMA units adjacent to the ester units did not
decrease as much (a: 4.05–3.85 ppm, 10% conversion).
Additionally, the methylene protons of HEMA units (e: 4.2–4.05,
f: 3.85–3.7 ppm) decreased and turned broad. These results
support that the MA units are consumed more selectively than
ODMA (methacrylate) units via intramolecular transesterifica-
tion with the HEMA hydroxyl groups. The absolute weight-
average molecular weight (Mw) of the product was determined
to be 73 000 by SEC-MALLS (Table 2). The Mw value was close to
that of P2 (Mw = 67 700), indicating that P2 was unimolecularly
crosslinked within a reverse micelle in octane.

The catalyst and MA and HEMA units were required for
efficient intramolecular transesterification (Fig. S7†). P2
without using Sc(OTf)3 or an ODMA/MA random copolymer
(P9 without hydroxyl groups, Mn = 49 700, Mw/Mn = 1.11,
ODMA/MA = 160/45) with Sc(OTf)3 was not transesterified at
all (no SEC peak shift, no MA consumption). Hydroxyl-bearing
all methacrylate copolymers (P10: Mn = 30 600, Mw/Mn = 1.18,
ODMA/HEMA = 75/30, P11: Mn = 38 800, Mw/Mn = 1.10, ODMA/
HEMA/MMA = 90/35/35) induced transesterification with
Sc(OTf)3 (1.0 mM) in octane at 120 °C, whereas the consump-
tion of ODMA and MMA units was 10%–20% at most. The SEC
peak shift of the crosslinked products of P10 and P11 to a low
molecular weight (Mp/Mp,precursor = ∼0.7) was smaller than that
of P2 (Mp/Mp,precursor = 0.63).

Reverse micellization of P2 in octane is also important for
the intramolecular crosslinking of polymers at a relatively high
concentration. In fact, P2 preferentially induced unimolecular

Table 2 Synthesis and characterization of crosslinked polymersa

Entry Precursor [Polymer]0 (mg mL−1) Mn
b (SEC) Mw/Mn

b (SEC) Mp/Mp,Precursor
b (SEC) Mw

c (MALLS) MA Conv.d (%)

1 P1 10 39 800 1.15 0.64 83 900 35
2 P2 10 31 000 1.14 0.63 73 000 35
3 P2 50 41 600 1.21 0.73 87 500 30
4 P2 100 55 200 1.50 0.76 168 500 25
5 P3 10 27 200 1.13 0.71 46 600 30
6 P4 10 13 700 1.10 0.73 24 100 40
7 P5 10 20 400 1.15 0.63 38 900 n.d.
8 P6 10 28 100 1.22 0.64 69 800 40
9 P7 10 24 800 1.66 0.60 — n.d.
10 P7 1 14 600 1.50 0.46 33 400 n.d.
11 P8 10 16 200 1.80 0.58 — 20
12 P8 1 9300 1.30 0.50 18 300 30

a Conditions: [polymer]0 = 0.03–1.88 mM (1–100 mg mL−1), [Sc(OTf)3]0 = 1.0 mM in (entries 1–6, 8) octane, (entry 7) octane/anisole (1/1, v/v), and
(entries 9–12) anisole at 120 °C for 48 h. bDetermined by SEC in THF with PMMA standard calibration. c Absolute weight-average molecular
weight determined by SEC-MALLS in THF. dMA conversion determined by 1H NMR. n.d.: not determined.
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crosslinking up to 50 mg mL−1 in octane (Fig. 3g) and homo-
geneously crosslinked even at 100 mg mL−1 without any
macroscopic gelation (Fig. 3h). In contrast, the product
obtained in anisole (10 mg mL−1) did not turn compact and
contained multichain crosslinked fractions in the high mole-
cular weight region (Fig. 3f and S8†).

Transesterification of ODMA/HEMA/MA random copoly-
mers (P1, P3–P5) was conducted with Sc(OTf)3 in octane at
120 °C. The polymer concentration was kept as 10 mg mL−1. In
all the cases, the copolymers were transesterified to give cross-
linked polymers with a narrow molecular weight distribution,
independent of DP and composition (Fig. 3a–e and S9†).
Determined by SEC-MALLS, the absolute weight-average mole-
cular weight (Mw) of the products was close to that of the
corresponding precursors: Mw (products)/Mw (precursors) =
1.0–1.3 (Tables 1 and 2). This is indicative of the preferential
synthesis of single-chain crosslinked polymers. It should be
noted that this crosslinking system affords the precise and
direct control of the molecular weight of the crosslinked poly-
mers by tuning the DP of the precursors. P5 had a content of
the linking units (m + n = 67 mol%) higher than the others
(e.g., P3: m + n = 39 mol%). Thus, in the case of an almost
identical DP, the crosslinked P5 turned more compact than
the crosslinked P3, as confirmed by the ratio of the peak-top
molecular weight of the products and the precursors
[Mp/Mp,Precursor = 0.63 (P5), 0.71 (P3)]. The molecular weight of
the crosslinked P1 did not change even after the treatment

with benzyl alcohol at 120 °C. This supports that Sc(OTf)3 does
not induce physical crosslinking by coordination of the metals
to polymer pendants like Ti(Oi-Pr)4.

