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radable and chemically recyclable
polymers using 4,4-disubstituted five-membered
cyclic ketene hemiacetal ester (CKHE) monomers†

Xin Yi Oh, Yicen Ge and Atsushi Goto *

Novel degradable and chemically recyclable polymers were synthesized using five-membered cyclic

ketene hemiacetal ester (CKHE) monomers. The studied monomers were 4,4-dimethyl-2-methylene-

1,3-dioxolan-5-one (DMDL) and 5-methyl-2-methylene-5-phenyl-1,3-dioxolan-4-one (PhDL). The two

monomers were synthesized in high yields (80–90%), which is an attractive feature. DMDL afforded its

homopolymer with a relatively high molecular weight (Mn >100 000, where Mn is the number-average

molecular weight). DMDL and PhDL were copolymerized with various families of vinyl monomers, i.e.,

methacrylates, acrylates, styrene, acrylonitrile, vinyl pyrrolidinone, and acrylamide, and various functional

methacrylates and acrylate. Such a wide scope of the accessible polymers is highly useful for material

design. The obtained homopolymers and random copolymers of DMDL degraded in basic conditions (in

the presence of a hydroxide or an amine) at relatively mild temperatures (room temperature to 65 �C).
The degradation of the DMDL homopolymer generated 2-hydroxyisobutyric acid (HIBA). The generated

HIBA was recovered and used as an ingredient to re-synthesize DMDL monomer, and this monomer was

further used to re-synthesize the DMDL polymer, demonstrating the chemical recycling of the DMDL

polymer. Such degradability and chemical recyclability of the DMDL polymer may contribute to the

circular materials economy.
Introduction

Degradable polymers nd numerous applications in, e.g., drug
delivery, packaging, and agriculture elds.1–9 In the eld of
radical polymerization, degradable polymers are prepared via
radical ring-opening polymerization of cyclic ketene acetals
(CKAs),10–14 for example, gaining signicant attention. Examples
of CKA are 2-methylene-1,3-dioxepane (MDO),15–23 5,6-benzo-2-
methylene-1,3-dioxepane (BMDO),24–26 and 2-methylene-4-
phenyl-1,3-dioxolane (MPDL)27–30 (Scheme 1). CKAs are homo-
polymerized and co-polymerized with other vinyl monomers,
affording degradable ester linkages in the polymer backbones.
Mechanistically (Scheme 1), the radical addition to the carbon–
carbon double bond of CKA generates a ring-retained radical.
The subsequent intramolecular fragmentation (ring opening)
generates a ring-opened radical and provides a degradable ester
linkage in the backbone. MDO and BMDO are seven-membered
ring, and the ring strain would promote the ring opening.
BMDO and MPDL produce benzylic ring-opened radicals, and
the stabilization of the radical by the phenyl group would
try, School of Physical & Mathematical

, 21 Nanyang Link, Singapore 637371,

tion (ESI) available. See DOI:

3556
promote the ring opening. The obtained homopolymers and
copolymers have been exploited for applications in, e.g., pack-
aging, agrochemical, personal care, and biomedical
applications.10–13

In the present work, we are motivated to use cyclic ketene
hemiacetal esters (CKHEs) (Scheme 2) as alternatives to CKAs. A
Scheme 1 CKA monomers and their possible polymerization
mechanisms.
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Scheme 2 CKHE monomers and their possible polymerization
mechanisms.
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CKHE bears a carbonyl group, while a CKA does not. We choose
4,4-disubstituted ve-membered CKHEs, i.e., 4,4-dimethyl-2-
methylene-1,3-dioxolan-5-one (DMDL) and 5-methyl-2-
methylene-5-phenyl-1,3-dioxolan-4-one (PhDL) (Scheme 2). If
their ring opening occurs (Scheme 2), a relatively stable
polymethacrylate-like radical (a tertiary radical with an ester
group and two alkyl groups) is generated. Hence, we hypothe-
size that the polymerizations of these monomers would prefer
ring opening and provide polymers with anhydride degradable
linkages in the backbone, which is our initial motivation,
although this hypothesis is found to be incorrect as described
below.

To the best of our knowledge, there is one report of radical
polymerization of a CKHE. The studied CKHE was a six-
membered CKHE, i.e., 2-methylene-4H-benzo[d][1,3]dioxin-4-
one (MBDO (Scheme 2)).31 MBDO yielded polymers with ring-
retained structures, possibly because its ring-opened radical is
a phenyl radical, which is unlikely to generate. The homopol-
ymer of MBDO was insoluble in most of common organic
solvents. MBDO was copolymerized with vinyl acetate (VAc),
yielding soluble random copolymers. Interestingly, the ob-
tained polymers degraded via acid-assisted hydrolysis. Aer 5
days of the hydrolysis, only small molecules were detected. The
authors suggested the backbone (main chain) scission of the
polymers. The nuclear magnetic resonance (NMR) analysis
showed that the polymers degraded to acetic acid and salicylic
acid, which are raw ingredients of MBDO. Therefore, the
authors suggested that the polymers are potentially recyclable,
although the recycling was not demonstrated experimentally.
These results are interesting ndings.

