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Introduction

Fast and switchable ring-opening polymerization
of biorenewable omega-substituted lactones
towards sustainable copolymers with facile control
over monomer sequencest

Jiayun Jiang,? Xue Liang,® Jiewen Wang, (2 Hongru Qiang, = @ Jianrui Li,?

Jianzhong Du @2 **€ and Yunging Zhu 2 *2

Highly active catalysts for the ring-opening polymerization (ROP) of biorenewable monomers, especially
lactones, are essential for sustainable polymers. (Thio)urea/base catalyst systems have been found to be
active for unsubstituted lactones. However, while omega-substituted lactones are an important class of
biorenewable monomers, the ROP of such lactones suffers from low polymerization rates, and (thio)ureas
usually show low catalytic activity for omega-substituted lactones due to their high steric hindrance.
Herein, fast and controlled ROPs of omega-substituted lactones, including e-decalactone (e-DL),
§-caprolactone (§-CL) and &-decalactone (5-DL), were achieved using cheap and commercially available
(thio)urea/base catalyst systems, whose activities were significantly improved by pairing the pK,s of (thio)
ureas with bases. (Thio)urea/IMes pairs exhibited superior activity, with the most active TU3/IMes showing
turnover frequencies of 270 h™, 996 h™ and 331 h™* in the ROP of e-DL, 5-CL and 8-DL, respectively.
Moreover, the block, gradient and random copolymer chain sequences can be facilely modulated by
different catalyst pairs during the copolymerization of e-caprolactone (e-CL) and e-DL to match different
application scenarios. Therefore, this work provides fresh ideas for the transformation of similar low-
activity catalysts to high-activity ones and contributes to the efficient construction of structurally and
functionally diverse biorenewable polymer materials.

synthesizing aliphatic polyesters. An increasing number of new
bioderived lactones are now emerging, among which omega-

With increasing global environmental awareness, biorenew-
able aliphatic polyesters have been an effective alternative to
traditional petroleum-derived plastics due to their renewabil-
ity, biodegradability, and biocompatibility. With these pro-
perties, they have been extensively studied for potential appli-
cations in electronics, biomedical, packaging and other
fields." The ring-opening polymerization (ROP) of lactones
has been extensively studied as a promising method for
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substituted lactones should be of particular interest. This is
because the production of biorenewable lactones from hydroxy
fatty acids is a commonly used process,®” leading to the struc-
tural characteristic of many biorenewable lactones with omega

substituents on the ring. Thus, it can be found that many bior-
8-10

enewable lactones, such as &-decalactone,
-caprolactone,"*™®  y-decalactone, y-valerolactone, carvo-
menthide,"* dihydrocarvide,'" and menthide,>'® are mono-

mers with an omega-substituted structure, and have been used
for the synthesis of biorenewable polymers. These biorenew-
able polymers usually have low Ty, low crystallinity, good flexi-
bility, and the potential for post-modification on the
substituents.">'®'® Despite these advantages, the ring-
opening polymerization of omega-substituted lactones also
suffers from low polymerization rates, high reaction tempera-
tures or rather elaborate catalysts. Therefore, achieving fast
and controlled ring-opening polymerization of omega-substi-
tuted lactones is of great significance for the synthesis of
functional biorenewable polyesters and deserves further
research.
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In addition to exploring how to efficiently polymerize biore-
newable monomers (e.g. omega-substituted lactones), achiev-
ing greener and more efficient modulation of the copolymer
sequence is one of the key challenges in the field of polymer
synthesis. Homopolymers or copolymers with no sequence-
controlled features usually do not have structural and func-
tional complexity. Developing simple and efficient methods
for monomer sequence modulation is of great value as it could
afford copolymers with block, gradient and random structures
to achieve different properties."®>' For example, the main
method to prepare block copolymers at present is the sequen-
tial addition of monomers, which is relatively complicated and
difficult to operate compared to the emerging chemoselective
copolymerization method, which can build block copolymers
from a mixed monomer feedstock.'® Since Coates’s group
reported the one-pot polymerization of epoxide, cyclic anhy-
dride, and CO, using a single catalyst,”®> chemoselective
polymerization has been widely studied.>**” However, it is
difficult to tune the chemoselectivity of such catalytic systems
to freely build random, gradient, and block copolymers accord-
ing to the application scenarios. Therefore, it is necessary to
develop a catalytic system that can facilely modulate copolymer
sequences to afford copolymers with structural diversity.

