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ABSTRACT: Reversible addition−fragmentation chain transfer
polymerizations of 4,4-dimethyl-2-methylene-1,3-dioxolan-5-one
(DMDL) were conducted to yield degradable polymers with low
dispersities. As well as homopolymers, random copolymers and
block copolymers were synthesized by combining DMDL with
various hydrophobic and hydrophilic monomers such as (func-
tional) methacrylates, acrylates, and acrylamides, which are the so-
called “more activated” monomers, and vinyl acetate and
vinylpyrrolidone, which are the so-called “less activated”
monomers. The obtained polymers were demonstrated to degrade
under basic conditions. In the studied systems, random polymer-
ization tended to yield gradient copolymers shifting from
comonomer-rich segments to DMDL-rich segments, owing to
the largely different reactivities of DMDL and comonomers. Such gradient copolymers may exhibit properties similar to those of
block copolymers. Gradient copolymers with hydrophilic vinylpyrrolidone segments and hydrophobic DMDL-rich segments were
synthesized and used to generate self-assemblies, i.e., micelles and vesicles, in water. The generated self-assemblies were
demonstrated to degrade under basic conditions.

■ INTRODUCTION
Degradable polymers have attracted growing attention due to
the growing use of plastics.1−3 Synthetic polymers are usually
difficult to degrade, leading to research for more sustainable
polymers that can degrade upon stimuli. Besides sustainability
aspects, degradable polymers are used for stimuli-responsive
degradable materials in, e.g., delivery systems. Various
degradable polymer particles and capsules have been
developed,4,5 where degradation of the polymer was used for
the release mechanism.
Polyesters and polycarbonates are widely used as degradable

synthetic polymers, as they have hydrolyzable backbones for
degradation.6−10 Polymers synthesized via radical polymer-
ization are usually difficult to degrade because their backbones
consist of aliphatic carbon−carbon bonds. In order to provide
hydrolyzable bonds in backbones, cyclic ketene acetals (CKAs)
have been used as monomers in radical polymerization.11−19

The ring opening of CKAs during the polymerization generates
hydrolyzable ester linkages in backbones. Random copoly-
merizations of CKAs with various vinyl monomers have been
widely studied, providing a range of degradable copolymers.
Living radical polymerization, also termed reversible deactiva-
tion radical polymerization, has also been used for CKAs,
generating various random and block copolymers with low
dispersities.13,14,17−19 The obtained random and block

copolymers were used for, e.g., degradable coatings,20 photo-
lithographic films,21,22 and biomedical materials.23,24

Our research group recently used 4,4-dimethyl-2-methylene-
1,3-dioxolan-5-one (DMDL) (Scheme 1a) as a monomer to
generate degradable polymers via conventional radical
polymerization.25 DMDL is a 5-membered cyclic monomer
and can generate its homopolymer and random copolymers
with a range of vinyl monomers.25 Unlike CKAs, the ring of
DMDL is not opened but retained in the polymerization
(Scheme 1a), yielding ring-retained polymers. The obtained
polymers can degrade under basic conditions. Scheme 1b
shows a possible degradation mechanism. The backbone
scission can occur at a point at which two DMDL units are
successively sequenced. First, a hydroxide (OH−) ion attacks
the carbonyl group (C�O) at the hemiacetal ester
(compound 1 in Scheme 1b), generating an alkoxide anion
(compound 2). The subsequent elimination can lead to
backbone scission to generate two polymer chains bearing a
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carboxylic acid (compound 3) and a carboxylate (compound
4), which can further degrade into polymer chains bearing a
carboxylic acid (compound 5) and a ketone (compound 6)
and 2-hydroxyisobutyric acid (HIBA). As a useful aspect,
HIBA is an ingredient of DMDL (monomer). HIBA can be
collected and reused to synthesize DMDL, whereby four of the
six carbons of DMDL are recyclable.
In the present work, instead of conventional radical

polymerization,25 we used reversible addition−fragmentation
chain transfer (RAFT) polymerization to synthesize homopol-
ymers and copolymers of DMDL with well-defined structures.

Scheme 2 shows the RAFT process,26−36 where Pm−SCSZ is a
polymer dormant species. The propagating radical (Pn•)
undergoes the addition to Pm−SCSZ, generating an
intermediate radical (Pn-SC·ZS−Pm). The intermediate radical
subsequently undergoes fragmentation, forming a polymer
dormant species (Pn−SCSZ) and a propagating radical (Pm•).
Through addition and fragmentation processes, chain transfer
between the propagating radical (Pn•) and the dormant species
(Pm−SCSZ) completes. To ensure frequent chain transfer, the
C�S bond of the dormant species must be sufficiently reactive
for the addition of the propagating radical. Also, the

Scheme 1. (a) Polymerization of DMDL and (b) Possible Degradation Mechanism of DMDL-Containing Polymer

Scheme 2. RAFT Process

Figure 1. CTAs (RAFT agents) and monomers (besides DMDL (Scheme 1)) used in this work. MAMs and LAMs refer to more active monomers
and less active monomers, respectively.
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intermediate radical must undergo fragmentation sufficiently
rapidly. Otherwise, the intermediate radical accumulates, and
termination between the intermediate radical and propagating
radical and termination between the two intermediate radicals
can be significant, causing a retardation in the polymerization
rate and a significant generation of dead polymer chains.37,38

Figure 1 shows the chain transfer agents (CTAs) (RAFT
agents) and monomers studied in the present work. We
synthesized homopolymers, gradient copolymers, and block
copolymers via RAFT polymerization, the latter two of which
are not accessible via conventional radical polymerization.
Gradient copolymers are obtainable via living radical random
copolymerizations when one monomer is more reactive than
the other monomer39−41 because a history of the monomer
consumption of the two monomers is recorded on each
polymer chain; namely, the more reactive monomer will tend
to be added in the early polymer sequence, and the less
reactive monomer will tend to be added later, forming a
gradient copolymer. Vinyl monomers are classified into “more
activated” monomers (MAMs) and “less activated” monomers
(LAMs) based on the stability of the generated propagating
radical. MAMs generally bear conjugated substituents on the
polymerizable vinyl group and generate stabilized propagating
radicals, while LAMs generally do not bear conjugated
substituents and generate less stabilized propagating radicals.
DMDL bears no conjugated substituents but two non-
conjugated (ether) substituents and is considered as a LAM.
We carried out RAFT random copolymerizations of DMDL
(LAM) with several MAMs and LAMs as comonomers and

studied composition gradients in those LAM-MAM and
LAM−LAM random copolymerizations. We studied the
base-assisted degradation of the obtained gradient copolymers.
As an application, we formed self-assemblies of degradable
gradient copolymers. We synthesized amphiphilic gradient
copolymers with hydrophobic (DMDL) and hydrophilic
segments, used them to form micelles and vesicles, and
demonstrated base-assisted degradation of the micelles and
vesicles for possible applications as degradable delivery
containers.