In the present paper, we report the use of DMDL and PhDL as
CKHEs to synthesize their homopolymers and random copoly-
mers with several co-monomers. DMDL and PhDL are 4,4-
disubstituted ve-membered CKHEs bearing twomethyl groups
(DMDL) or a phenyl group and a methyl group (PhDL) at the 4-
© 2021 The Author(s). Published by the Royal Society of Chemistry
position. Unlike the previously reported MBDO, DMDL was able
to generate homopolymers soluble in common organic
solvents. DMDL and PhDL were also able to be copolymerized
with a range of co-monomers. Mechanistically, contrary to our
initial hypothesis, DMDL and PhDL generated polymers with
ring-retained structures (Scheme 2) like MBDO, meaning that
the activation energy for generating the ring-opened radical is
still high for DMDL and PhDL. Nevertheless, despite the ring-
retained structure, the PDMDL homopolymers and copoly-
mers degraded via the backbone scission in basic conditions,
where PDMDL is poly(4,4-dimethyl-2-methylene-1,3-dioxolan-5-
one). Importantly, NaOH-assisted degradation of PDMDL
homopolymers generated 2-hydroxyisobutyric acid (HIBA),
which is a raw ingredient of DMDL (Scheme 3). We recovered
HIBA to synthesize the DMDL monomer and PDMDL, demon-
strating the recycling of PDMDL (Scheme 3). In this recycling,
four of the six carbons of DMDL are recycled via HIBA (four
carbons). Thus, the polymers serve as (partly) recyclable poly-
mers. Markedly, the degradation of our polymers does not
generate mere CO2 but generates their raw ingredient. This type
of polymers are classied to chemically recyclable polymers that
can degrade into their raw ingredients or useful oligomers to
build other new polymeric materials.2 Chemically recyclable
polymers are attractive in sustainability and may provide more
economic values compared with polymers that can degrade into
mere CO2.
Results and discussion
Synthesis of DMDL and PhDL

DMDL was previously synthesized in the eld of synthetic
organic chemistry32 but has not been utilized in polymerization.
According to the literature,32 we synthesized DMDL via an
intramolecular cyclization of commercially available compound
3 (R1 ¼ CH3 in Scheme 3) (1 equiv.) using triethylamine (TEA)
(1.2 equiv.) in dichloromethane under reux for 5 h. The
conversion determined with 1H NMR was nearly 100%. There
was no report for the synthesis of PhDL. We synthesized PhDL
from commercially available compound 1 (R1¼ Ph in Scheme 3)
by referring to the synthesis of a similar compound.33,34 The
compound 1 (1 equiv.) was reacted with acetyl chloride (2.8
equiv.) in dichloromethane under reux for 2 h, giving
compound 2 (R1 ¼ Ph in Scheme 3) in a 96% yield aer puri-
cation (recrystallization). The puried compound 2 (1 equiv.)
was subsequently reacted with oxalyl chloride (1.1 equiv.) in
a mixture of dichloromethane (99%) and dimethyl formamide
(1%) at room temperature overnight, giving compound 3 (R1 ¼
Ph in Scheme 3) in a 99% conversion (as determined with 1H
NMR). The crude compound 3 (1 equiv.) was used for its
intramolecular cyclization in the presence of TEA (4.7 equiv.) in
dichloromethane under reux for 2 h, yielding PhDL (Fig. S1
and S2 in ESI†). Both DMDL and PhDL were puried by distil-
lation, and we obtained pure DMDL and PhDL in 80% and 90%
yields (based on the amount of compound 3), respectively. The
high yields of these two monomers are attractive features in
practical use.
Chem. Sci., 2021, 12, 13546–13556 | 13547
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Scheme 3 Synthesis of monomer, polymerization, hydroxide-assisted degradation of polymer, and recycle of HIBA.
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In a synthetic point of view, the 4-position of compound 3
must be di-substituted. If the 4-position is not di-substituted
(but mono-substituted or non-substituted), the compound 3 is
unstable, spontaneously generating an undesired compound (a
ketene).35 This requirement is also another reason why we
studied 4,4-disubstituted DMDL and PhDL. The stability of the
DMDL monomer (8.9 wt%) was studied in DMSO-d6 (89.3 wt)
under moisture (1.8 wt% water) at room temperature. DMDL
decomposed to form compound 2 (Scheme 3) via hydrolysis
(Fig. S3 in ESI†). The extent of the DMDL hydrolysis was 5%,
11%, and 64% for 0.5 h, 12 h, and 4 days, respectively (ESI).
Homopolymerizations of DMDL and PhDL

We conducted a homopolymerization of DMDL (100 equiv.,
50 wt%) using 2,20-azoisobutyronitrile (AIBN) (1 equiv.) as
a radical initiator in toluene (50 wt%) at 70 �C for 12 h (Table 1,
entry 1). The monomer conversion reached 82% (as determined
with 1H NMR), yielding a PDMDL with Mn ¼ 10 300 and Đ (¼
Mw/Mn) ¼ 1.61, where Mn and Mw are the number- and weight-
average molecular weights, respectively, and Đ is the dispersity.
The Mn and Đ values are not absolute values but PMMA-
calibrated GPC values, where PMMA is poly(methyl methacry-
late). The obtained PDMDL was soluble in organic solvents such
as chloroform, tetrahydrofuran, and dimethylsulfoxide. Fig. 1a
and b show the 1H NMR spectra (CDCl3) of DMDL (monomer)
and PDMDL (polymer) (aer purication via reprecipitation in
hexane/diethyl ether (1/1 (v/v)) (non-solvent)), respectively. The
vinyl protons (a) of DMDL appearing at 3.62 and 3.70 ppm were
converted to the backbone methylene protons (a0) of PDMDL
appearing at 2.17–3.25 ppm. For PDMDL (Fig. 1b), the integra-
tion ratio of methylene protons (a0) and dimethyl protons (b0)
was nearly 1 (a0) to 3 (b0), agreeing with the PDMDL structure.

As mentioned, there are two possible polymerization path-
ways, i.e., the ring-retaining and ring-opening pathways
(Scheme 2). Fig. 1c and d show the 13C NMR spectra (CDCl3) of
DMDL and PDMDL, respectively. Through the polymerization,
the vinyl carbon (b) of DMDL (Fig. 1c) appearing at 157 ppm can
be converted to the backbone quaternary carbon (b0) via the
ring-retaining pathway (Fig. 1d) or to a backbone anhydride
carbonyl carbon via the ring-opening pathway (Scheme 2). The
13C NMR spectrum of PDMDL (Fig. 1d) shows a clear signal for
the characteristic backbone quaternary carbon (b0) at 106 ppm,
meaning the occurrence of the ring-retaining pathway. The
signal of the ester carbonyl carbon (a) of DMDL appearing at
173 ppm (Fig. 1c) was only slightly sied to 174 ppm ((a0) in
Fig. 1d) in PDMDL, supporting the ring retention. If the ring-
opened structure was also formed, an additional signal for the
anhydride carbonyl carbon should have appeared, as anhydride
13548 | Chem. Sci., 2021, 12, 13546–13556
carbonyl carbons generally appear at 160–170 ppm.36 However,
we observed only one signal (for the ester carbonyl carbon for
the ring-retained structure) but did not observe other signals in
the region at 160–180 ppm, where any carbonyl carbons are to
appear. The result means that the obtained PDMDL predomi-
nantly contained the ring-retained monomer units and that the
ring-opened monomer units were minor units if any present. A
possible reason why the ring-opened radical was hardly gener-
ated (Scheme 2) is the presence of the trigonal carbonyl carbon
in CKHE (DMDL). The trigonal carbonyl carbon can make the
CKHE ring more planar than the CKA ring (without the trigonal
carbonyl carbon), and the planner conformation may enhance
the stabilization of the ring-retained radical.37