Currently, various catalysts have been developed for the
ring-opening polymerization of lactones. Organocatalysts,
including Lewis acids, phosphazene bases, N-heterocylic car-
benes (NHCs) and H-bond bifunctional compounds, have
received the most attention since they can avoid metal residues
in polyesters while still providing a high level of control over
the polymerization compared to metal-based catalysts.'>*573°
Among them, (thio)urea [(T)U], a hydrogen-bond organo-
catalyst, stands out for its advantages of low cost, commercial
availability, and applicability in switchable
polymerization.*** Most studies have focused on the appli-
cations of (thio)urea catalysts for the ROP of unsubstituted lac-
tones such as lactide (LA) and caprolactone (CL), which have
shown high activity., However, like other types of
catalysts,'®*77 (thio)ureas tend to be much less active for the
ROP of omega-substituted lactones, which could be due to the
large steric hindrance contributed by the substituents. This
problem limits the development and transformation of bio-
based omega-substituted lactones.

In Prof. Waymouth’s work, it has been found that the
pairing of (thio)ureas with bases of different pK, values greatly
affects the activity of the catalyst systems for the ROP of
d-valerolactone (VL).*® However, whether this phenomenon
can be generally applied to other lactones, especially to omega-
substituted lactones, remains unclear, as the ROP of omega-
substituted lactones is greatly affected by their substituents
and is rather different from that of unsubstituted lactones.
Therefore, in this work, a series of (thio)urea/base catalyst
systems were carefully selected and paired to evaluate their
catalytic activity in search of efficient catalysts for the ROP of
omega-substituted lactones. e-Decalactone (e-DL), a biologi-
cally derived lactone that can be prepared from castor oil,**3°
was first selected as the monomer for the screening of the cata-
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lyst systems. To further verify the activity and trends of the
efficient catalysts, the monomer scope was extended to other
omega-substituted lactones, including &-caprolactone (8-CL)
and &-decalactone (8-DL), which are naturally derived from
coconut water and Cryptocarya massoy, respectively.’”*! In
addition, the sequence of polymer chains can be modulated by
simply using different (thio)urea/base pairs in the copolymeri-
zation of e-DL and &-CL to construct block, gradient and
random copolymers.

Results and discussion

Ring-opening polymerization of e-DL using different (thio)
urea/base pairs

According to previous studies, pairing (thio)ureas and bases
with different pK, values usually leads to different catalytic
mechanisms, including anionic and cooperative mechanisms,
leading to varied catalytic activities.*® Therefore, to explore the
best catalytic system for omega-substituted lactones, a series of
(thio)ureas with different substituents (Fig. 1a) combined with
three organic bases (1,8-diazabicyclo[5.4.0]Jundec-7-ene, DBU;
2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-
diazaphosphorine, BEMP; and 1,3-dimesitylimidazol-2-
ylidene, IMes) (Fig. 1b) were screened for the ring-opening
polymerization of e-DL, one of the commonly used biobased
omega-substituted lactones (Fig. 1c). The choice of (thio)urea/
base pairs covers a wide range of pK, values and features both
mechanisms. The pK, values in DMSO of (thio)ureas and
bases are labelled in Fig. 1.'%*>7%°

All of the ROPs of e-DL were carried out in toluene with
BnOH as the initiator at 25 °C and the reactions were termi-
nated at predetermined time durations (Table 1). Instead of a
high polarity solvent namely DMSO, toluene with medium
polarity was selected as the solvent for the ROPs to simul-
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Fig. 1 (a) Ureas and thioureas with their pK, values in DMSO.3%42 (b)
Organic bases with their pK, values in DMSO.***** (c) Monomers
studied.
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Table 1 Screening of (T)U/organic base catalyst systems for the ROP of ¢-DL?

# (Thio)ureas Bases t(h) Conv.? (%) TOF* (h™) My heo @ (kDa) M, sec € (kDa) o)

1 U1l DBU 120 18 — — — —

2 BEMP 144 79 0.2 13.6 11.4 1.03
3 IMes 72 49 0.3 8.5 8.3 1.12
4 U2 DBU 120 12 — — — —

5 BEMP 144 46 0.1 7.9 5.8 1.06
6 IMes 48 85 0.7 14.6 11.8 1.03
7 t-BuP, 48 0 — — — —

8 U3 DBU 120 0 — — — —

9 BEMP 120 0 — — —

10 IMes 2 86 17 14.7 10.1 1.10
11 +-BuP, 48 0 — — —

12 TU1 DBU 120 4 — — — —
13 BEMP 120 0 — — — —
14 IMes 72 24 A — — —
15 TU2 DBU 120 0 — — — —
16 BEMP 120 0 — — —

17 IMes 24 93 15.9 11.3 1.13
18 t-BuP, 48 0 — — —

19 TU3 DBU 120 0 — — — —
20 BEMP 120 0 — — — —
21 IMes 8 min 90 270 15.4 11.3 1.20
22 t-BuP, 48 0 — — — —
23 TU4 IMes 3 92 12 15.7 10.3 1.15