In contrast to P1–P6, MMA or MA-based copolymers (P7,
P8) were not soluble in octane. Thus, transesterification of
P7 and P8 was examined with Sc(OTf)3 in anisole at 120 °C
(Fig. 4). The polymer concentration was set as 10 or 1 mg

Fig. 3 SEC curves of the products obtained from the transesterification crosslinking of (a) P1, (b, f, g, h) P2, (c) P3, (d) P4, and (e) P5 in (a–d, g, h)
octane, (e) octane/anisole (1/1, v/v), and (f ) anisole at 120 °C for 48 h (a–e, dashed lines: P1–P5, solid lines: products): [polymer] = 10 mg mL−1 [(a)
0.16, (b, f ) 0.19, (c) 0.25, (d) 0.60, (e) 0.35, (g) 0.95, (h) 1.9 mM], [Sc(OTf)3]0 = 1.0 mM. 1H NMR spectra of (i) P2 and ( j) the product obtained from the
condition (b) in CD2Cl2 at 25 °C.

Fig. 4 SEC curves of (a) P7, (c) P8, and the products obtained from the
transesterification crosslinking of (b) P7 or (d) P8 in anisole at 120 °C for
48 h: [polymer] = 10 (dashed lines) or 1 (solid lines) mg mL−1 [(b) 0.3 or
0.035 mM, (d) 0.59 or 0.059 mM], [Sc(OTf)3]0 = 1.0 mM.
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mL−1. At 1 mg mL−1, both P7 and P8 preferentially induced
intramolecular transesterification to form compact and cross-
linked polymers, respectively (Table 2). In contrast, large
amounts of multichain crosslinked polymers were formed at
10 mg mL−1, in addition to single-chain crosslinked polymers.
These results indicate that, at a low polymer concentration
(∼1 mg mL−1), Sc(OTf)3-mediated transesterification is appli-
cable to the preparation of various crosslinked polymer nano-
particles without using reverse micellization.

The structure of crosslinked P3 or P5 was evaluated by
intrinsic viscosity and light scattering measurements coupled
with SEC. The intrinsic viscosity ([η]) of P3, P5, and their cross-
linked products increased with molecular weight. In both
cases, the intrinsic viscosity of the crosslinked products
decreased against the corresponding precursors, indicating
that the crosslinked polymers have more compact structures
than the precursors. The double logarithmic plots of intrinsic
viscosity ([η]) versus molecular weight (Mw) were fitted using
the Mark–Houwink–Sakurada equation ([η] = KMα) (Fig. 5). The
slope α of a crosslinked P5 turned out to be 0.44, smaller than
that of the other samples (α = ∼0.65). This importantly means
that the crosslinked P5 forms a more globular structure in
THF probably owing to the high density of crosslinking units.

The globular structures of crosslinked P3 or P5 were also
supported by small-angle neutron scattering (SANS) measure-
ments in THF-d8 at 25 °C (Fig. 6). In the double logarithmic
SANS profiles, the scattering intensity of both the crosslinked

P3 and crosslinked P5 at around 1 nm−1 of q decreased with
increasing q in the slope of −4. Determined by the Guinier
plots (Fig. S10†), the radius of gyration of their crosslinked pro-
ducts was smaller than that of the corresponding precursors
[Rg = 4.2 nm (P3), 3.5 nm (crosslinked P3), 3.7 nm (P5), 3.2 nm
(crosslinked P5)].

Crystallinity control by crosslinking

Octadecyl and long alkyl-bearing (co)polymers are interesting
as crystalline materials.38 Thus, the crystallinity of P1–P4 was
evaluated by differential scanning calorimetry (DSC), focusing
on the crosslinking degree, DP, and composition of the poly-
mers. To investigate the effects of crosslinking degree on the
crystallization of the octadecyl groups, we sampled products
with different MA conversions from the transesterification of
P2 in octane in predetermined periods. The products obtained
at 0.5, 1.0, 2.0, 4.0, 8.0, 24, and 48 h were analyzed by SEC and
1H NMR (Fig. 7a,b and S11, Table S2†). The SEC curves of the
products gradually shifted to low molecular weight, keeping a
narrow molecular weight distribution, as the reaction time
increased. Confirmed by 1H NMR, the MA units were also
gradually consumed up to 35%. Thus, crosslinked polymers
gradually turned compact as the MA units were consumed by
transesterification.

The products were analyzed by DSC. The solid samples
were obtained from the evaporation of the dichloromethane
solutions of the polymers, followed by drying in vacuo. To
erase the thermal history, the samples were first heated to
150 °C and then cooled to −80 °C and again heated to 150 °C;
the heating or cooling rate was set to 10 °C min−1. The DSC
thermograms recorded for the first cooling scans and the
second heating scans are shown in Fig. 7c and d, respectively.
All the products showed exothermic and endothermic peaks
originating from the crystallization and melting of the octade-
cyl pendants, respectively. The exothermic and endothermic
peaks of the products gradually turned broad as the intra-
molecular crosslinking proceeded. The melting or crystalline
temperature (Tm, Tc) and their enthalpies decreased with
increasing MA conversion (e.g., P2: Tm = 33 °C, crosslinked P2:
Tm = 32–26 °C, Fig. 7e). This indicates that the crystallinity of
the octadecyl groups gradually decreases as the intramolecular
crosslinking of P2 proceeds.