Instead of the solution polymerization in toluene (Table 1,
entry 1) (described above), we carried out a bulk polymerization
of DMDL (100 equiv.) using AIBN (0.5 equiv.) at 70 �C for 1.5 h
(Table 1, entry 2). The absolute monomer concentration
increased, and the viscosity of the polymerization solution
increased, suppressing radical–radical termination by the so-
called gel effect and yielding a higher molecular weight
PDMDL with Mn ¼ 104 000 and Đ ¼ 2.04 at a 79% monomer
conversion.

Despite the higher molecular weight, the polymer was still
soluble in organic solvents. We measured the glass transition
temperature (Tg), crystallization temperature (Tc), melting
temperature (Tm), and 50%-decomposition temperature (Td) of
this polymer (PDMDL) using differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA). The Tg, Tc, Tm,
and Td values were 41 �C, 117 �C, 186 �C, and 269 �C, respec-
tively (Fig. S4 in ESI†).

The homopolymerization of PhDL (using AIBN) did not
proceed at 70 �C. At an elevated temperature of 120 �C, the
homopolymerization of PhDL (using t-butyl peroxybenzoate
(TBPB)) slowly proceeded but yielded only an oligomer with Mn

<1000 (Table 2, entry 1) (Fig. S5 in ESI†). In PhDL, one of the two
methyl groups of DMDL is replaced by a phenyl group (Scheme
2). The steric hindrance of the bulky phenyl group might hinder
the successive connection of the ring-retained monomer units.
Another possibility is that the phenyl group of PhDL stabilizes
the ring-opened radical and facilitates the formation of the ring-
opened radical but that the radical might be too stable to
polymerize. Also, the ring-opened radical might generate poly-
mers with anhydride linkages but the anhydride linkages might
be cleaved during the polymerization at a high temperature of
120 �C. These are not denitive but possible explanations. Due
to the low molecular weight, the obtained oligomer was difficult
to unequivocally analyze, and the exact explanation is not clear
at this moment.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Homo-polymerizations of DMDL and random copolymerizations of DMDL with co-monomers

Entry
Co-monomer
(M) Initiator Solventa [M]0/[DMDL]0/[initiator]0 (equiv.)

T
(�C) t (h) Conv (M/DMDL)b (%/%) Mn

c Đc FDMDL
d (%)

1 None AIBN Toluene 0/100/1 70 12 NA/82 10 300 1.61 100 (100)
2 None AIBN Bulk 0/100/0.5 70 1.5 NA/79 104 000 2.04 100 (100)
3 MMA AIBN Toluene 50/50/1 70 7 99/23 19 000 1.78 18 (19)
4 BA AIBN Toluene 50/50/1 70 1 98/56 130 000 1.53 37 (36)
5 St AIBN Toluene 50/50/2 80 12 79/NAe 5100 1.46 8 (NA)
6 AN AIBN EC 50/50/1 70 1 80/44 77 000 1.54 34 (35)
7 VAc AIBN Toluene 50/50/1 70 12 84/48 11 000 1.60 35 (36)
8 NVP AIBN DMF 50/50/1 70 2 96/28 29 000 1.81 19 (23)
9 DMA AIBN Toluene 50/50/1 70 1 100/39 91 000 1.95 28 (29)
10 PEGMA V65 Toluene 50/50/1 60 4 92/NAe 39 000 2.22 17 (NA)
11 DMAEMA AIBN Toluene 50/50/1 70 4 98/20 27 000 1.62 17 (17)
12 BMA AIBN Toluene 50/50/1 70 5 93/11 46 000 1.54 10 (11)
13 LMA AIBN Toluene 50/50/1 70 3 85/15 42 000 1.76 16 (15)
14 BzMA AIBN Toluene 50/50/1 70 3 92/26 39 000 1.76 19 (22)
15 EHMA AIBN Toluene 50/50/1 70 2 97/18 38 000 1.95 13 (16)
16 SMA AIBN Toluene 50/50/1 70 2 77/29 86 000 1.96 28 (27)
17 MEA AIBN Toluene 50/50/1 70 1 100/54 82 000 2.00 32 (35)

a Dilution with 50 wt% solvent for entries 1 and 3–17. EC is ethylene carbonate. DMF is N,N-dimethylformamide. b Monomer conversion obtained
with 1H NMR. c PMMA-calibrated THF-GPC values for entries 1, 3–5, 7, and 12–17 and PMMA-calibrated DMF-GPC values for entries 2, 6, and 8–11.
d FDMDL value determined by the 1H NMR analysis of the puried polymer. In the parenthesis, FDMDL value calculated from the monomer
conversions of DMDL and co-monomer determined using 1H NMR is given. e Monomer conversion of DMDL was unable to determine because
the DMDL monomer peak overlapped with the co-monomer peak in the 1H NMR spectrum.
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Random copolymerizations of DMDL and PhDL with various
co-monomers

We carried out a random copolymerization of DMDL (50 mol%)
with methyl methacrylate (MMA) (50 mol%) in toluene at 70 �C
(Table 1, entry 3). Fig. 2a shows the plots of the conversions of
MMA (square) and DMDL (circle) vs. time. MMA was consumed
faster than DMDL. Aer 7 h, the conversions of MMA and
DMDL were 99% and 23%, respectively, yielding a random
copolymer of MMA and DMDL with Mn ¼ 19 000 and Đ ¼ 1.78.
The fraction (FDMDL) of DMDL in the copolymer was 18%. The
1H and 13C NMR analysis showed that the polymer contained
both MMA and DMDL units and the DMDL units were incor-
porated in the ring-retained form (Fig. S6 and S7 in ESI†). The
monomer reactivity ratio was determined by the Fineman–Ross
method38 (Fig. S8–S12 in ESI†) to be rMMA ¼ 4.60 and rDMDL z
0 (Table 3, entry 1). The result means that the MMA terminal
radical reacts with both MMA and DMDL and 4.60 times more
reacts with MMA than DMDL and that the DMDL terminal
radical virtually exclusively reacts with MMA.