■ RESULTS AND DISCUSSION
Homopolymerizations of DMDL. We carried out RAFT

homopolymerizations of DMDL using two different CTAs
(Figure 1), i.e., ethyl 2-[(ethoxycarbonothioyl)thio]propionate
(ECP) (Z = O-alkyl) and 4-cyano-4-[[(dodecylthio)-
carbonothioyl]thio]pentanoic acid (CDPA) (Z = S-alkyl).
We heated a mixture of DMDL (100 equiv), ECP (1 equiv),
and 2,2′-azoisobutyronitrile (AIBN) (0.2 equiv) as a conven-
tional radical initiator at 70 °C (Table 1, entry 1). The
monomer conversion reached 61% (as determined with 1H
NMR) for 24 h, yielding a poly(4,4-dimethyl-2-methylene-1,3-
dioxolan-5-one) (PDMDL) withMn = 4900 and D̵ (= Mw/Mn)
= 1.18, where Mn and Mw are the number- and weight-average
molecular weights, respectively, and D̵ is dispersity. The Mn
and D̵ values are not absolute values but PMMA-calibrated gel
permeation chromatography (GPC) values, where PMMA is
poly(methyl methacrylate). Figure 2 (red circles) shows the
polymerization behavior. The monomer conversion increased

Table 1. Homopolymerizations of DMDL

entry CTA [DMDL]0/[CTA]0/[AIBN]0 (equiv)
a T (°C) t (h) conv. (%)b Mn

c (Mn,theo
d) D̵c

1 ECP 100/1/0.2 70 24 61 4900 (8000) 1.18
2 ECP 200/1/0.2 70 24 70 8300 (18,000) 1.28
3 CDPA 100/1/0.2 70 24 57 5600 (7700) 1.24
C1 None 200/0/0.2 70 24 77 9200 1.53

aSolution polymerization in DMF (70 wt %) with 30 wt % of DMDL. bMonomer conversions determined with 1H NMR. cPMMA-calibrated GPC
values (THF eluent). dTheoretical Mn calculated according to ([DMDL]0/[CTA]0) × (monomer conversion) × (molecular weight of DMDL) +
(molecular weight of CTA).

Figure 2. Plots of (a) monomer conversion vs. polymerization time (t) and (b) Mn and Mw/Mn vs monomer conversion for the DMDL/ECP/
AIBN system (70 °C); [DMDL]0/[ECP]0/[AIBN]0 = 100/1/0.2 (equiv) (Table 1, entry 1) and 200/1/0.2 (equiv) (Table 1, entry 2). The
symbols are indicated in the figure.
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with an increase in time (Figure 2a (red circles)), and the Mn
value increased with an increase in the monomer conversion
(Figure 2b (red circles)). The deviation of the Mn value from
the theoretical value is ascribed to the PMMA-calibrated GPC
values. The D̵ value was 1.18−1.24 throughout the polymer-
ization. Thus, relatively low-dispersity PDMDLs were
obtained.
Figure 3 shows the 1H NMR spectrum (CDCl3) of the

PDMDL obtained at 5.5 h of polymerization (monomer

conversion = 33%) and purified by reprecipitation in a hexane/
diethyl ether mixture (1/1 (v/v)) (nonsolvent) (Mn = 4500
and D̵ = 1.14). The integration ratio of methylene (CH2)
protons (a) of PDMDL (and methine (CH) proton (c) of
ECP) appearing at 2.2−3.2 ppm and methylene (CH2)
protons (e) of ECP appearing at 4.1−4.2 ppm suggests the
number of DMDL monomer units per ECP to be 34, which is
close to the theoretical degree of polymerization of 33
(=[DMDL]0/[ECP]0 × (monomer conversion)). The result
suggests a high initiation efficiency of ECP (approximately
97% (=33/34)) in the homopolymerization of DMDL. The
amount of new chains formed from AIBN was relatively minor
in this NMR study, as we used 0.2 equiv of AIBN to ECP,
approximately 52% of AIBN decomposes at 70 °C for 5.5 h,42
AIBN generates two radicals, and the initiation efficiency of
AIBN is typically 0.5−0.6,43 which suggests that the amount of
new chains formed from AIBN was ca. 0.10−0.12 equiv. (=(0.2
equiv) × (52%) × 2×(0.5−0.6)) to that of the chains formed
from ECP. Thus, the fraction of the dead polymer chain would
be 9−11% (=0.10/1.10−0.12/1.12).
In Figure 2b, we observed a deviation of the Mn value from

the theoretical value, which is ascribed to the use of PMMA-
calibrated GPC (as mentioned) and also the formation of the
new chains from AIBN. New chains were formed, and hence
the averaged molecular weight (Mn) value increased relatively
slowly with an increase in the monomer conversion. After 8 h,
both monomer conversion (Figure 2a) and Mn value (Figure
2b) only slowly increased because 84% of AIBN already
decomposes for 8 h.42

We increased the [DMDL]0/[ECP]0 ratio from 100 (Table
1, entry 1 and Figure 2 (red circles)) to 200 (Table 1, entry 2
and Figure 2 (blue squares)) to target higher molecular weight
polymers. As expected, the Mn value after 24 h increased from
4900 (at the [DMDL]0/[ECP]0 ratio = 100) to 8300 with a

slightly larger D̵ value of 1.28 at the [DMDL]0/[ECP]0 ratio =
200.
As a comparison experiment, we carried out a conventional

radical polymerization of DMDL without using CTA (ECP)
(Table 1, entry C1), which generated a polymer with a
relatively large D̵ value (=1.53) for 24 h. The result shows that
the observed relatively low D̵ value (Table 1, entry 2) was
afforded by the use of CTA (RAFT polymerization).
The use of CDPA as a CTA (Table 1, entry 3 and Figure S1