The crosslinked products were further examined by X-ray
diffraction (Fig. 7f ). P2 showed a sharp peak derived from the
hexagonal packing of the octadecyl groups at a 2θ value of
21° (d-spacing = 4.2 Å).38 The sharp peaks gradually
decreased and amorphous halo peaks were observed as the
crosslinking reaction proceeded. These results suggest that,
with increasing intramolecular crosslinking, the polymers
lose the ability to arrange the side chains suitable for crystal-
lization. The crystallization of these polymers originates from
the intermolecular and intramolecular association of the
octadecyl groups.

Other crosslinked polymers of P1–P4 also showed broad
crystalline and melting peaks of the octadecyl pendants with

Fig. 5 Intrinsic viscosity of P3 and P5 and their crosslinked products
(crosslinked P3, crosslinked P5) against molecular weight in THF.

Fig. 6 SANS profiles of (a) P3 and crosslinked P3 and (b) P5 and cross-
linked P5 in THF-d8 at 25 °C: [polymer] = 10 mg mL−1.
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lower Tc and Tm than the corresponding precursors (Table 3,
Fig. S12†). In these samples, Tm of the octadecyl pendants
depended on the crosslinking degree (i.e., MA conversion). Tm
of P2 crosslinked at 50 or 100 mg mL−1 for 48 h (Tm = ∼30 °C)
was close to Tm of P2 crosslinked at 10 mg mL−1 for 2 h; the
MA conversion for those samples was around 25%–29%. Tm of
the crosslinked P1–P4 with 30%–40% MA conversion ranged
from 23 °C to 27 °C. Therefore, intramolecular crosslinking of

octadecyl pendant copolymers is regarded as a strategy to
control crystallinity and thermal properties.

Conclusions

In conclusion, we produced single-chain crosslinked polymers
with controlled crystallization properties by the intramolecular

Fig. 7 Crystallization behavior of the products obtained from the intramolecular crosslinking of P2 in octane at 120 °C. (a) SEC curves of the pro-
ducts obtained at various reaction times (0, 0.5, 1, 2, 4, 8, 24, and 48 h). (b) SEC peak top molecular weight and MA conversion of the products
against reaction time. (c, d) DSC thermograms of the products obtained from (c) cooling or (d) heating scans between −80 °C and 150 °C: heating/
cooling rate = 10 °C min−1. (e) Melting temperature (Tm) and enthalpy of melting (ΔHm) for the octadecyl units of the products against reaction time.
(f ) X-ray diffractograms of the products.

Table 3 Melting and crystallization temperatures and enthalpy

Entry Polymer Tm
a (°C) ΔHm

a (J g−1) Tc
a (°C) ΔHc

a (J g−1)

1 P1 33.6 39.0 19.6 39.0
2 Crosslinked P1 (10 mg mL−1) 23.3 23.2 11.9 23.3
3 P2 33.3 43.9 20.1 44.2
4 Crosslinked P2 (10 mg mL−1) 26.3 24.4 13.2 24.4
5 Crosslinked P2 (50 mg mL−1) 30.1 34.1 16.5 33.7
6 Crosslinked P2 (100 mg mL−1) 30.4 34.6 16.8 34.9
7 P3 33.8 38.7 20.0 38.7
8 Crosslinked P3 (10 mg mL−1) 26.8 25.4 13.8 25.4
9 P4 33.9 44.9 20.9 45.2
10 Crosslinked P4 (10 mg mL−1) 27.6 25.3 14.5 25.4

aMelting and crystallization temperatures (Tm, Tc) and the enthalpy of melting and crystallization (ΔHm, ΔHm) were determined by differential
scanning calorimetry (DSC). The heating and cooling rates were 10 °C min−1 and −10 °C min−1, respectively, between −80 °C and 150 °C. The
polymer samples of the entries 2, 4, 5, 6, 8, and 10 correspond to the samples of entries 1, 2, 3, 4, 5, and 6 in Table 2.
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transesterification of random copolymers comprising octade-
cyl methacrylate, 2-hydroxyethyl methacrylate, and methyl acry-
late in octane. Their efficient synthesis involves crosslinking of
self-folded reverse unimer micelles in organic solution, where
the methyl acrylate units are selectively transesterified with the
hydroxyl groups. This system enables us to control the mole-
cular weight of the crosslinked polymers as desired because
the molecular weight corresponds to that of the precursors
that are precisely synthesized by living radical polymerization.
The crystallinity of the polymer materials can also be con-
trolled by the crosslinking degree. Thus, this work opened a
way to produce well-defined polymer nanoparticles and crystal-
linity-controlled polymers that would be useful as functional
materials and additives for surface coating, painting, optical
plastics, and cosmetics, among many others.
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