We studied n-butyl acrylate (BA) as another family of
monomer. We carried out a random copolymerization of DMDL
© 2021 The Author(s). Published by the Royal Society of Chemistry
(50 mol%) with BA (50 mol%) in toluene at 70 �C (Table 1, entry
4). Fig. 2b shows the plots of the conversions of BA (triangle)
and DMDL (circle) vs. time. Similar to MMA, the co-monomer
BA was consumed faster than DMDL. Aer 1 h, the conver-
sions of BA and DMDL were 98% and 56%, respectively, yielding
a random copolymer of BA and DMDL withMn ¼ 130 000 and Đ
¼ 1.53 (Fig. S13 in ESI†). The monomer reactivity ratios were rBA
¼ 0.83 and rDMDL z 0.03 (a range of 0–0.10 with an experi-
mental error) (Table 3, entry 2). These values means that the BA/
DMDL system (rBA ¼ 0.83 (Table 3, entry 2)) has a more alter-
nating tendency than the MMA/DMDL system (rMMA ¼ 4.60
(Table 3, entry 1)) but that the DMDL terminal radical still
virtually exclusively reacts with BA over DMDL (rDMDL z 0.03
(Table 3, entry 2)).

We also studied styrene (St), acrylonitrile (AN), and vinyl
acetate (VAc) as other families of monomer (Table 1, entries 5–
7). We carried out random copolymerizations of DMDL
(50 mol%) with the co-monomer (50 mol%) in toluene (for St
and VAc) or ethylene carbonate (for AN), yielding polymers with
Mn ¼ 5100–77 000 and Đ ¼ 1.46–1.60 at FDMDL ¼ 8–35%
(Fig. S14–S16 in ESI†). For the St and AN systems, the monomer
Chem. Sci., 2021, 12, 13546–13556 | 13549
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Fig. 1 1H NMR spectra of (a) DMDL and (b) PDMDL. 13C NMR spectra of
(c) DMDL and (d) PDMDL. The synthesis of PDMDL is given in Table 1
(entry 1). 400 MHz for 1H NMR (100 MHz for 13C NMR) in CDCl3.

Fig. 2 Plots of monomer conversion vs. time for (a) the MMA/DMDL/
AIBN (50/50/1) system (70 �C) (Table 1, entry 3) and (b) the BA/DMDL/
AIBN (50/50/1) system (70 �C) (Table 1, entry 4). The solvent was
toluene (50 wt%) for both systems. The symbols are indicated in the
figure.

Table 3 Monomer reactivity ratiosa of co-monomers (M1) and DMDL
(M2) determined by the Fineman–Ross method

Entry M1

T
(�C) r1

a r2
a

1 MMA 60 4.60 Close to zero
2 BA 60 0.83 0.03b

3 St 80 1.08 0.01b

4 AN 70 0.28 0.04b

5 VAc 70 1.65 0.29

a r1 ¼ r12/r11 and r2 ¼ r21/r22.
b rDMDL ¼ 0–0.10 with an experimental

error.
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reactivity ratios were rSt¼ 1.08 and rDMDLz 0.01 (0–0.10 with an
experimental error) (Table 3, entry 3) and rAN ¼ 0.28 and rDMDL

z 0.04 (0–0.10 with an experimental error) (Table 3, entry 4).
The rSt and rAN values mean that the St terminal radical reacts
nearly equally with DMDL and St, whereas the AN terminal
radical reacts 3.6 (¼ 1/0.28) times more with DMDL than AN.
The nearly zero rDMDL values mean that the DMDL terminal
Table 2 Homo-polymerization of PhDL and random copolymerizations

Entry
Co-monomer
(M) Initiatora Solventb [M]0/[PhDL]0/[initiator]0 (mM

1 None TBPB Toluene 0/100/1
2 MMA AIBN Toluene 50/50/1
3 MMA TBPB Toluene 50/50/1
4 BA AIBN Toluene 50/50/1
5 BA TBPB Toluene 50/50/1

a TBPB is t-butyl peroxybenzoate. b Dilution with 50 wt% solvent. c Mon
values. e FPhDL value determined by the 1H NMR analysis of the puried
conversion (monomer consumption) determined using 1H NMR is given.

13550 | Chem. Sci., 2021, 12, 13546–13556
radical predominantly reacts with St and AN over DMDL. The
VAc system had rVAc ¼ 1.65 and rDMDL ¼ 0.29 (Table 3, entry 5).
The rDMDL value is not nearly zero in the VAc system (Table 3,
entry 5), in contrast to the mentioned four systems (Table 3,
entries 1–4). The result means that the DMDL terminal radical
reacts with VAc slowly and hence can react with DMDL to some
extent in the VAc system.

