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Abstract
Herein we describe the alcoholysis of super engineering plastics under mild conditions. Treatment of polysulfone (PSU) with
methanol mediated by sodium hydroxide in 1,3-dimethyl-2-imidazolidinone (DMI) at 80 °C resulted in facile
depolymerization to form bis(4-methoxyphenyl)sulfone and 4,4’-(propane-2,2-diyl)diphenol (bisphenol A) in high yields.
These products were readily isolated by simple filtration. The DMI solvent effectively promoted depolymerization and
allowed insoluble resins such as polyetheretherketone (PEEK) to undergo the reaction. This method was applicable to other
alcohols, such as ethanol and isopropyl alcohol.

Introduction

As the importance of the circular economy grows, the
development of recycling technology for petrochemical
products such as plastics has attracted much attention.
Various chemical recycling methods have been developed
for commodity plastics and various engineering plastics
[1–7]. In the cases of ester-type and related polymers such
as polyethylene terephthalate (PET) [8–13] and poly-
carbonate (PC) [14–17], various depolymerization strategies
such as hydrolysis and alcoholysis have been developed.
These methods provide depolymerization under mild con-
ditions to form usable low-molecular-weight products such
as dimethyl terephthalate from PET and dimethyl carbonate
from PC. Therefore, this methodology offers the possibility

of degrading other molecules and polymers under moderate
conditions.

In recent years, degradation methods have been developed
for persistent resins such as polyamides [18–22], polyureas
[23, 24], and epoxy resins [25–27]. Among these persistent
resins, super engineering plastics (Fig. 1a) are widely used
and indispensable materials in industrial society. While some
degradation reactions from these materials have been repor-
ted [28–33], these methods have not been sufficiently
developed for the wide variety of known super engineering
plastics. For example, hydroxylation-depolymerization of
polyethersulfone (PESU) in subcritical water containing
NaOH above 250 °C was reported (Fig. 1b upper). However,
the low yields and selectivities of the products were issues
[33]. Thus, their distinctive structures and stabilities, resulting
in high heat and chemical resistance, make them challenging
targets for chemical recycling and the development of
organic reactions. Given this background, we have begun to
investigate the depolymerization of super engineering plas-
tics. Initially, we found that insoluble polyetheretherketone
(PEEK) underwent depolymerization with thiols and bases in
N,N-dimethylacetamide at 150 °C (Fig. 1b middle) [34]. This
method selectively cleaved the main chain carbon–oxygen
bonds to form dithiofunctionalized monomers and hydro-
quinone. We also discovered that alkali hydroxides were
applicable to depolymerization with calcium hydride as a
dehydrating reagent in 1,3-dimethyl-2-imidazolidinone
(DMI) at 150 °C to provide bisphenol products (Fig. 1b
bottom) [35]. These two methods were attributed to highly
nucleophilic reagents, an alkylthiolate and a hydroxide, in a
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stable and polar solvent. In contrast, most reported depoly-
merization methods for super engineering plastics were per-
formed at relatively high temperatures (e.g., more than
150 °C) for organic reactions. This perspective suggested a
strategic implementation of depolymerization under more
moderate conditions. Based on this consideration, we
expected that the use of alkoxides as reactive nucleophiles
would provide depolymerization of super engineering plas-
tics under mild conditions.

Herein, we report depolymerization of super engineering
plastics by alcohols, represented by methanol, and easily
available bases such as sodium hydroxide under mild con-
ditions (Fig. 1c). As a typical super engineering plastic, we
focused on polysulfone (PSU), which contains a repeat
structure comprising an electron-deficient diphenylsulfone
and bisphenol A. The electron-withdrawing groups promote

aromatic nucleophilic substitution [36, 37] such that selec-
tive cleavage of the carbon‒oxygen main chain is expected.
The depolymerization of PSU with methanol proceeded
quickly in the polar DMI solvent to form low-molecular-
weight compounds. The final depolymerization products
generated in situ were separated based on solubility differ-
ences. The influence of the solvent medium was important
in promoting this depolymerization. In addition, the present
method did not necessarily dissolve the targeted resins and
was applicable to insoluble resins such as PEEK.