“ polymerizations were performed in dry toluene at 25 °C with [e-DL], = 5 M; [e-DL}/[(T)U]/[base]/[T] = 100/2.5/2.5/1; 1 = BnOH. ? Monomer conver-
sion determined by 'H NMR in CDCl; using integrals of the characteristic signals. ‘ Turnover frequency (TOF) = mole of the consumed
monomer/mole of the (thio)urea catalyst per hour. dMn,thco = M(e.pr) % ([e-DL]o/[T]y) X conv. + M(gnom). ° Determined by SEC in THF at a flow rate of

1.0 mL min~" at 40 °C, calibrated with polystyrene standards.

taneously ensure the occurrence of different catalytic mecha-
nisms and maintain good control over the polymerization
process.*® The "H NMR spectrum for the ROP of e-DL is shown
in Fig. S1.1 All the polymers displayed unimodal SEC traces
with narrow distributions (Fig. S27). Significant differences in
the catalytic effects of different catalyst systems can be
observed in the ROP of e-DL. For the weakest DBU, no con-
siderable conversion of e-DL was observed in combination
with either urea or thiourea, even when the reaction time was
extended to 120 h. U1 and TU1, with pK, values close to that of
DBU, can lead to 18% and 4% conversion of e-DL, respectively.
This could be due to the high activity in the ‘matching’ case,
where the highest catalytic activity of (thio)urea/base catalyst
systems towards lactide and unsubstituted lactones was
usually observed when the pK, value of the (thio)urea closely
matched that of the protonated base.*® This could be the
result of the competition between two mechanisms, the
anionic mechanism and the cooperation mechanism, since in
the ‘matching’ case, the deprotonation of (thio)urea by the
base and the formation of a hydrogen-bonded complex with
the base will proceed simultaneously, leading to
equilibrium.*”*®

When DBU is not strong enough to deprotonate the (thio)
urea, i.e. when its pK, value is relatively smaller, the polymeriz-
ation is dominated by the cooperative mechanism. In this
case, almost all combinations involved with DBU resulted in
failed polymerization. Similarly, when pairing the moderate
BEMP with (thio)ureas of greater pK, values (Table 1, entries 9
and 20), none of the cases of the cooperative mechanism can

This journal is © The Royal Society of Chemistry 2024

lead to the ROP of e-DL. This is in contrast to the results of
previous studies involving lactide and unsubstituted lac-
tones,®® as all catalyst systems featuring the cooperative
mechanism (Table 1, entries 4, 8, 9, 15, 19 and 20) led to fail-
ures in the ROP of e-DL. In addition, N'-tert-butyl-N,N,N',N’,N",
N"-hexamethylphosphorimidic triamide (#-BuP;) with a pK,
value of 15.7 was selected in combination with U2, U3, TU2,
and TU3 (pK, > 16.1), respectively, to further validate the low
activity of the cooperative mechanism towards omega-substi-
tuted lactones (Table 1, entries 7, 11, 18 and 22). Consistent
with the results of DBU and BEMP, none of these catalyst pairs
of the cooperative mechanism could initiate the ring-opening
polymerization of e-DL, suggesting that the cooperative mecha-
nism may not work for omega-substituted lactones. This may
be due to the following reasons: first, the hydroxyl group at the
propagating chain end formed by the ROP of omega-substi-
tuted lactones is a secondary alcohol. It has been noted that
secondary alcohols are less reactive than primary alcohols,***°
making it more difficult to activate secondary alcohols at the
propagating chain end. In addition, compared to the anionic
mechanism in which the activations of the propagating chain
end and the monomer occur on the same (thio)urea molecule,
the nucleophilic attack on the monomer in the cooperative
mechanism would be more difficult due to the steric hin-
drance of the substituents.