In the literatures, random copolymerizations of CKAs and
vinyl co-monomers also showed similar tendency, i.e., slower
consumption of CKAs than the co-monomers. The rco-monomer

values are typically 2–8 and the rCKA values are 0.01–1 (Table S1
in ESI†).29,39–43 For MBDO (previously reported CKHE monomer)
(Scheme 2), its random copolymerization with VAc had rVAc ¼
of PhDL with co-monomers

) T (�C) t (h) Conv (M/PhDL)c (%/%) Mn
d Đd FPhDL

e (%)

120 12 NA/37 <1000 NA 100 (100)
70 7 93/15 15 000 1.83 11 (14)
120 5 94/33 21 000 1.45 24 (26)
70 3 96/39 47 000 2.08 26 (29)
120 3.5 96/48 13 000 2.63 31 (33)

omer conversion obtained with 1H NMR. d PMMA-calibrated THF-GPC
polymer. In the parenthesis, FPhDL value calculated from the monomer

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Degradation of PDMDL (Mn ¼ 104 000, Đ ¼ 2.04, 2.4 wt%, 1
equiv. of the DMDLmonomer unit) using 1 equiv. of NaOH in a mixture
of D2O (20.4 wt%) and DMSO-d6 (77.2 wt%) at room temperature
within 5 h. (a) GPC chromatogram before (black line) and after (orange
line) degradation. (b) 1H NMR and (c) 13C NMR spectra of the reaction
mixture after degradation (400 MHz for 1H NMR (100 MHz for 13C
NMR) in DMSO-d6/D2O).
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0.587 and rMBDO ¼ 1.51 (60 �C), showing that MBDO has higher
reactivity than VAc.31

Thermal properties of the obtained DMDL copolymers
(Table 1, entries 3 and 5–7) with MMA, St, AN, and VAc were
studied (Fig. S17–S20 in ESI†). The Tg values of the copolymers
with MMA (104 (�5) �C), St (90 (�5) �C), and AN (76 (�5) �C)
were slightly lower than those of homopolymers of MMA (ca.
105 �C),44 St (ca. 90–100 �C),44 and AN (ca. 95 �C),44 while the Tg
value of the copolymer with VAc (38 (33–46) �C) was slightly
higher than that of a homopolymer of VAc (ca. 30 �C),44 because
the Tg value of a homopolymer of DMDL is 41 �C.

We further expanded the co-monomer scope to N-vinyl-
pyrrolidone (NVP) and N,N-dimethylacrylamide (DMA) as other
families of monomer (Table 1, entries 8 and 9) and functional
methacrylates with poly(ethylene glycol) methyl ether (PEGMA),
dimethylamino (DMAEMA), butyl (BMA), lauryl (LMA), benzyl
(BzMA), ethylhexyl (EHMA), and stearyl (SMA) groups (Table 1,
entries 10–16) as well as a functional acrylate with a methox-
yethyl group (MEA) (Table 1, entry 17), yielding co-polymers
with Mn ¼ 27 000–91 000 and Đ ¼ 1.54–2.22 at FDMDL ¼ 10–
32% (Fig. S21–S30 in ESI†). Such a wide range of amenable
monomer families and functional monomers, including
hydrophobic (BMA, LMA, BzMA, EHMA, SMA, and MEA),
hydrophilic (NVP, DMA, PEGMA, and DMAEMA), and biocom-
patible (PEGMA andMEA) monomers, are attractive for polymer
design by DMDL.

While the homopolymerization of PhDL generated only an
oligomer (Table 2, entry1), PhDL was able to be copolymerized
with a methacrylate and an acrylate (Table 2, entries 2–5). We
carried out a random copolymerization of PhDL (50 mol%) with
MMA (50 mol%) in toluene at 70 �C (Table 2, entry 2), which is
the same condition as that in the DMDL/MMA system (Table 1,
entry 3) except using PhDL instead of DMDL. Aer 7 h, the
conversions of MMA and PhDL were 93% and 15%, respectively,
yielding a random copolymer of MMA and PhDL with Mn ¼
15 000 and Đ ¼ 1.83 (Fig. S31 in ESI†). The conversion of PhDL
(15%) was smaller than that of DMDL (23%) at similar conver-
sions of MMA (93–99%). In order to increase the conversion of
PhDL, we elevated the polymerization temperature from 70 �C
to 120 �C (Table 2, entry 3). Aer 5 h, the conversions of MMA
and PhDL were 94% and 33%, respectively, yielding a random
copolymer with Mn ¼ 21 000 and Đ ¼ 1.45. The conversion of
PhDL increased by 18% (from 15% to 33%) by elevating the
temperature from 70 �C to 120 �C at the similar (93–94%)
conversions of MMA.

We also conducted a random copolymerization of PhDL
(50 mol%) with BA (50 mol%) in toluene at 70 �C (Table 2, entry
4). Aer 3 h, the conversions of BA and PhDL were 96% and
39%, respectively, yielding a random copolymer with Mn ¼
47 000 and Đ ¼ 2.08 (Fig. S32 in ESI†). At a higher temperature
of 120 �C, the conversions of BA and PhDL were 96% and 48%,
respectively (Table 2, entry 5), showing an increase in the
conversion of PhDL by 9% by elevating the temperature from
70 �C to 120 �C at the same (96%) conversion of BA.

Thus, DMDL and PhDL were able to be copolymerized with
a range of vinyl monomers, offering a wide scope of accessible
polymers. This feature is in sharp contrast to the limited co-
© 2021 The Author(s). Published by the Royal Society of Chemistry
monomer scope of the previously reported CKHE monomer,
i.e., MBDO, which was copolymerized only with VAc.
Hydroxide-assisted degradation of PDMDL

We studied the degradation of PDMDL. We dissolved a PDMDL
homopolymer (Mn ¼ 104 000 and Đ ¼ 2.04 (Table 1, entry 2))
(0.064 g, 2.4 wt%, 1 equiv. of the DMDLmonomer unit) in DMSO-
d6 (2.08 g, 77.2 wt%), which was a colorless transparent solution.
To this solution, a D2O solution of 1 M NaOH (0.55 g, 20.4 wt%, 1
equiv. of NaOH) was added at room temperature. The mixture
became slightly turbid, because PDMDL chains became globular
due to the presence of water (D2O), but the mixture soon turned
reddish brown and transparent upon stirring at room tempera-
ture. PDMDL seemed to degrade to small molecules. The reaction
mixture was subsequently analyzed using GPC and NMR within
5 h aer the reaction started.