Results and discussion

Initially, PSU (1) pellets (0.2 mmol relative to the molecular
weight of the monomer) with an average Mw of 35,000

Fig. 1 Degradation of super
engineering plastics. a Examples
of super engineering plastics.
b Previous studies:
Depolymerization of super
engineering plastics with alkali
hydroxides or thiols. c This
work: Methanolysis of super
engineering plastics
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determined by light scattering and an average Mn of 16,000
determined by membrane osmometry (as per the catalog
specifications) were dissolved in 1,3-dimethyl-2-imidazoli-
dinone (DMI) (0.4 mL) in the presence of 6 equiv. of
methanol and 2.2 equiv. of NaOH at 60 °C. After 17–18 h,
methanolysis depolymerization formed the desired products
bis(4-methoxyphenyl)sulfone (BPS-Me2, 2) and 4,4’-(pro-
pane-2,2-diyl)diphenol (bisphenol A (BPA)) (3) in good
yields along with the intermediate MeO-BPS-BPA-OH type
dimer 4 and demethylated MeO-BPS-OH 5 after treatment
with aq. HCl (Table 1, Entry 1). After examining the results
for different reaction temperatures, we found that the reac-
tion run at 80 °C afforded excellent yields of 2 and 3
(Entries 2–4). The use of KOH and CsOH·H2O instead of
NaOH decreased the yields of 2 and 3 due to the formation
of some unidentified byproducts (Entries 5 and 6, see
Supplementary Table S1). Weak inorganic bases such as
Na2CO3 and K3PO4 and a strong organic base, 1,8-diaza-
bicyclo[5.4.0]undec-7-ene (DBU), did not promote depo-
lymerization (Entries 7–9). Thus, the typical and cost-
effective NaOH was suitable for this depolymerization.
Higher amounts of NaOH (4 equiv.) slightly increased the
amount of 5 (Entry 10), indicating that excess NaOH
enhanced the demethylation reaction. Finally, we screened
the amount of methanol (Entries 11 and 12) and found that
12 equiv. of methanol was effective in producing 2 and 3
while suppressing the generation of 5 (Entry 12). Depoly-
merization at room temperature provided 2 and 3, albeit in
low yields (Entry 13), demonstrating that this method is
highly effective for degrading such robust super engineering
plastics. We also examined various solvents for the depo-
lymerization of PSU (1) pellets, such as N-methylpyrroli-
done (NMP), N,N-dimethylacetamide (DMAc), and toluene
(Entries 14–16, see Supplementary Table S2), but DMI was
the most suitable, probably due to its high polarity and
stability. Of note, a slight amount of water decreased the
depolymerization reactivity (see Supplementary
Scheme S1). To avoid this inhibitory effect, the sodium
hydroxide, potassium hydroxide, and cesium hydroxide
hydrate were dried at 150 °C under reduced pressure
(9 mmHg) for 5 h before use in the depolymerization.

We analyzed the depolymerization of PSU under the
conditions shown in Table 1, Entry 12 with high-temperature
gel permeation chromatography (GPC). Even after 5 min, the
original PSU components were fully consumed, and oligo-
meric compounds were obtained (Fig. 2a, b). The GPC
analysis also suggested that the main chain cleavage process
started from the inside of the polymer. The GPC traces after
1 h and 3 h showed that small molecules were formed. In
addition, due to the high nucleophilicity of methoxide,
depolymerization at room temperature (Table 1, Entry 13)
afforded light oligomers while consuming the original PSU,
although the yields of BPS-Me2 (2) and BPA (3) were low.

We used 1H NMR to monitor the yields of 2, 3, intermediate
4, and demethylated 5 during depolymerization at 80 °C
(Fig. 2c). The methanolysis depolymerization proceeded
rapidly and was nearly completed after 1 h, affording 2, 3,
and 4 in 30%, 33%, and 57% yields, respectively (see Sup-
plementary Tables S3 and S4, Fig. S1 for details) [38–40].
This result was consistent with the GPC analysis above.
Intermediate 4 was more stable than PSU but was gradually
converted into 2 and 3. Visual observation of the reaction
mixture supported this trend. The PSU pellets disappeared in
less than 1 h, and a yellowish suspension was formed
(Fig. 2d). After this, the amount of precipitate increased. We
also confirmed that the PSU pellets dissolved in a mixture of
DMI and methanol (0.5 mL, 4:1 (v/v)) in 1 h (see Supple-
mentary Fig. S2a), indicating that the dissolved PSU
smoothly reacted with sodium methoxide. We expected that
this precipitate was the BPA disodium salt, sodium 4,4’-
(propane-2,2-diyl)diphenolate, which seemed to be the most
poorly soluble product after depolymerization. Depolymer-
ization with KOH and CsOH·H2O produced less precipitate,
suggesting that larger counter cations improved the solubility
(Fig. 2e, f). These observations suggested that the NaOH
activator was effective in accelerating the reaction by
excluding one product from the reaction system and facil-
itating separation of the products by simple filtration.