in Supporting Information) exhibited similar polymerization
behavior but resulted in a slightly slower polymerization and a
slightly larger D̵ value than the use of ECP. The monomer
conversion reached 57% for 24 h, yielding a PDMDL with Mn
= 5600 and D̵ = 1.24 (Table 1, entry 3). The slightly slower
polymerization and larger D̵ value would be ascribed to the
slightly slow initiation from CDPA. The radical generated from
CDPA is a highly stabilized tertiary alkyl radical •C(CH3)-
(CN)(COOH) with two conjugated groups and would be too
stable to add DMDL (monomer) effectively. The radical from
CDPA would tend to undergo termination with another
radical, resulting in a slower polymerization and broader
molecular weight distribution. Another possible minor reason
is a possibly slow fragmentation of the intermediate radical and
thereby terminations involving the intermediate radical for the
combination of CDPA and the LAM monomer (DMDL), as
described below. Nevertheless, both ECP and CDPA were
efficient for the homopolymerization of DMDL, while ECP
was slightly preferred.
Random Copolymerizations of DMDL. We studied

random copolymerizations of DMDL and comonomers. The
studied comonomers (Figure 1) were methacrylates (methyl
methacrylate (MMA) and hydroxyethyl methacrylate
(HEMA)), acrylates (butyl acrylate (BA), benzyl acrylate
(BzA), methoxyethyl acrylate (MEA), hydroxyethyl acrylate
(HEA), and acrylic acid (AA)), and acrylamides (N-
isopropylacrylamide and acrylamide (AAm)), which are
MAMs (conjugated monomers), and vinyl acetate (VAc) and
vinylpyrrolidone (VP), which are LAMs (nonconjugated
monomers). We heated a mixture of DMDL (50 equiv),
comonomer (50 equiv), CTA (1 equiv), and AIBN (0.2 equiv)
at 70 °C for 24 h (Table 2). We fixed 24 h for a comparison
purpose in different copolymerizations. The half-life of AIBN is
approximately 5 h at the studied temperature of 70 °C. After
24 h, a majority (approximately 99.6%)42 of AIBN would be
consumed, and the polymerization would be very slow even if
the polymerization continued. The (initial) monomer
composition was 50% for DMDL and 50% for the comonomer.
For the CTA, we used CDPA for MAMs and ECP for LAMs.
The reactivity of the C�S bond in the CTA largely depends
on the Z group (Scheme 2).44,45 When the Z group stabilizes
the intermediate radical better, the addition rate constant (kadd
(Scheme 2)) increases, resulting in a more frequent chain
transfer. The kadd value increases in the order of Z = O-alkyl
(ECP) < S-alkyl (CDPA), and hence we used CDPA for
MAMs (Table 2, entries 1−9). However, for LAMs, the
propagating radical is a “less stable” radical, and hence, the
intermediate radical can be more stable than the propagating
radical, resulting in an accumulation of the intermediate radical
and causing terminations involving the intermediate radical.
Thus, a less stabilized Z group is required to destabilize the
intermediate radical (promote fragmentation), and hence, we
used ECP (Z = O-alkyl) for LAMs (Table 2, entries 10 and
11).

Figure 3. 1H NMR (CDCl3) spectrum of PDMDL synthesized in the
DMDL/ECP/AIBN system (Table 1, entry 1) at 5.5 h of
polymerization (monomer conversion = 33%) and purified by
reprecipitation (Mn = 4500 and D̵ = 1.14).
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The random copolymerization with MMA yielded a PMMA-
r-PDMDL (Mn = 13000, D̵ = 2.01, and FDMDL = 34%) for 24 h
(Table 2, entry 1), where FDMDL is the fraction of DMDL in
the copolymer. The FDMDL value was calculated from the
monomer conversions (monomer consumptions) of DMDL
and the comonomer (MMA). Figure 4a shows the plots of
monomer conversion vs time for DMDL (red circle) and
MMA (blue square). The monomer reactivity ratios of DMDL
and MMA were previously determined to be rMMA = 4.60 and

rDMDL = close to zero (70 °C),25 which means that MMA is
much more reactive than DMDL. Thus, MMA was consumed
much faster than DMDL (Figure 4a). Conventional radical
polymerization can yield a mixture of MMA-rich polymer
chains (that can be generated at an early stage of polymer-
ization) and DMDL-rich polymer chains (that can be
generated at a later stage of polymerization). In contrast, as
mentioned, in the RAFT polymerization, each polymer chain
can contain a MMA-rich sequence (initial segment of the

Figure 4. Plots of (a) monomer conversion vs. time (t) and (b) Mn and Mw/Mn vs overall monomer conversion for the MMA/DMDL/CDPA/
AIBN system (70 °C) (Table 2, entry 1): [DMDL]0/[DMDL]0/[ECP]0/[AIBN]0 = 50/50/1/0.2 (equiv). The symbols are indicated in the figure.
In (b), the overall monomer conversion is (conversion of DMDL) × 0.5 + (conversion of comonomer (MMA)) × 0.5.

Table 2. Random Copolymerizations of DMDL and Comonomer (M)

entry
comonomer
(M) CTA

[M]0/[DMDL]0/[CTA]0/[AIBN]0
a

(equiv) T (°C) t (h)
conv.b (M/DMDL)

(%/%)
overall
conv.c (%)

Mn
d

(Mn,theo
e) D̵d

FDMDL
(%)f

1 MMA CDPA 50/50/1/0.2 70 24 100/52 76 13000
(8700)

2.01 34

2 HEMA CDPA 50/50/1/0.2 70 24 100/78 89 21000
(12000)

2.01 44

3 BA CDPA 50/50/1/0.2 70 24 99/78 89 12000
(12000)

1.39 44

4 BzA CDPA 50/50/1/0.2 70 24 100/76 88 8400
(13000)

1.47 42

5 MEA CDPA 50/50/1/0.2 70 24 100/73 87 10000
(12000)

1.44 42

6 HEA CDPA 50/50/1/0.2 70 24 100/99 100 11000
(13000)

1.34 50

7 AA CDPA 50/50/1/0.2 70 24 0/0 0 NA NA NA
8 NIPAm CDPA 50/50/1/0.2 70 24 100/67 84 14000

(10000)
1.32 40

9 AAm CDPA 50/50/1/0.2 70 24 NA/NAg NA NA NA NA
10 VAc ECP 50/50/1/0.2 70 24 100/60 80 5100

(8400)
1.23 38

11 VP ECP 50/50/1/0.2 70 24 53/30 42 3400
(5100)

1.19 36

12 VAc CDPA 50/50/1/0.2 70 24 50/40 45 3800
(5100)

1.33 44

13 VP CDPA 50/50/1/0.2 70 24 24/17 21 <1000h
(2800)

NAh NAi

aSolution polymerization in DMF (70 wt %) with 30 wt % of monomers in total. bMonomer conversions of comonomer (M) and DMDL
determined with 1H NMR. cOverall monomer conversion of the two monomers calculated according to (conversion of DMDL) × (initial fraction
of DMDL (0.5)) + (conversion of comonomer) × (initial fraction of comonomer (0.5)). dPMMA-calibrated GPC values (DMF eluent).
eTheoretical Mn calculated according to ([monomers]0/[CTA]0) × (monomer conversion) × (molecular weight of monomer) + (molecular
weight of CTA). fFraction of DMDL calculated from the monomer conversions of DMDL and comonomer. gInsoluble polymer gel was generated.
hThe molecular weight was too low to accurately determine the Mn and D̵ values using GPC. iThe molecular weight was too low to collect the
entire polymer (oligomer).