BEMP led to successful polymerization only in combination
with U1l and U2. It is noteworthy that, in contrast to the pre-
vious findings, BEMP/U1 (anionic mechanism) showed higher
activity than BEMP/U2 (‘matching’ mechanism) in the ROP of

Polym. Chem., 2024,15, 2377-2386 | 2379
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e-DL. As it is out of the scope of this work, this unusual
phenomenon will be investigated in the future. In contrast,
TU1 and TU2, which have similar pK, values, did not initiate
the ROP of e-DL. Similarly, when combined with DBU, U1 and
U2 also showed better activity than TU1 and TU2. This could
be due to the fact that ureas are stronger hydrogen bond
donors than thioureas of similar acidity, which has also been
reported by Kozlowski.***"** In addition, the urea anion is a
stronger base than the thiourea anion due to the large sulfur
atom that increased the stability of the conjugate base.

When the strongest IMes was used, e-DL ROP occurred in
all cases. The activity of the catalyst systems reached its
maximum in the ‘matching’ case, as the TOF value of TU3/
IMes was as high as 270 h™. In contrast to the observations
about U1/TU1 and U2/TU2, TU3 exhibited higher activity than
U3 in the ROP of e-DL when combined with IMes. It is hypoth-
esized that this unusual phenomenon could be due to the
steric hindrance since the nitrogen atom of TU3 is bonded to
an isopropyl group, instead of a bulky benzene ring of U3.
This steric hindrance effect may not be profound in the ROP
of unsubstituted lactones but could pose a significant impact
on the ROP of omega-substituted lactones due to their large
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substituents. To verify this hypothesis, another thiourea, TU4,
with higher steric hindrance but almost identical pK, to TU3,
was employed to pair with IMes for e-DL ROP (Table 1, entry
23). The TOF value of TU4/IMes was found to be 12 h™*, which
is much lower than that of TU3/IMes. This indicates that steric
hindrance indeed has a great impact on the (thio)urea/base
catalyzed ROP of substituted lactones. Low steric hindrance of
the (thio)ureas facilitates the simultaneous activation of the
propagating chain end and the monomer on the same (thio)
urea molecule, leading to efficient nucleophilic attack.

Due to the particularly high activity of TU3/IMes, the reac-
tion rate is too high for aliquoting and monitoring, as the
monomer was almost completely consumed as soon as the
reaction mixture was prepared in a glove box. Therefore, entry
6 was chosen as the model reaction for kinetic studies due to
its moderate activity. As shown in Fig. 2a and b, the linear
increase in molecular weight with monomer conversion indi-
cates the characteristics of controlled living polymerization.
However, the SEC traces in Fig. 2b are not perfectly symmetri-
cal, showing a slight ‘tail’ at a shorter retention time due to
initiation from a trace amount of water present in the mono-
mers. This phenomenon has been discussed in detail in pre-
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(a) My, sec and dispersity (D) vs. monomer conversion, (b) typical SEC curves of aliquots taken at different time intervals during the ROP of ¢-

DL, (c) semi-logarithmic plot of monomer concentration over time and (d) the MALDI-TOF mass spectrum of P(e-DL) produced with U2/IMes as the

catalyst (M,, = 6.0 kDa, D = 1.04, Table 1, entry 6).
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vious works by other groups.>®* Furthermore, semi-logarith-
mic plot analysis demonstrated the first-order feature, which is
also consistent with the living polymerization features
(Fig. 2c). A chain extension experiment was later performed to
further confirm the living features of the ROP of e-DL
mediated by the (thio)urea/base catalyst systems. After 100
equivalents of e-DL were completely converted, another 100
equivalents of e-DL were added to the reaction mixture. The
SEC traces in Fig. S31 demonstrate an increase in the mole-
cular weight of the polymer from 13.6 kDa to 25.7 kDa that
occurred after the sequential addition of monomers while still
maintaining a narrow molecular weight distribution (<1.08).

(Thio)urea catalysts have previously been found to initiate
polymer chains, making it difficult to predict molecular
weights from the amount of initiator, compromising the con-
trollable nature of living polymerization.>* Therefore, in order
to further identify the polymer structure and initiation mecha-
nism, the matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS) technique was used
to analyze the structure of the obtained P(e-DL). The
MALDI-TOF mass spectrum reveals only one series of mole-
cular ion peaks with an interval of ca. 170.13 Da, corres-
ponding to the exact molar mass of the e-DL repeat unit
(Fig. 2d). The molar mass M = n x 170.13 (Mp;) + 108.14
(Mgnomn) *+ 22.99 (Mna.) of each peak corresponds to linear P(e-
DL) chains initiated solely by BhOH and terminated by the
hydroxyl group, which is also consistent with the results of the
'"H NMR spectrum (Fig. S1t), suggesting that the catalyst
system does not initiate polymer chains and has excellent
control over the molecular weight and structure of the
polymer. The chain structure of the polymer catalyzed by U2/
BEMP was also characterized by MALDI-TOF (Fig. S41) and the
results are also in agreement with the previous ones.