To gain more insight into this depolymerization process,
we examined the reaction of PSU (1) with sodium meth-
oxide in DMI at 80 °C (Fig. 3). The reaction with 2.2 equiv.
of NaOMe proceeded to give the desired products 2 and 3 in
approximately 70% yields, with the remaining 4 in 21%
yield. High doses of NaOMe (12 equiv.) fully consumed 4
but generated a nonnegligible amount of 5 (44% yield),
suggesting that the demethylation was caused by NaOMe.
Depolymerization with NaOMe in a 29 wt% methanol
solution (2.2 equiv., 0.1 mL), which is essentially the same
situation as that in Table 1, Entry 12, formed 2 and 3 in
excellent yields, without remaining 4. These results sug-
gested that the presence of methanol promoted depoly-
merization. When a large amount of NaOMe in methanol
(12 equiv., 0.58 mL) was used, the PSU pellets swelled
without dissolving (see Supplementary Fig. 2b and 2c) but
reacted with NaOMe to furnish 2 and 3, albeit in moderate
yields, without remaining 4. After the reaction, a pale-
yellow solution containing residual PSU pellets was
obtained without generating a precipitate (see Supplemen-
tary Fig. S3a), showing that the excess methanol dissolved
the generated sodium salts but not the PSU pellets. Fur-
thermore, a combination of PSU pellets, NaOH (2.2 equiv.),
and 0.4 mL of MeOH in the absence of the DMI solvent did
not produce the products 2, 3, 4, and 5, and the PSU pellets
remained intact (see Supplementary Fig. S3b). Thus, the
combination of methanol, NaOH and DMI provided facile
and efficient methanolysis, possibly due to solvation of the

Alcoholysis of oxyphenylene-based super engineering plastics mediated by readily available bases 371



Ta
bl
e
1
O
pt
im

iz
ed

m
et
ha
no

ly
si
s
of

P
S
U

pe
lle
ts
a

E
nt
ry

M
eO

H
(e
qu

iv
.)

ba
se

T
em

p.
2
(%

)
3
(%

)
4
(%

)
5
(%

)

1
6

N
aO

H
60

°C
62

64
29

1

2
6

N
aO

H
70

°C
72

76
24

1

3
6

N
aO

H
80

°C
87

98
2

7

4
6

N
aO

H
10

0
°C

74
83

8
8

5
6

K
O
H

80
°C

78
80

12
4

6
6

C
sO

H
·H

2O
80

°C
82

82
12

4

7
6

N
a 2
C
O

3
80

°C
–

–
–

–

8
6

K
3P
O

4
80

°C
3

3
N
.D
.b

N
.D
.b

9
6

D
B
U

80
°C

–
–

–
–

10
6

N
aO

H
c

80
°C

83
92

1
9

11
4

N
aO

H
80

°C
78

84
9

4

12
12

N
aO

H
80

°C
92

(8
3)