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.4c01638
Macromolecules 2024, 57, 8983−8997

8987

https://pubs.acs.org/doi/10.1021/acs.macromol.4c01638?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01638?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01638?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01638?fig=fig4&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c01638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


chain) and a DMDL-rich sequence (end segment of the
chain), forming a gradient copolymer because of the
significantly different reactivities of MMA and DMDL. The
evolution of the FDMDL value vs the overall monomer
conversion is given in Figure S2 in Supporting Information.
Figure 4b shows the plots of Mn and D̵ vs the overall monomer
conversion of MMA and DMDL. The Mn value increased with
an increase in the overall monomer conversion. The D̵ value
was relatively low (∼1.5) up to approximately 40% overall
monomer conversion and increased to 2.01 at 76% overall
monomer conversion (for 24 h). The large D̵ value would be
ascribed to the actual broad molecular weight distribution and
might also be partly ascribed to variation in the monomer
composition (different hydrodynamic volumes or swelling)
among the generated polymer chains. The copolymerization
with HEMA, which is a functional methacrylate with a
hydroxyl group, yielded a PHEMA-r-PDMDL (Mn = 21000, D̵
= 2.01, and FDMDL = 44%) with an 89% overall monomer
conversion for 24 h (Table 2, entry 2 and Figure S3 in

Supporting Information), where PHEMA is poly(2-hydrox-
yethyl methacrylate). Thus, we obtained gradient copolymers
of DMDL and methacrylates at relatively high overall
monomer conversions (76−89%), although the D̵ values
were relatively large (approximately 2.0). The increase in the D̵
value with an increase in the overall monomer conversion
would be ascribed to an inefficient exchange (an inefficient
RAFT) of DMDL-terminal dormant species with a meth-
acrylate-terminal propagating radical. The dormant state is
prolonged for DMDL-terminal dormant species, and hence
DMDL-terminal dormant species is gradually accumulated
over time (at different chain lengths), which would broaden
the molecular weight distribution.
The copolymerization with BA, which is another family of

monomers (acrylate), yielded a PBA-r-PDMDL (Mn = 12000,
D̵ = 1.39, and FDMDL = 44%) with an 89% overall monomer
conversion (Table 2, entry 3), where PBA is poly(butyl
acrylate). Similar to MMA (methacrylate), the comonomer BA
was consumed faster than DMDL (Figure 5a). The monomer

Figure 5. Plots of (a) monomer conversion vs. time (t) and (b) Mn and Mw/Mn vs overall monomer conversion for the BA/DMDL/CDPA/AIBN
system (70 °C) (Table 2, entry 3): [BA]0/[DMDL]0/[CDPA]0/[AIBN]0 = 50/50/1/0.2 (equiv). Plots of (c) monomer conversion vs time (t) and
(d) Mn and Mw/Mn vs overall monomer conversion for the NIPAm/DMDL/CDPA/AIBN system (70 °C) (Table 2, entry 8): [NIPAm]0/
[DMDL]0/[CDPA]0/[AIBN]0 = 50/50/1/0.2 (equiv). The symbols are indicated in the figure. In (b,d), the overall monomer conversion is
(conversion of DMDL) × 0.5 + (conversion of comonomer) × 0.5.
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reactivity ratios of BA and DMDL are rBA = 0.83 and rDMDL =
0.03, while those of MMA and DMDL are rMMA = 4.60 and
rDMDL = close to zero.

25 These values mean that the BA/
DMDL system (rBA = 0.83) has a more alternating tendency
than the MMA/DMDL system (rMMA = 4.60). Thus, the BA/
DMDL system would tend to generate a gradient copolymer
but with a more randomly distributed monomer sequence. The
Mn value increased with an increase in the overall monomer
conversion, and the D̵ value was relatively low (1.15−1.39)
throughout the polymerization up to an 89% overall monomer
conversion (Figure 5b). Copolymerizations with functional
acrylates, i.e., BzA with a benzyl group, MEA with a
methoxyethyl group, and HEA with a hydroxyl group, also
yielded relatively low-dispersity random (gradient) copolymers
with Mn = 8400−11000, D̵ = 1.34−1.47, and FDMDL = 42−50%
with 87−100% overall monomer conversions for 24 h (Table
2, entries 4−6 and Figures S4−S6 in Supporting Information).
Similar to the acrylates, the copolymerization with NIPAm,

which is another family of MAM, yielded a low-dispersity
random (gradient) copolymer with Mn = 14000, D̵ = 1.32, and
FDMDL = 40% with an 84% overall monomer conversion (Table
2, entry 8, and Figure 5c,d). Thus, we obtained (relatively)
low-dispersity copolymers using BA, functional acrylates, and a
functional AAm. We also studied nonprotected AA (AA with a
carboxylic acid) and AAm (AAm with an amide) (Table 2,
entries 7 and 9). For AA, no polymerization occurred. Several
unknown peaks appeared in the 1H NMR spectrum after the
reaction (Figure S7 in Supporting Information), suggesting the
occurrence of side reactions (degradation of DMDL), although
exact side reactions are unclear at this moment. For AAm, an
insoluble polymer gel was generated (insoluble in N,N-
dimethylformamide (DMF), tetrahydrofuran (THF), dichloro-
methane, and acetone).
We studied the copolymerization with VAc, which is a

member of the family of LAM (Table 1, entry 10). VAc was
still consumed faster than DMDL (Figure 6a). The VAc/