The conversions at different times during the ROP of e-DL
by different catalyst systems were plotted into graphs
(Fig. S51), followed by the discussion on the activity trends
and reaction mechanisms for different catalyst pairs. In con-
clusion, in the ROP of e-DL, the (thio)urea/IMes pairs exhibited
superior activity in all catalyst systems. In particular, TU3/IMes
was used for the ROP of e-DL at room temperature with a TOF
value of 270 h™, exhibiting activity far exceeding that of any
other catalysts at the same or higher polymerization tempera-
tures (Fig. $67).'%3%3¢

Ring-opening polymerization of other omega-substituted
lactones using different (thio)urea/IMes pairs

In the screening of the (thio)urea/base catalytic system carried
out in the ROP of &-DL, the (thio)urea/IMes catalyst pairs
showed high activity superior to the other groups. To further
verify the high activity and activity trends of the (thio)urea/
IMes catalyst pairs by a wider range of omega-substituted lac-
tones, these catalyst systems were subsequently used for the
ring-opening polymerization of §-CL and §-DL (Tables S1 and
S21). The "H NMR spectra for the ROP of §-CL and §-DL are
shown in Fig. S7 and S8.t

This journal is © The Royal Society of Chemistry 2024
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The (thio)urea/IMes catalyst systems showed particularly
high activity when screened by the ring-opening polymeriz-
ation of 3-CL (Table S17), compared to the performance in the
ROP of e-DL under the same conditions. All (thio)urea/IMes
systems had much higher TOF values in the ROP of §-CL than
e-DL. This difference may be due to the greater steric hin-
drance of the substitution of e-DL, which confines its polymer-
ization rate. This can be further confirmed by the results of
the ring-opening polymerization of 8-DL catalyzed by(thio)
urea/IMes (Table S27). The TOF values in the ROP of 3-DL were
smaller than those observed in the ROP of §-CL, which can be
attributed to the substitution of the n-amyl group on the ring.
Moreover, SEC analyses of polymers obtained by the ROPs of
8-CL and &-DL mediated by (thio)urea/IMes all exhibited
monomodal curves and narrow molecular weight distri-
butions, confirming that the polymerization remains highly
controlled (Fig. S9 and S10t). The living behaviour of the
polymerization of §-CL and §-DL is subsequently demonstrated
by the first-order features shown by the plots of In[([M], —
M]eq)/((M]; — [M]eg)] vs. time, the linear increase in molecular
weight with conversion and the consistently low molecular
weight distribution (Fig. 3). Here, neither the polymerization
of 6-CL nor that of §-DL can achieve a conversion greater than
90%, which is probably caused by the equilibrium of the
monomer and the polymer in the reaction system. As the
thermodynamic driving force for the polymerization of cyclic
monomers is closely related to ring size, relatively low equili-
brium conversion is commonly observed in the polymerization
of six-membered lactones with low ring strain.’* Additionally,
some reports indicated that the equilibrium conversion of sub-
stituted d-lactones decreases with larger substituents on the
ring,”® which is consistent with the observation that the equili-
brium conversion of 8-DL (ca. 70%) is generally lower than
that of 8-CL (ca. 80%) under the same conditions.

The process of the ring-opening polymerization of §-CL and
8-DL using the (thio)urea/IMes catalyst systems was sampled
for monitoring and the results are presented in plots to visual-
ize the trends in activity (Fig. 3a and c). The activity trends of
the (thio)urea/IMes catalyst systems are consistent with the
previous findings in e-DL ROP. All the activities increased with
decreasing acidity of the urea or thiourea, which corresponds
to the shift from the anionic mechanism to the ‘matching’
mechanism. In the ring-opening polymerizations of §-CL and
8-DL, considerable monomer conversion could be achieved in
minutes using IMes and TU3/U3. In particular, the TOF values
of TU3/IMes in the ROP of 3-CL and &-DL were as high as
996 h™' and 331 h™', respectively, which were much higher
than those of the catalysts (e.g. DPP and TBD) commonly used
in the ROP of §CL and &-DL at room temperature
(Fig. $117).23°%37 Although the TOF values of a strontium
catalyst (TOF = 360 h™ and 228 h™" for §-CL and 8-DL, respect-
ively) are reluctantly close to our system, its application may
still be limited by the high cost, pyrophoric feature, and con-
cerns regarding the toxicity of metal residues in polymers.
Therefore, the higher activity exhibited by (thio)urea/IMes in
the ROP of 8-CL and &-DL further verified that the anionic and
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‘matching’ mechanisms are more applicable to omega-substi-
tuted lactones.