d
94

6
1

13
12

N
aO

H
rt

6
6

N
.D
.b

N
.D
.b

14
e

6
N
aO

H
80

°C
40

43
29

–

15
f

6
N
aO

H
g

10
0
°C

44
21

N
.D
.b

N
.D
.b

16
h

6
N
aO

H
g

10
0
°C

12
7

N
.D
.b

N
.D
.b

a A
m
ix
tu
re

of
1
(p
el
le
ts
,0

.2
m
m
ol

re
la
tiv

e
to

th
e
m
ol
ec
ul
ar

w
ei
gh

to
f
th
e
m
on

om
er
),
m
et
ha
no

l,
ba
se

(0
.4
4
m
m
ol
),
an
d
D
M
I
(1
,3
-d
im

et
hy

l-
2-
im

id
az
ol
id
in
on

e,
0.
4
m
L
)
w
as

st
ir
re
d
fo
r
17

-1
8
h.
T
he

re
su
lta
nt

m
ix
tu
re

w
as

qu
en
ch
ed

w
ith

aq
.
H
C
l.
T
he

yi
el
ds

w
er
e
de
te
rm

in
ed

w
ith

1 H
N
M
R

b N
ot

de
te
rm

in
ed

c 4
eq
ui
v

d I
so
la
te
d
yi
el
d

e U
se

of
N
M
P
in
st
ea
d
of

D
M
I

f U
se

of
D
M
A
c
in
st
ea
d
of

D
M
I

g 5
eq
ui
v

h U
se

of
to
lu
en
e
in
st
ea
d
of

D
M
I

372 Y. Minami et al.



NaOMe by DMI. In addition, even if the PSU was not
dissolved but swollen with an appropriate amount of DMI
in methanol (e.g., DMI/methanol = 2:3 (v/v), see Supple-
mentary Fig. 2b), this depolymerization with NaOMe
proceeded.

To gain further information about the formation of 2 and
3, we examined the aryl‒O bond cleavage of 4 under various
conditions at 80 °C for 4 h (Fig. 4). When approximately 2
equiv. of NaOMe was used, both 2 and 3 were produced in
more than 80% yields, respectively, with a small amount of
5. With the use of 2 equiv. of NaOH and 6 equiv. of
methanol, 2 and 3 were obtained in equal yields, whereas 5

was not observed. On the other hand, the reaction with 2
equiv. of NaOH in the absence of methanol hardly pro-
ceeded. We next attempted the demethylation of 2 with 1
equiv. of NaOMe for 4 h. As a result, 5 was generated in 7%
yield (Fig. 5). Extending the reaction time (18 h) increased
the yield of 5. On the other hand, NaOH provided hardly any
demethylation. These results demonstrated that the aryl‒O
bonds in PSU and 4 were cleaved by NaOMe under the
present conditions at 80 °C due to its high nucleophilicity.
However, NaOMe also slightly demethylated 2.

The effects of NaOH described above led us to examine
the separation protocol for 2 and BPA (3). We examined

Fig. 3 Methanolysis of PSU (1) pellets using various forms of NaOMe in the presence or absence of DMI

 

Fig. 4 Examination of the carbon–oxygen bond cleavage of 4

)b()a(

)f()e()d()c(

GPC data of PSU and reaction samples 

Temp., Time tR (min) Mw Mp Mw/ Mn

PSU (1) 18.25 50075 44428 1.99 

rt, 18 h 21.35 1040 1051 1.90 

80 °C, 5 min 20.91 2339 2086 1.88 

80 °C, 1 h 21.91 620 458 2.97 

80 °C, 3 h 22.00 442 421 2.25 

Fig. 2 Time course for methanolysis of PSU (1) pellets in DMI.
a, b High-temperature GPC trace for the depolymerization of PSU
(purple) with methanol (12 equiv.) and NaOH (2.2 equiv.) at room
temperature for 18 h (gray), at 80 °C for 5 min (blue), 1 h (green), and
3 h (red). c Time course for the yields of BPS-Me2 (2, blue), BPA (3,

red), 4 (green), and 5 (orange) with methanol (12 equiv.) and NaOH
(2.2 equiv.) at 80 °C. d-f Photographs of (d) the reaction mixture after
10 min, 1 h, and 18 h with methanol (12 equiv.) and NaOH (2.2
equiv.), and the reaction mixture after 18 h with methanol (6 equiv.)
and (e) KOH (2.2 equiv.) and (f) CsOH·H2O (2.2 equiv.)
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gram-scale depolymerization of PSU (1) pellets under the
optimized conditions with 12 equiv. of MeOH and 2.2
equiv. of NaOH (Fig. 6 and Supplementary Information
Page S3). After reacting for 28 h, the generated precipitate
was separated by filtration and treated with aq. HCl to
obtain crude 3, which was isolated by NaOH-HCl extrac-
tion. The filtrate was washed with aq. NaOH to obtain the
crude product containing mainly 2, which was purified by
recrystallization. In addition, gram-scale depolymerization
was attempted for a longer reaction time (41 h), which gave
2 and 3 in higher yields (see supplementary Scheme S2).