In the GPC chromatogram (DMF eluent) (Fig. 3a), no peak
was observed in the polymer region (molecular weight >2000),
suggesting that PDMDL degraded. (The peak at the molecular
weight <2000 observed in Fig. 3a would be ascribed to generated
oligomers and/or possible clusters of lithium bromide (LiBr)
used in the DMF eluent.) The 1H (Fig. 3b) and 13C (Fig. 3c) NMR
spectra also show no polymer (PDMDL) signals (no signal at
2.15–3.25 ppm for the backbone CH2 protons in the 1H NMR
Chem. Sci., 2021, 12, 13546–13556 | 13551
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spectrum and no signal at 174 ppm for the ester carbon of the
DMDL unit in the polymer in the 13C NMR spectrum) (the 1H
and 13C NMR spectra of (non-degraded) PDMDL (2.4 wt%) in
the studied DMSO-d6/D2O (77.2/20.4 wt%) mixed solvent are
given in ESI (Fig. S33 and S34†)). The only species clearly
detected was HIBA (Scheme 3) whose CH3 protons appeared at
1.13 ppm (Fig. 3b) and whose CH3 carbons, quaternary carbon,
and carbonyl carbon appeared at 28, 73, and 181 ppm, respec-
tively (Fig. 3c).

Scheme 4 shows a possible degradation mechanism of
PDMDL in the presence of OH�. It should be emphasized that
this scheme is a possible mechanism but is not a denitive one
at this moment. Firstly, OH� attacks the carbonyl carbon of the
hemiacetal ester, generating an alkoxide anion (Scheme 4,
compound 5). A subsequent elimination can result in either (a)
the side-chain cleavage or (b) the main-chain cleavage. The side-
chain cleavage can generate a ketone in the backbone chain
(compound 6) and HIBA. If the side-chain cleavage is signi-
cant, a polyketone can be generated. The main-chain cleavage
can generate a carboxylic acid chain-end PDMDL (compound 8)
and a carboxylate chain-end PDMDL (compound 9). These two
compounds can further generate another form of carboxylic
acid chain-end PDMDL (compound 10) and a ketone chain-end
PDMDL (compound 11) as well as two molecules of HIBA. If the
main-chain cleavage is signicant, the polymers (compounds 8–
11) will further undergo the main-chain cleavage and degrade
into small molecules. A main-chain cleavage mechanism was
previously proposed for the degradation of the MBDO polymer,
for which the mechanism was studied in an acidic condition.31

No polymer peak observed in the GPC chromatogram
(Fig. 3a) suggests that the main-cleavage operated signicantly
in the present system so that the polymer chains could degrade
into small molecules or oligomers. The side-chain cleavage is
not excluded at this moment and might also operate to some
extent. HIBA is a product in both pathways. The observation of
HIBA in the NMR analysis (Fig. 3b and c) supports the proposed
Scheme 4 Possible mechanisms of hydroxide-assisted degradation of P

13552 | Chem. Sci., 2021, 12, 13546–13556
degradation scheme (either or both of the two pathways).
However, the 1H and 13C NMR analyses detected no other
species, and the reason is unclear at the moment. When the
main-chain cleavage operates, small molecules or oligomers
with carboxylic acid (compounds 8 and 10), carboxylate
(compound 9), and/or ketone (compound 11) can be generated.
However, the 13C NMR analysis (Fig. 3c) detected no other C]O
carbons than that of HIBA. When the side-chain cleavage
operates, a polyketone (compound 6) or its isomer, i.e., a poly-
enol (compound 7) can be generated, and the intramolecular
cyclization of polyketone can also generate aromatic species.45

However, the 13C NMR analysis (Fig. 3c) detected no ketone
(>190 ppm), no enol (90–100 ppm), or no aromatic species (110–
140 ppm). Small molecules that were possibly generated might
be volatile and evaporate during the degradation. Thus, we also
conducted the same experiment in a valved (sealed) NMR tube
(Fig. S35 in ESI†). However, again, only HIBA was detected. A
possible reason for no detection of other species (compounds 6–
11) is the solubility of the product. To check this possibility, we
studied the degradation of PDMDL in a more hydrophobic
solvent (a mixture of THF-d8 and D2O instead of a mixture of
DMSO-d6 and D2O), as described in detail in ESI. The 1H NMR
and 13C NMR spectra of the reaction mixture (Fig. S36 in ESI†)
again showed only HIBA even in this more hydrophobic solvent.
Thus, the reason for no detection of other species is not clear at
this moment, and hence the proposed degradation scheme
(Scheme 4) is viewed as a tentative mechanism.

Nevertheless, as an experimental fact, PDMDL clearly
degraded in the presence of NaOH. The degradation occurred
within 5 h at room temperature or markedly fast (within 30 min)
at 50 �C, which would be an attractive feature of PDMDL.
Acid-assisted degradation of PDMDL

We also studied the degradation of PDMDL in an acidic
condition, using the same condition as previously reported
DMDL.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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condition for the acid-assisted degradation of the MBDO poly-
mer.31 We dissolved a PDMDL (Mn ¼ 106 000 and Đ ¼ 1.88)
(0.064 g, 2.4 wt%, 1 equiv. of the DMDL monomer unit) in
DMSO (2.08 g, 78.7 wt%), which was a colorless transparent
solution. To this solution, an aqueous 1 M HCl solution (0.5 g,
18.9 wt%, 1 equiv. of HCl) was added, and the mixture became
turbid. The mixture was heated at 80 �C for 24 h, and the
generated precipitate was analyzed with GPC (Fig. S37 in ESI†).
The precipitate was found to be unreacted PDMDL, and its Mn

(¼ 100 000) and Đ (¼ 2.00) values were close to its original
values (Mn ¼ 106 000 and Đ ¼ 1.88). The amount of the
precipitate (unreacted PDMDL) was 0.057 g, which is 89% of the
original amount (0.064 g). Thus, PDMDL did not degrade in the
same condition as the MBDO polymer did, mainly because of
the low solubility of PDMDL in the studied acidic condition.