Figure 6. Plots of (a) monomer conversion vs. time (t) and (b) Mn and Mw/Mn vs. overall monomer conversion for the VAc/DMDL/ECP/AIBN
system (70 °C) (Table 2, entry 10): [VAc]0/[DMDL]0/[ECP]0/[AIBN]0 = 50/50/1/0.2 (equiv). Plots of (c) monomer conversion vs. time (t)
and (d) Mn and Mw/Mn vs overall monomer conversion for the VP/DMDL/ECP/AIBN system (70 °C) (Table 2, entry 11): [VP]0/[DMDL]0/
[ECP]0/[AIBN]0 = 50/50/1/0.2 (equiv). The symbols are indicated in the figure. In (b,d), the overall monomer conversion is (conversion of
DMDL) × 0.5 + (conversion of comonomer) × 0.5.
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DMDL system has rVAc = 1.65 and rDMDL = 0.29.
25 The

product of rVAc and rDMDL (1.65 × 0.29 = 0.48) is closer to 1,
suggesting that the monomer sequence is more random in the
VAc/DMDL system than in the MMA/DMDL and BA/
DMDL systems. Also, the rDMDL value (0.29) is not nearly zero
in the VAc system in contrast to the MMA and BA systems
(nearly zero and 0.03), meaning that the DMDL terminal
radical can react with DMDL to more extents in the VAc
system for generating a consecutive DMDL−DMDL monomer
unit sequence. The Mn value increased with an increase in the
overall monomer conversion, and the D̵ value was low (1.13−
1.23) up to an 80% overall monomer conversion (Figure 6b).
Similarly, the copolymerization with VP, which is another
family of LAM, yielded a low-dispersity copolymer with Mn =
3400, D̵ = 1.19, and FDMDL = 36% for 24 h (Table 2, entry 11
and Figure 6c,d), although the polymerization was relatively
slow (42% overall monomer conversion for 24 h).
For CTA, instead of ECP, we also used CDPA in the

copolymerization of the two LAMs (VAc and VP). For the
VAc/DMDL system, the use of CDPA (Table 1, entry 12 and
Figure S8 in Supporting Information) resulted in a smaller
molecular weight and a larger dispersity than the use of ECP,
probably because the radical generated from CDPA is more
stable than that from ECP and underwent propagation in a less
efficient manner (and would tend to undergo radical−radical
termination). Probably for the same reason, the use of CDPA
in the VP/DMDL system also resulted in an inefficient
polymerization, generating only oligomers (Mn < 1000) (Table
1, entry 13).
We also studied the MMA/DMDL and VAc/DMDL

systems at varied DMDL feed monomer compositions
( f DMDL) of 10−90% at 70 °C for 24 h (Table 3 and Figures
S9−S18 in Supporting Information). MMA and VAc were
chosen as representative MAM and LAM, respectively. In the
MMA/DMDL system, while the conversion of MMA was close
to 100% (97−100%) at all studied f DMDL values, that of

DMDL ranged from 29 to 61% (Table 3, entries 1−5). The
FDMDL value increased from 3 to 78% with an increase in the
f DMDL value. The D̵ value (1.31, 2.01) was relatively large. In
the VAc/DMDL system, the conversions of both VAc (94−
100%) and DMDL (53−73%) were high, and the D̵ value
(1.23−1.36) was relatively small at all studied f DMDL values
(Table 3, entries 6−10) because of the closer reactivities of
DMDL and VAc. (The smaller D̵ value in the VAc/DMDL
system would be ascribed to the actual narrower molecular
weight distribution but might also be partly ascribed to a
possibly less variation in the monomer composition (less
variation in monomer composition-dependent hydrodynamic
volume) among the generated polymer chains.) The FDMDL
value increased from 7 to 83% with an increase in the f DMDL
value. Figure 7 shows the plot of FDMDL vs f DMDL in the MMA/
DMDL and VAc/DMDL systems (Table 3), showing a nearly
linear relation of FDMDL to f DMDL for both systems.
Block Polymerizations. To obtain a well-defined block

copolymer, monomer addition order is crucial in RAFT
polymerization.46 In the RAFT process, from an intermediate
radical, a more stabilized propagating radical is fragmented.
Hence, the first monomer should be chosen to generate a more
stabilized radical in comparison to the second monomer. We
synthesized block copolymers using VAc and VP for the first
block and DMDL for the second block (Figure 8a and 8b and
Table 4, entries 1 and 2). The propagating radicals from the
PVAc and PVP macro-chain-transfer agent (macro-CTA) are
more stable than that of PDMDL and efficiently underwent
fragmentation from the intermediate radical, resulting in chain
extension, where PVAc and PVP are poly(vinyl acetate) and
poly(vinylpyrrolidone), respectively. The Mn value increased
from 6700 to 13000 for the VAc/DMDL system and from
6800 to 9000 for the VP/DMDL system (Table 4, entries 1
and 2). The GPC chromatograms (Figure 8a,b) smoothly
shifted to the high molecular weight side, suggesting that a
large amount of the macro-CTA extended. We also attempted

Table 3. Random Copolymerizations of DMDL with MMA and VAc at Varied Feed Monomer Compositions

entry
comonomer
(M) CTA

[M]0/[DMDL]0/[CTA]0/[AIBN]0
a

(equiv) T (°C) t (h)
conv.b (M/DMDL)

(%/%)
overall conv.c

(%)
Mn

d

(Mn,theo
e) D̵d

FDMDL
(%)f

1 MMA CDPA 90/10/1/0.2 70 24 97/29 90 11000
(9500)

1.31 3

2 MMA CDPA 70/30/1/0.2 70 24 100/61 88 12000
(9700)

1.81 21

3 MMA CDPA 50/50/1/0.2 70 24 100/52 76 13000
(8700)

2.01 34

4 MMA CDPA 30/70/1/0.2 70 24 100/47 63 17000
(7600)

1.58 52

5 MMA CDPA 10/90/1/0.2 70 24 100/40 46 19000
(6000)

1.68 78

6 VAc ECP 90/10/1/0.2 70 24 94/66 91 5700
(8300)

1.36 7

7 VAc ECP 70/30/1/0.2 70 24 100/68 90 5500
(8900)

1.32 23

8 VAc ECP 50/50/1/0.2 70 24 100/60 80 5100
(8400)

1.23 38

9 VAc ECP 30/70/1/0.2 70 24 100/73 81 4900
(9300)

1.30 63

10 VAc ECP 10/90/1/0.2 70 24 100/53 58 4800
(7200)

1.33 83

aSolution polymerization in DMF (70 wt %) with 30 wt % of monomers in total. bMonomer conversions of comonomer (M) and DMDL
determined with 1H NMR. cOverall monomer conversion of the two monomers calculated according to (conversion of DMDL) × (initial fraction
of DMDL) + (conversion of comonomer) × (initial fraction of comonomer). dPMMA-calibrated GPC values (DMF eluent). eTheoretical Mn
calculated according to ([monomers]0/[CTA]0) × (monomer conversion) × (molecular weight of monomer) + (molecular weight of CTA).
fFraction of DMDL calculated from the monomer conversions (monomer consumption) of DMDL and comonomer.
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to use MMA and NIPAm (MAMs) instead of VAc and VP
(LAMs) for the first block. However, the propagating radical
from macro-CTA was too stable to efficiently initiate the
polymerization of DMDL, resulting in inefficient block
polymerization. In order to obtain a block copolymer
containing a MAM comonomer, we used a BA/DMDL
random copolymer (PBA-r-PDMDL) as macro-CTA (first
block segment) to extend DMDL (second block segment)
because the random copolymer macro-CTA would contain
DMDL as a terminal monomer unit to a certain extent, which

would facilitate the propagation (the addition of the macro-
CTA propagating radical) to DMDL to form the second block
PDMDL segment. The GPC chromatogram (Figure 8c)
slightly shifted to the high molecular weight side, and the Mn
value increased from 10000 to 12000 (Table 4, entry 3). The
only slight shift would suggest a limitation in the use of the
MAM monomer in macro-CTA in the present system.
We also studied a chain extension from a PDMDL macro-