Ring-opening copolymerization of e-DL and e-CL using (thio)
urea/IMes pairs

From the previous experimental results, it is clear that the
(thio)urea/base catalyst systems are much more active for lac-
tones with smaller side chains, such as §-CL. Hence, given the
reactivity difference of these catalyst systems in the homopoly-
merization of different monomers, it may be possible to
achieve well-defined polymer sequences by the ROPs of lactone
mixtures in one pot. We believe that the modulation of the
copolymer structure may be achieved by selecting catalyst
systems with different activities for the synthesis of random,
gradient and block copolymers (Scheme 1b). To ensure a high
reactivity difference, unsubstituted lactone e-caprolactone(e-
CL) was chosen as the comonomer for copolymerization with
e-DL (Table 2). Although e-CL is usually prepared industrially
from petrol, more and more studies are now focused on devel-
oping green and efficient methods for the preparation of e-
CL,*® which makes it potentially sustainable. U2/IMes, which
exhibits moderate activity in the homopolymerization of e-DL,
was first selected as the catalyst for copolymerization with e-CL
(Table 2, entry 1). The copolymerization was monitored by "H
NMR spectroscopy (Fig. S12 and S13+). Due to the high activity
of U2/IMes towards e-CL, e-CL reached complete conversion
within 30 min, followed by the ROP of e-DL to produce an e-
CL/e-DL copolymer. The SEC curve of the copolymer

2382 | Polym. Chem., 2024, 15, 2377-2386

(Fig. S141) showed a monomodal distribution and the mole-
cular weight also matched the theoretical values (M, =
16.6 kDa, b = 1.32), indicating that the copolymerization
process is highly controlled.

To further confirm the selectivity of U2/IMes for e-CL and e-
DL, the copolymerization of e-CL/e-DL by U2/IMes was also
monitored using in situ IR spectroscopy (Fig. 4a). The FTIR
spectra of e-DL and e-CL monomers are shown in Fig. S15t to
justify the choice of bands for monitoring. It was found that e-
CL ROP occurred first, as evidenced by the decrease in the
resonance attributed to e-CL at 1051 cm™". During this period,
e-DL did not undergo any conversion, as the corresponding
resonance at 1530 cm™" hardly decreased. A reduction of the
resonance assigned to e-DL was only observed after the com-
plete consumption of e-CL. This suggests that U2/IMes prefer-
entially catalyzes the ROP of e-CL and switches to the ROP of e-
DL once &-CL is completely consumed. Therefore, the copoly-
merization of e-CL and e-DL by the U2/IMes catalytic system
affords copolymers with a block structure.

Alternatively, the more reactive U3/IMes and the most reac-
tive TU3/IMes were selected for the copolymerization of &-CL
and e-DL. The monomers were able to reach considerable con-
version (> 80%) within a few hours and copolymers with the
corresponding molecular weights and narrow molecular
weight distributions were synthesized (Table 2, entries 2-4).
The ring-opening copolymerization of e-CL and e-DL mediated
by U3/IMes and TU3/IMes was also monitored by in situ IR
spectroscopy. For U3/IMes, the conversion of e-DL occurred

This journal is © The Royal Society of Chemistry 2024
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(a) Fast and efficient ring-opening polymerization of biorenewable omega-substituted lactones catalyzed by (thio)urea/base catalyst

systems and (b) copolymerization of e-DL and e-CL to produce block, gradient and random copolymers using different (T)U/base catalyst systems.