Thus, we used a more hydrophobic solvent (a mixture of
DMSO-d6 (79.4 wt%) and H2O (1.4 wt%)) to dissolve PDMDL
(10.2 wt%) and used an organic acid, i.e., triuoroacetic acid
(9 wt%), that is soluble in this solvent. We heated the mixture at
80 �C for 3 days and observed a decrease in theMn value by 25%,
showing that PDMDL slowly degraded in this acidic condition
(Fig. S38 in ESI†). We observed HIBA in this acid-assisted
degradation, as in the NaOH-assisted degradation. Further-
more, acetone was observed in the acid-assisted degradation
(Fig. S38 in ESI†), which may suggest a chain-end degradation
of 11 in the acidic condition (Scheme S1 in ESI†), although this
mechanism is a tentative mechanism. While the acid-assisted
degradation of the MBDO polymer generated acetic acid,31 we
did not observe acetic acid in the degradation of PDMDL. The
degradation mechanism might be different for the MBDO
polymer and PDMDL.
Amine-assisted degradation of PDMDL

The NaOH-assisted degradation was too fast to monitor over
time. Hence, we used a milder base, i.e., an amine to probe the
degradation of PDMDL. The studied amine was a primary
amine, i.e., pentylamine (R–NH2). We dissolve a PDMDL (Mn ¼
39 000 and Đ ¼ 1.42) (0.064 g, 4.0 wt%, 1 equiv. of the DMDL
monomer unit) and pentylamine (0.065 g, 4.0 wt%, 1.5 equiv.) in
CD3CN (1.48 g, 92.0 wt%), which was a colorless transparent
solution. The solution was heated at 65 �C. Fig. 4a and b show
the GPC chromatograms and the plot of Mn vs. the reaction
time, respectively. The original Mn (¼ 39 000) value of PDMDL
started to decay (Mn ¼ 33 000) right aer the addition of the
amine and became approximately a half (Mn ¼ 20 000) aer the
heating for 4 h, approximately a quarter (Mn ¼ 10 000) for 8 h,
and approximately 1/10 (Mn ¼ 3000) for 24 h. The polymer
degraded to small molecules or oligomers (Mn <2000) for 60 h.

The 1H (Fig. 4c) and 13C (Fig. 4d) NMR spectra of the reaction
mixture for 60 h show no polymer (PDMDL) signals (no signal at
2.38–3.13 ppm for the backbone CH2 protons in the 1H NMR
spectrum or no signal at 174 ppm for the ester carbon of the
DMDL unit in the polymer in the 13C NMR spectrum) (the 1H
and 13C NMR spectra of (non-degraded) PDMDL in the studied
CD3CN are given in Fig. S39 and S40 in ESI†). A possible
mechanism is given in Scheme S2 in ESI.† We observed 2-
© 2021 The Author(s). Published by the Royal Society of Chemistry
hydroxy-2-methyl-N-pentylpropanamide (HMPPA) (product),
HIBA (product), and pentylamine (remaining reactant) (Fig. 4c
and d), which were identied from the spectra of the isolated
HMPPA, HIBA, and pentylamine (Fig. S41 and S42 in ESI†). The
observation of HMPPA supports the proposed amine-assisted
degradation scheme (Scheme S2 in ESI†). The degradation
was carried out without removing moisture. HIBA (Scheme 4)
was generated probably because of the presence of moisture,
which might provide hydroxide in the presence of the amine.
However, similar to the NaOH-assisted degradation, no other
products than HMPPA and HIBA were observed in the 1H and
13C NMR spectra (Fig. 4c and d) for an unclear reason.

Although the degradation mechanism is yet to be denitive,
this experiment demonstrated that PDMDL degraded even with
a milder base (amine). The facile operation (no need to remove
moisture) and mild temperature (65 �C) are attractive.

Degradation of PPEGMA-r-PDMDL

Besides the PDMDL homopolymer, we studied the degradation
of a PPEGMA-r-PDMDL random copolymer, where PPEGMA is
poly(ethylene glycol) methyl ether methacrylate. This random
copolymer is hydrophilic and soluble in water. We dissolved
a PPEGMA-r-PDMDL (Mn ¼ 39 000, Đ¼ 2.22, and FDMDL ¼ 17%)
(0.06 g, 1 wt%, 1 equiv. of the DMDL monomer unit) in a 0.9 M
KOH aqueous solution (6.0 g, 99 wt%, 67 equiv. of KOH) and
monitored the degradation at room temperature for 23 h.
Fig. 5a and b show the GPC chromatograms and the plot of Mn

vs. time. The original Mn (¼ 39 000) value of the copolymer
became approximately a half (Mn ¼ 21 000) for 1 h, approxi-
mately 1/3 (Mn ¼ 13 000) for 8 h, and approximately a quarter
(Mn ¼ 9300) for 23 h. To conrm that the observed decrease in
the Mn value was not ascribed to the pendant chain cleavage of
the PEGMA units, we studied the degradation of a PPEGMA
homopolymer (Mn ¼ 72 000 and Đ ¼ 2.82) in the same condi-
tion. Aer 24 h, the Mn value decreased from 72 000 to only
70 000 (Fig. S43 in ESI†), conrming no signicant pendant
chain cleavage. Thus, the observed degradation (signicant
decrease in the Mn value) of the PPEGMA-r-PDMDL is ascribed
to the main-chain cleavage of the DMDL units in the polymer.
The FDMDL value of the PPEGMA-r-PDMDL was 17%, meaning
that a DMDL unit was incorporated in every approximately 6
PEGMA units on average. Upon the full main-chain cleavage of
the DMDL units, the Mn value may decrease to 1800 (6 units of
PEGMA). The observed Mn value (¼9400) aer 23 h of the
reaction was larger than 1800, possibly because of a composi-
tional dri during the polymerization (smaller DMDL compo-
sitions in the polymers generated at an early stage of
polymerization and larger DMDL compositions in those
generated at a later stage of polymerization).46