CTA to extend DMDL. The GPC chromatogram (Figure 8d)
showed that a majority of the PDMDL macro-CTA extended
to the high molecular weight side and the Mn value increased
from 3800 to 4500 (Table 4, entry 4), confirming that the
DMDL terminal unit in the macro-CTA can efficiently initiate
the polymerization of DMDL.
We carried out peak resolution of the GPC chromatograms

(Figure S19 in Supporting Information) and 1H NMR analysis
(Figure S20 in Supporting Information) to estimate how much
of the macro-CTA extended. The results showed that the block
efficiency was relatively high at least for the PVAc, PVP, and
PDMDL macro-CTA systems (Table 4, entries 1, 2, and 4, and
Figure 8).
Degradation of Homopolymers and Random Copoly-

mers of DMDL. We studied the base (NaOH)-assisted
degradation of homopolymers and random copolymers
synthesized via RAFT polymerization (Table 5). The syntheses
of these polymers are given in Table S1 and Supporting
Information.
To study the degradation, we dissolved a polymer (8 wt %)

in dimethyl sulfoxide (DMSO) (92 wt %), and to this solution
(4.8 g), we added an aqueous NaOH solution (0.5 g for
homopolymers and 0.2 g for random copolymers) (NaOH/
water = 29/71 wt %) and then stirred the mixture at room
temperature for 24 h (Table 5). We used DMSO as a solvent
because DMSO can dissolve both hydrophobic and hydro-
philic polymers. We used an excess of NaOH (1.1−2.7 equiv

Figure 7. Plot of DMDL polymer composition (FDMDL) vs DMDL
feed monomer composition ( f DMDL) for the MMA/DMDL/CDPA/
AIBN (Table 3, entries 1−5) and VAc/DMDL/ECP/AIBN (Table 3,
entries 6−10) systems at varied f DMDL values (70 °C): [comonomer]0
= 90−10 equiv; [DMDL]0 = 90−10 equiv; [CDPA or ECP]0 = 1
equiv; [AIBN]0 = 0.2 equiv. The symbols are indicated in the figure.
The FDMDL value was calculated from the monomer conversions
(monomer consumption) of DMDL and comonomer (MMA or
VAc).

Figure 8. GPC chromatograms in block polymerizations of (a) PVAc macro-CTA (first block) with DMDL (second block), (b) PVP macro-CTA
(first block) with DMDL (second block), and (c) PBA-r-PDMDL macro-CTA (first block) with DMDL (second block) and (d) chain extension of
PDMDL macro-CTA (first block) with DMDL (second block). The blue dashed lines show macro-CTA, and the red solid lines show (a−c) block
copolymers and (d) chain-extended PDMDL homopolymer. The reaction conditions for (a−d) are given in Table 4, entries 1−4, respectively.
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to the DMDL unit in the polymer) to ensure complete
degradation.
We first studied the degradation of the PDMDL

homopolymers synthesized via conventional radical polymer-
ization and RAFT polymerization (Table 5, entries 1 and 2). In
both cases, the polymer rapidly degraded, showing nearly
100% degradation after 1 h from the addition of the NaOH
solution (Figure S21 in Supporting Information). The result
suggests that the use of a RAFT agent has virtually no effect on
the ability of PDMDL to degrade in this degradation
condition.
Figure 9 illustrates how random (gradient) copolymers can

degrade. As mentioned above, RAFT random copolymeriza-
tion yields gradient copolymer chains with a sequential change
from a comonomer-rich sequence (initial segment of the
chain) to a DMDL-rich sequence (end segment of the chain).
Thus, degradation of the gradient copolymer would generate
oligomers with varied sizes from relatively large sizes (initial
segment of the polymer) to relatively small sizes (end segment
of the polymer).
For the random (gradient) copolymers, Figure 10 shows the

GPC chromatograms and the plot of the GPC peak-top
molecular weight (Mp) value vs the degradation time. We used
the Mp value instead of the Mn value because the GPC
chromatogram had a significant tailing to the low molecular
weight side after degradation (because of the formation of

oligomers with small sizes) and it was difficult to set a baseline
for determining the Mn value. For the MMA/DMDL
copolymer (Table 5, entry 3, and Figure 10a), the Mp value
decayed from 41000 (original) to 16000 after 4 h degradation
and 13000 after 24 h degradation. As mentioned, backbone
cleavage can occur when two units of DMDL are successively
present side by side. Hence, the comonomer-rich (MMA-rich)
segment tended to be retained during the degradation, and the
DMDL-rich sequence tended to significantly degrade. Thus,
the observed Mp value would mainly correspond to oligomers
with relatively large sizes originated from the MMA-rich
segment. In general, comparing among the same (methacry-
late) family of comonomers, the degradability might depend
on the hydrophilicity of the comonomer. Hydrophilic
copolymers are more soluble in water (hence they can more
readily contact NaOH) than hydrophobic copolymers and
hence might degrade faster. Nevertheless, the MMA/DMDL
copolymer degraded relatively rapidly despite its hydro-
phobicity, suggesting that hydrophilic methacrylate copolymers
may degrade even faster, but both hydrophobic and hydro-
philic methacrylate copolymers may degrade sufficiently fast
for the methacrylate/DMDL copolymers.
The NIPAm/DMDL copolymer (Table 5, entry 4, and

Figure 10b) degraded similarly, and theMp value decayed from
22000 (original) to 11000 after 4 h degradation and 6900 after
24 h degradation. The VP/DMDL copolymer (Table 5, entry