The proposed methanolysis depolymerization pathway is
shown in Fig. 7. The reaction of PSU (1) with NaOMe
produced by the reaction of methanol and NaOH proceeded
via the cleavage of the aryl–O bonds in the main chain to
give BPS-Me2 (2) and the BPA sodium salt 6 mainly
through the formation of dimer 4. Even though alkoxide
nucleophiles can cleave aryl–SO2 bonds [41–44], depoly-
merization successfully occurred with the aryl–SO2 main
chains remaining intact, as in our previous study [35]. The
obtained dianion 6 was almost insoluble in the present
solution such that the formed precipitate was separated from
other products by filtration before the treatment with HCl to
form BPA (3). At that time, NaOMe caused the demethy-
lation of 2 and generated 5 so that exact amounts of NaOH
(approximately 2 equiv.) should be used for this
depolymerization.

We applied the present methanolysis depolymerization to
other super engineering plastics, such as polyphenylsulfone
(PPSU), polyetherethersulfone (PEES), and PEEK (Fig. 8
and Supplementary Table S5-S7). We used a baby bottle
made up of PPSU (Mn 17932 and Mw 43133 analyzed by
high-temperature GPC using polystyrene) [35] as a con-
sumer resin. Small pieces of the baby bottle (7) were sub-
jected to depolymerization with methanol and NaOH at
80 °C to give BPS-Me2 (2) and 4,4’-dihydroxybiphenyl (8).

PEES (9) (Mn 21458 and Mw 45338 determined with high-
temperature GPC using polystyrene) [35] and PEEK (11)
(average Mw ~ 20,800 by LS, average Mn ~ 10,500 by MO
as in the catalog specification) main chains included less-
reactive hydroquinone units [34, 35]. In addition, PEEK is
normally insoluble in organic solvents. Despite these dis-
advantages, resins 9 and 11 underwent the reaction at
120 °C to form the corresponding products 2 or 4,4’-
dimethoxybenzophenone (12) with hydroquinone (10),
albeit with lower yields than those from PSU. This trend
was similar to the previous case using CsOH·H2O at 150 °C
[35].

Finally, we examined other alcohols for this depoly-
merization (Fig. 9 and Supplementary Table S8). Ethanol
was applied to the depolymerization of PSU (1) pellets
instead of methanol at 100 °C to form the corresponding
depolymerization products bis(4-ethoxyphenyl)sulfone (13)
and BPA (3) in 54 and 83% yields, respectively. Isopropyl
alcohol was suitable for depolymerization at 100 °C to
provide bis(4-isopropoxyphenyl)sulfone (14) and 3 in 49
and 51% yields, respectively. These results indicated that
the depolymerization reactivity was attributable to the
structure of the main chains and the nucleophilicity of the
alcohols.

Conclusion

We have demonstrated that alcoholysis can be used for low-
temperature depolymerization of super engineering plastics
such as PSU, PPSU, PEES, and PEEK with a combination
of alcohols and sodium hydroxide in DMI solvent. When
using methanol, this depolymerization proceeded quickly to
give low molecular weight products, followed by formation
of the final products. Sodium hydroxide was an effective
activator by promoting depolymerization and providing
insoluble sodium salts that were separable by simple fil-
tration. The depolymerization method proceeded without
substrate dissolution, although the reactivity was reduced.
Further efforts are underway to exploit catalytic alcoholysis
of various super engineering plastics and related robust
polymer materials.

Fig. 5 Examination of demethylation of 2

Fig. 6 Gram-scale methanolysis
of PSU (1) followed by isolation
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Experimental method

Depolymerization of PSU (1) pellets by methanol
with sodium hydroxide (Table 1, Entry 12)

To a mixture of PSU pellets (87.6 mg, 0.198 mmol relative
to the molecular weight of the monomer), sodium hydroxide
(17.8 mg, 0.44 mmol), and methanol (100 μL, 79.1 mg,
2.47 mmol) were added 1,3-dimethyl-2-imidazolidinone
(DMI, 0.40 mL) in a 3 mL vial under argon atmosphere. The
resultant mixture was stirred at 80 °C for 18 h. The reaction
mixture was cooled to room temperature. HCl aq. (2M,

0.5 mL) was added to quench the reaction. This mixture was
analyzed by 1H NMR to determine the yields of the products
1,1’-sulfonylbis[4-methoxybenzene] (2) (92%), 4,4’-(pro-
pane-2,2-diyl)diphenol (3) (94%), 4 (6%), and 5 (1%) by
using CDCl3 and mesitylene as internal standards. Product 2
was obtained in 83% yield (45.9 mg, 0.165 mmol) by pre-
parative TLC (hexane/ethyl acetate 10:3 to 10:6).
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