Table 2 Copolymerization of e-DL and e-CL catalyzed by (T)U/base catalyst systems®

Dyad®
[e-CL)/ Conv. Conv. Mytheo©  Mnsec d
Entry Catalyst (s) [e-DL] t (h) e-CL? (%) eDL” (%) (kDa) (kDa) p? CL*-CL  CL*-DL DL*-CL  DL*-DL
1 U2/IMes 100/100 102 99 75 23.3 16.6 132 0.46 0.08 0.02 0.44
2 U3/IMes 100/100 4 99 86 26.0 22.1 1.33  0.39 0.12 0.09 0.40
3 U3/IMes 50/100 3 99 93 21.6 19.3 1.30  0.20 0.10 0.09 0.61
4 TU3/IMes  100/100 40 min 99 92 27.1 28.8 1.35 031 0.20 0.19 0.30

“ polymerizations were performed in dry toluene at 25 °C with [e-CL], = 2.5 M; [(T)U]/[base]/[I] = 2.5/2.5/1; I = BnOH. ” Monomer conversion deter-
mined by "H NMR in CDCl, using integrals of the characteristic signals. ¢ My theo = M(e-cry X ([e-CL]o/[I]o) X conv. + Me.pr) * ([e-DL]o/[I]o) X conv. +
M(gnon)- 9 Determined by SEC in THF at a flow rate of 1.0 mL min~" at 40 °C, calibrated with polystyrene standards. ¢ Determined by quantitative

3C NMR spectroscopy, with * defining the carbonyl analyzed.

before the complete conversion of e-CL, suggesting that a gra-
dient copolymer structure was most likely formed (Fig. 4b). For
TU3/IMes, a simultaneous decrease in the resonances attribu-
ted to e-CL and &-DL at 1051 cm™ ' and 1530 cm™" can be
clearly observed, respectively. This suggests a mutual propa-
gation of e-DL and &-CL, leading to the formation of a random
copolymer (Fig. 4c). Besides, "H DOSY NMR spectra of copoly-
mers prepared by U2/IMes, U3/IMes and TU3/IMes all show a
single diffusion coefficient, which confirms the formation of e-
CL/e-DL copolymers (Fig. S16, S17 and S187).

To verify the chain sequence, all e-CL/e-DL copolymers were
analyzed by quantitative >C NMR spectroscopy, and the carbo-
nyl region was analyzed and integrated to reveal the chain
structure (Fig. 5). The sequence of two (different) adjacent
monomers in a polymer is characterized by the carbonyl dyad

This journal is © The Royal Society of Chemistry 2024

resonance. The carbonyl dyad resonance corresponding to an
e-CL carbonyl adjacent to an &e-CL repeat unit (CL*-CL, where
the asterisk represents the observed carbonyl) can be observed
at 6 = 173.6 ppm, while the smaller shoulder peak on the left
corresponds to the carbonyl dyad resonance of CL*-DL.
Similarly, the three split peaks of the carbonyl dyad resonance
observed at § = 173.4 ppm can be attributed to DL*-DL and
DL*-CL resonances, respectively. For copolymers produced by
U2/IMes, the integration of the CL*-DL (0.08) and DL*-CL
(0.02) resonances is particularly smaller than those of DL*-DL
(0.44) and CL*-CL (0.46), indicating the high selectivity of U2/
IMes and the block-like polymer chain sequence. Notably,
some transesterification may occur due to the relatively long
reaction time of entry 1, which could account for the presence
of some CL*-DL and DL*-CL carbonyl dyad resonances.

Polym. Chem., 2024, 15, 2377-2386 | 2383
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Fig. 5 Quantitative *C NMR spectra of the carbonyl region of the e-
DL/e-CL copolymer (125 MHz, CDCls, 298 K).

When the U3/IMes with moderate activity was used, there
was an increase in the integrals of the CL*-DL (from 0.08 to
0.12) and DL*-CL (from 0.02 to 0.09) resonances, but still

2384 | Polym. Chem., 2024, 15, 2377-2386
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much less than those of the DL*-DL and CL*-CL resonances.
This phenomenon indicates that the selectivity for e-CL and -
DL is reduced in the U3/IMes system, thus favouring the for-
mation of copolymers with a potential gradient structure. For
comparison, the monomer ratio of e-CL/e-DL was then reduced
to 50/100 with U3/IMes (Table 2, entry 3). The result of '*C
NMR shows that the integrals of the major DL*-DL and CL*-
CL dyad resonances in the carbonyl region of the copolymer
have also changed to match the initial monomer feed ratio.
There is a slight decrease in the integral of the CL*-DL reso-
nance in the copolymer from 0.12 to 0.10 as the content of e-
CL decreases, suggesting a reduction of the gradation length
in the copolymer. When it comes to the most active TU3/IMes,
the relative integrals obtained by deconvolution of the carbo-
nyl resonances corresponding to CL*-DL and CL*-CL became
closer (0.20 vs. 0.31), indicating that a random copolymer was
likely to be produced. This may be due to the very high activity
of TU3/IMes that the reactivity difference between e-CL and e-
DL became smaller, making the e-DL monomer getting
inserted into the polymer chain at a similar rate to that of e-
CL. It can also be evidenced by the fact that the least active U2/
IMes has the highest selectivity for the copolymerization of
monomer mixtures. Therefore, by simply changing the combi-
nation of (thio)ureas and bases, copolyesters with different
structures (e.g. block, gradient and random structures) can be
facilely and efficiently prepared in one-pot from a mixed
monomer feedstock.