Table 4. Block Polymerizations (Entries 1−3) and Chain Extension (Entry 4) Using DMDL

entry
first

monomer
second
monomer CTAa

[monomer]0/[CTA]0/[AIBN]0
b

(equiv) T (°C) t (h)
conv.c
(%) Mn

d (Mn,theo
e) D̵d

1 VAc ECP 100/1/0.2 70 24 98 6700 (8700) 1.35
DMDL PVAc−X 200/1/0.2 70 24 43 13,000 (20000) 1.62

2 VP ECP 100/1/0.2 70 24 33 6800 (3900) 1.61
DMDL PVP−X 100/1/0.2 70 24 56 9000 (11000) 1.31

3 BA/DMDLf CDPA 50/50/1/0.2 70 24 100/87 10000 (12400) 1.18
DMDL PBA-r-PDMDL−X 100/1/0.2 70 24 27 12000 (15900) 1.19

4 DMDL ECP 50/1/0.2 70 24 65 3800 (4400) 1.09
DMDL PDMDL−X 100/1/0.2 70 24 35 4500 (8900) 1.08

aX = S(C = S)OC2H5. bSolution polymerization in DMF (70 wt %) with 30 wt % of monomers in total. cMonomer conversion determined with
1H NMR. dPMMA-calibrated GPC values (DMF eluent). The Mn and D̵ values for the first block (macro-CTA) are those after purification. The
Mn and D̵ values for the block copolymers (entries 1−3) and chain-extended polymer (entry 4) are those before purification. eTheoretical Mn
calculated according to ([monomer]0/[CTA]0) × (monomer conversion) × (molecular weight of monomer) + (molecular weight of CTA) for the
first block and ([DMDL]0/[macro-CTA]0) × (DMDL conversion) × (molecular weight of DMDL) + (theoretical molecular weight of macro-
CTA) for the second block. fRandom copolymerization.

Table 5. Degradation of Homopolymers and Random (Gradient) Copolymers of DMDL

before degradation after degradation for 24 h

entry polymera Mn
b D̵b Mp

b,c FDMDL
d (%) Mp

b,c

1 PDMDL (RAFT polymerization using ECP) 9600 1.28 12000 100
2 PDMDL (conventional radical polymerization) 14000 1.41 18000 100
3 PMMA-r-PDMDL 22000 1.81 41000 18 13000
4 PNIPAm-r-PDMDL 17000 1.27 22000 43 6900
5 PVAc-r-PDMDL 6700 1.27 7500 36 80000
6 PVP-r-PDMDL 4400 1.23 4700 23 3100

aThe synthetic conditions of the polymers are given in Table S1 in Supporting Information. bPMMA-calibrated GPC values using DMF eluent.
cGPC peak-top molecular weight. dFraction of DMDL in the copolymer (after purification) determined by 1H NMR.

Figure 9. Illustration of degradation of random (gradient) copolymer. The backbone cleavage occurs only at a point where two (or more) DMDL
monomer units are successively sequenced and will not occur at a point where only one DMDL unit is present along the chain.
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6, and Figure 10d) degraded to a lesser extent. The Mp value
decayed from 4700 (original) to 3400 after 4 h of degradation
and 3100 after 4 h of degradation. The lesser extent of the
degradation is partly ascribed to the relatively small FDMDL
(=23%) value of the VP/DMDL copolymer, which is however
still a similar value to that (=18%) of the MMA/DMDL
copolymer that more significantly degraded (Table 5, entry 3,

and Figure 10a). The exact reason for the lower degradation of
the VP/DMDL copolymer is not clear at this moment.
For the VAc/DMDL copolymer (Table 5, entry 5, and

Figure 10c), the Mp value apparently increased from 7500
(original) to 54000 after 4 h degradation and 80000 after 24 h
degradation. The VAc units in the copolymer underwent
hydrolysis under basic (high pH) conditions, generating
hydroxyl groups on the polymer chain. The generated hydroxyl

Figure 10. GPC chromatograms and plots of GPC peak-top molecular weight (Mp) vs degradation time for base-assisted degradation of (a) MMA/
DMDL, (b) NIPAm/DMDL, (c) VAc/DMDL, and (d) VP/DMDL random (gradient) copolymers. A solution (4.8 g) of a polymer (8 wt %) and
DMSO (92 wt %) was mixed with an aqueous NaOH solution (0.2 g) (NaOH/water = 29/71 wt %).
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groups seemed to form strong hydrogen bonds among the
hydroxyl groups, which would result in intermolecular
association of the degraded oligomers. The backbone
degradation of the original copolymer would occur, but the
intermolecular association of the degraded oligomers would
give the apparent increase in the Mp value.
As observed for the VAc copolymer (Figure 10c and Table

5, entry 5), hydrolysis may significantly occur for the acrylate
copolymer at the side chain. Hence, we did not study the
degradation of the acrylate copolymer. Hydrolysis may also
occur for the methacrylate copolymer at the side chain
particularly at an elevated temperature, although a meth-
acrylate unit is much less hydrolyzable than an acrylate unit,59

and we also studied the degradation at room temperature. To
study possible hydrolysis, we analyzed the degraded oligomer
from PMMA-r-PDMDL using 1H NMR (Figure S22 in
Supporting Information). The result showed no significant
hydrolysis of the side chain of the MMA monomer unit,
suggesting that the observed decrease in the Mn value (Figure
10a and Table 5, entry 3) for the MMA/DMDL copolymer
was mainly ascribed to the cleavage of the DMDL monomer
units in the backbone chain. The side chains in the NIPAM
and VP units are amides, which are even less hydrolyzable than
the ester in the MMA unit. Thus, the increase in the Mp value
(Figure 10c) would be specific to the VAc/DMDL copolymer
due to the readily hydrolyzable side group in the VAc unit.

Table 6. Random Copolymerizations of DMDL with VP or BA

before purification after purification

entry
comonomer
(M) CTA

[M]0/[DMDL]0/[CTA]0/[AIBN]0
a

(equiv) T (°C) t (h)

conv.b
(M/DMDL)
(%/%)

Mn
c

(Mn,theo
d) D̵c Mn

c,f D̵c
FDMDL
(%)e,f

1 VP ECP 70/30/1/0.2 70 24 74/100 10000
(9800)

1.28 9800 1.24 12

2 VP ECP 30/70/1/0.2 70 24 81/70 10000
(9200)

1.30 10000 1.23 27

C1 BA CDPA 70/30/1/0.2 70 24 100/79 10000
(12000)

1.42 9600 1.35 24

aSolution polymerization in DMF (70 wt %) with 30 wt % of monomers in total. bMonomer conversions of comonomer (M) and DMDL
determined with 1H NMR. cPMMA-calibrated GPC values (DMF eluent). dTheoretical Mn calculated according to ([monomers]0/[CTA]0) ×
(monomer conversion) × (molecular weight of monomer) + (molecular weight of CTA). eFraction of DMDL determined with 1H NMR. fThe
FDMDL values after purification (determined with 1H NMR) were somewhat smaller than those before purification (calculated from the monomer
conversions (monomer consumption) of DMDL and comonomer), probably because DMDL-richer polymers tended to dissolve in the
reprecipitation (purification) solvent (1/1 hexane/diethyl ether for entries 1 and 2 and 9/1 methanol/water for entry C1) and be removed from
the purified polymers. The Mn values after purification (reprecipitation) were slightly smaller than those before purification, also probably because
DMDL-richer polymers tended to be removed.