Degradation of PLMA-r-PDMDL

We also studied the degradation of a PLMA-r-PDMDL random
copolymer, where PLMA is poly(lauryl methacrylate). This
random copolymer is hydrophobic. We used a mixture of
methanol and THF to dissolve this hydrophobic copolymer. We
dissolved a PLMA-r-PDMDL (Mn ¼ 42 000, Đ ¼ 1.76, and FDMDL
Chem. Sci., 2021, 12, 13546–13556 | 13553
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Fig. 4 Degradation of PDMDL (Mn ¼ 39 000, Đ ¼ 1.42, 4.0 wt%, 1 equiv. of the DMLD unit) using pentylamine (4.0 wt%, 1.5 equiv.) in CD3CN
(92.0 wt%) at 65 �C. (a) GPC chromatograms and (b) plot of Mn vs. degradation time. The 0 h sample in (a) is a sample right after the addition of
pentylamine. (c) 1H NMR and (d) 13C NMR spectra of the reactionmixture after degradation for 60 h (400MHz for 1H NMR (100MHz for 13C NMR)
in CD3CN).
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¼ 16%) (0.04 g, 2.0 wt%, 1 equiv. of the DMDL monomer unit)
in a mixture of a 0.9 M KOHmethanol solution (0.16 g, 8.1 wt%,
3.5 equiv. of KOH) and THF (1.78 g, 89.9 wt%) and monitored
the degradation at room temperature for 24 h (Fig. 5c and d).
The original Mn (¼ 42 000) value of the copolymer became
approximately its 60% (Mn ¼ 25 000) for 2 h, approximately its
45% (Mn ¼ 19 000) for 8 h, and approximately its 30% (Mn ¼
13 000) for 24 h. Thus, the degradation of the PLMA-r-PDMDL
successfully occurred.

Recovery of HIBA via NaOH-assisted degradation of PDMDL

HIBA is the starting material (compound 1 (R1 ¼ CH3) in
Scheme 3) of the DMDL monomer. Hence, we attempted to
recover HIBA aer the NaOH-assisted degradation of PDMDL,
Fig. 5 Degradation of PPEGMA-r-PDMDL (Mn ¼ 39 000, Đ ¼ 2.22, and F
temperature: (a) GPC chromatograms and (b) plot of Mn vs. time. Degra
(1.8 wt%) with 3.5 equiv. of KOH in amixture of methanol (8.1 wt%) and TH
of Mn vs. time.

13554 | Chem. Sci., 2021, 12, 13546–13556
use the recovered HIBA to synthesize DMDL monomer, and use
this monomer to synthesize PDMDL for demonstrating the
concept of the recycling of PDMDL (Scheme 3). As mentioned,
four of the six carbons of the DMDL monomer are recycled via
the recovery of HIBA.

A PDMDL (Mn ¼ 56 000 and Đ ¼ 2.47) (1.0 g, 1 equiv. of the
DMDL monomer unit) was dissolved in a mixture of a 0.9 M
KOHmethanol solution (28 g, 4 equiv. of KOH) and THF (300 g)
and was stirred at room temperature for 1 h. The mixture of
methanol and THF was used instead of a mixture of DMSO and
water (Fig. 3), because DMSO is difficult to evaporate (in the
evaporation process below). KOH was used instead of NaOH
(Fig. 3), because KOH is soluble in the mixture of methanol and
THF. Aer the reaction, acidic water and diethyl ether were
DMDL ¼ 17%) (1 wt%) using 67 equiv. of KOH in water (99 wt%) at room
dation of PLMA-r-PDMDL (Mn ¼ 42 000, Đ ¼ 1.76, and FDMDL ¼ 16%)
F (89.9 wt%) at room temperature; (c) GPC chromatograms and (d) plot

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 1H NMR spectra of (a) recovered HIBA and (b) pure HIBA. 13C
NMR spectra of (c) recovered HIBA and (d) pure HIBA. (400 MHz for 1H
NMR (100 MHz for 13C NMR) in CDCl3).
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added to the reaction mixture. HIBA was more soluble in the
organic phase than in the aqueous phase in an acidic condition.
Aer the extraction with diethyl ether three times, the collected
organic layer was evaporated. The 1H and 13C NMR spectra
(Fig. 6) show that the compound extracted in the organic layer
was nearly pure HIBA (we observed only HIBA). We collected
0.39 g of HIBA. The theoretically recoverable maximum amount
of HIBA from 1 g of PDMDL is 0.81 g. Thus, the recovery yield
was 48% (¼ (0.39 g)/(0.81 g)).

We used the recovered HIBA to synthesize DMDL (Fig. S45–
49 in ESI†). We carried out a polymerization of this DMDL (100
equiv.) with AIBN (0.5 equiv.) at 70 �C for 6 h (in the same
condition as Table 1, entry 2) and obtained a PDMDL withMn ¼
52 000 and Đ ¼ 2.32 with an 80% monomer conversion. Thus,
we successfully experimentally demonstrated the concept of the
chemical recycling of PDMDL.

Conclusions

We successfully synthesized polymers using two new CKHE
monomers (DMDL and PhDL). The two monomers were
synthesized in high yields (80–90%), which is an attractive
feature. DMDL generated homopolymers, and DMDL and PhDL
were copolymerized with important families of vinyl monomers,
© 2021 The Author(s). Published by the Royal Society of Chemistry
i.e., methacrylates, acrylates, styrene, acrylonitrile, vinyl pyrro-
lidinone, and acrylamide, and various functional methacrylates
and acrylate, exhibiting a wide scope of the accessible polymers.
The obtained homopolymers and random copolymers of DMDL
degraded in the presence of a hydroxide (NaOH or KOH) and an
amine (pentylamine) at mild temperatures (room temperature
to 65 �C). The degradation of the PDMDL homopolymer
generated HIBA. We recovered HIBA, used the recovered HIBA
to synthesize DMDL monomer, and used this monomer to
synthesize PDMDL, demonstrating the concept of the chemical
recycling of PDMDL. HIBA is not only an ingredient to regen-
erate DMDL but also a useful ingredient of other important
chemicals such as methacrylic acid, tetramethylglycolide, and
chloro- and amino-derivatives of HIBA47,48 and can serve for
a range of chemical recycling. The degradability and chemical
recyclability of PDMDL may be useful for circular materials
economy.
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