The thermal properties of the copolymers were investigated
by DSC analysis to demonstrate the effect of block, gradient
and random structures on thermal properties. In Fig. 6, the
copolymer prepared from U2/IMes exhibits a glass transition
temperature (T,) of —56 °C, which is between that of the two
homopolymers [-53 and —60 °C for P(e-DL) and P(e-CL),
respectively], and a Ty, at 41 °C, which can be assigned to the

Heat Flow (w/g) Exo ¢ Endo

1 1
-60 -40 -20 0 20 40 60 80
Temperature (°C)

Fig. 6 DSC thermograms for P(e-CL-co-¢-DL) produced by different
catalyst systems: (A) U2/IMes (Table 2, entry 1), (B) U3/IMes (Table 2,
entry 2), (C) U3/IMes (Table 2, entry 3), and (D) TU3/IMes (Table 2, entry
4).

This journal is © The Royal Society of Chemistry 2024
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semi-crystalline PCL block. This suggests that the block struc-
ture of the copolymer is favourable for generating phase separ-
ation. This observation further evidenced the successful pro-
duction of block copolymers by U2/IMes through its excellent
selectivity. In contrast, the copolymers obtained from U3/IMes
and TU3/IMes all showed only one T, without melting tran-
sition, which corresponded to the gradient and random struc-
tures due to reduced selectivity. Furthermore, the dis-
appearance of T, indicates that the crystallinity of PCL can be
simply and effectively reduced by the choice of catalyst pairs.
This indicates that by simply changing the combination of
catalyst pairs, the crystallinity of copolyesters can be easily
tuned. These results confirmed the synthesis of polymers with
different chain structures by selecting catalyst systems with
different activities. This is of great value in terms of modulat-
ing the polymer chain sequence, which can further modulate
its properties to match different application scenarios.

Conclusions

In summary, a series of biorenewable omega-substituted lac-
tones were successfully polymerized using inexpensive and
readily commercially available catalysts and co-catalysts. The
polymerization process is highly controlled and exhibits living
features. The (thio)urea/base systems produce polymers with
very narrow molecular weight distributions (<1.10 in most
cases). The most active TU3/IMes demonstrated a TOF value of
up to 270 h™" in the ROP of e-DL, far exceeding those of the
previously reported catalysts, including TBD, Sn(Oct),, zinc
complex, etc. This indicates that for the (thio)urea/IMes cata-
lytic pairs, the ‘matching’ mechanism features higher activity
for the ROP of omega-substituted lactones, and this is further
confirmed by the ROP of §-CL and &-DL with (thio)urea/IMes
pairs, where the TOF values were up to 996 h™' and 331 h™,
respectively. Unlike previous ROPs of LA and unsubstituted
lactones, the cooperative mechanism showed hardly any
activity in the ROPs of omega-substituted lactones. In addition
to the catalytic mechanism, steric hindrance induced by the
substituents of the omega-substituted lactones also has a great
impact on the polymerization activity. By changing the struc-
ture of thiourea from TU3 to TU4 with greater steric hindrance,
the catalytic activity was significantly reduced with a TOF of
only 12 h™". Moreover, by utilizing the selectivity differences of
different catalyst systems for the copolymerization of e-CL and
e-DL, it is feasible to modulate the chain structure of the copo-
lymers to easily achieve block, gradient and random structures.
The modulation of monomer sequences during copolymeriza-
tion is of great importance in polymer synthesis, as it signifi-
cantly affects thermal and mechanical properties, allowing the
construction of materials suitable for different applications.
Besides, this polyester is promising for applications in the
adhesive, coating, and biomedical fields. The above results
provide ideas for the design of similar H-bond donor/acceptor
catalysts and contribute to the development of more structu-
rally diverse polymers.

This journal is © The Royal Society of Chemistry 2024
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