Figure 11. TEM images and DLS curves of self-assemblies of VP/DMDL gradient copolymers with (a) Mn = 9800, D̵ = 1.24, and FDMDL = 12%
(Table 6, entry 1) and (b) Mn = 10,000, D̵ = 1.23, and FDMDL = 27% (Table 6, entry 2). In the DLS curves, the solid lines show the assemblies
before the addition of the aqueous NaOH solution, and the dashed lines show no assemblies retained after the addition of the aqueous NaOH
solution.
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We also studied the degradation of a copolymer under acidic
conditions. We dissolved PNIPAm-r-PDMDL (Table 5, entry
4) (Mn = 17,000) (10 wt %) in a mixed solvent of DMSO
(79.5 wt %) and water (1.5 wt %) to which trifluoroacetic acid
(TFA) (9 wt %) was added. The mixture was stirred for 3 days
at 80 °C. TheMp value decreased from 22000 (before the TFA
treatment) to 6700 (after the TFA treatment) (Figure S23 in
Supporting Information), demonstrating the acid-catalyzed
degradation. A possible mechanism of the acid-catalyzed
degradation was previously discussed,25 but the exact
mechanism is still unclear at this moment.
Application for Creation of Degradable Self-Assem-

blies. An advantage of RAFT random copolymerization of
DMDL is the generation of gradient copolymers owing to the
different reactivities of DMDL and comonomers. Such
gradient copolymers with a DMDL-rich segment and a
comonomer-rich segment may offer similar properties to
those of block copolymers.39,40 The synthesis of gradient
copolymers requires only a single polymerization (single step),
which is advantageous over the synthesis of block copolymers,
which requires two polymerizations (two steps). In the present
work, we synthesized VP/DMDL gradient copolymers. The
polymers are amphiphilic, and we used them to generate self-
assemblies (micelles and vesicles)30,47−58 in water.
We carried out random copolymerizations of VP and

DMDL via RAFT polymerization and obtained gradient
copolymers with two different FDMDL values (=12% and
27%) (Table 6). The obtained gradient copolymer (1 wt %)
was dissolved in THF (9 wt %), which was dropped in water
(90 wt %) to form a self-assembly. A droplet of the mixture
was cast on a copper grid, dried, and analyzed using
transmission electron microscopy (TEM). A VP/DMDL
gradient copolymer with Mn = 9800, D̵ = 1.24, and FDMDL =
12% (Table 6, entry 1) formed a micelle, as the TEM image
shows (Figures 11a and S24a in Supporting Information). The
mixture was also 10 times diluted with water and analyzed with
dynamic light scattering (DLS). The hydrodynamic size (DLS
peak top) of the assembly in water was 29 nm (Figure 11a). A
VP/DMDL gradient with Mn = 10,000, D̵ = 1.23, and FDMDL =
27% (Table 6, entry 2) formed a vesicle, as observed with
TEM, although the exact internal structure of the vesicle
(entire cavity or possible inclusion of smaller assemblies in the
vesicle) is unclear from the obtained TEM image. The
hydrodynamic size (DLS peak top) of the assembly in water
was 176 nm (Figures 11b and S24b in Supporting
Information). As a comparison experiment, we also synthe-
sized a BA/DMDL gradient copolymer with Mn = 9600, D̵ =
1.35, and FDMDL = 24% (Table 6, entry C1). Because both BA
and DMDL are hydrophobic, the obtained gradient copolymer
was hydrophobic. The polymer did not form a nanostructured
self-assembly in water but precipitated onto a wall of a glass
vial (Figure S25 in Supporting Information), confirming the
need for a combination of a hydrophilic comonomer (VP)
with DMDL to generate self-assemblies.
We degraded the obtained self-assemblies (micelles and

vesicles) under basic conditions (Figure 11). To the above-
obtained mixture (1.0 g) of assemblies (1 wt %), THF (9 wt
%), and water (90 wt %), 0.2 g of aqueous NaOH solution
(NaOH/water = 20/80 wt %) was added. The solution was
stirred at room temperature for 24 h. DLS analysis showed no
assemblies retained after the NaOH treatment for both the
micelle (Figure 11a (dashed line)) and the vesicle (Figure 11b
(dotted line)), demonstrating the degradation of the

assemblies under the basic conditions. To confirm that the
VP units did not degrade, we treated a PVP homopolymer in
the same degradation (aqueous NaOH) solution for 24 h. No
change was observed in the GPC chromatograms before and
after the treatment (Figure S26 in Supporting Information),
suggesting that the VP units did not degrade by the NaOH
treatment and that the observed degradation of the self-
assemblies was ascribed to the degradation of the DMDL-
containing sequence.
As comparison experiments, we also dispersed PDMDL

homopolymer, PVP-r-PDMDL, and PVP-b-PDMDL in neutral
water and observed no degradation after 24 h of stirring
(Figure S27 in Supporting Information), suggesting that the
DMDL units in the polymers are stable in water at a neutral
pH for 24 h.

■ CONCLUSIONS
Using RAFT polymerization, we synthesized homopolymers,
random (gradient) copolymers, and block copolymers of
DMDL with relatively low dispersities. Various hydrophobic
and hydrophilic monomers, including methacrylates, acrylates,
AAms, VAc, and VP, were amenable to copolymerization.
Because the studied comonomers were more reactive than
DMDL, the random copolymerization tended to yield gradient
copolymers, which are attainable via RAFT polymerization
(living radical polymerization) but not via conventional radical
polymerization. The obtained random (gradient) copolymers
degraded under basic conditions in relatively short times. As an
application, gradient copolymers with hydrophobic DMDL-
rich segments and hydrophilic VP-rich segments were used to
generate degradable micelles and vesicles, whose degradation
was also demonstrated. The synthesis of gradient copolymers
requires only a single-step polymerization, which is advanta-
geous over the synthesis of block copolymers, which requires
two polymerizations.
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