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AB, and AB.,C poly(ester-ether) was synthesized
conveniently from cyclic anhydrides, epoxides, and THF
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B..C sequences significantly affected the glass-transition
temperature and increased polymer degradability.
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Ring-opening copolymerization (ROCOP) of cyclic anhydrides and epoxides has been under intensive
investigation as a potential alternative approach for synthesizing tunable polyesters due to a wide range of
monomer scopes compared to those of conventional cyclic esters such as lactides or lactones. While
most catalytic systems focus on the alternate insertions of cyclic anhydrides (A) and epoxides (B) giving
alternating (AB),, polyesters, the synthesis of AB, poly(ester-ether) polymers having controllable B, ether
sequences has recently gained significant interest for potential tunable functions. Herein, an AB, poly
(ester-ether) with tunable ether linkages (x = 2.3-5.2) was synthesized conveniently from the ROCOP of
cyclic anhydrides (succinic anhydride, phthalic anhydride, 1,8-naphthalic anhydride, terpene-based cyclic
anhydride, maleic anhydride and diglycolic anhydride) and epoxides (cyclohexene oxide, cyclopentene
oxide and propylene oxide) using commercially available tin(i) 2-ethylhexanoate (SnOct,) as the catalyst.
Exceptionally high purity of AB, polymers up to 99% was achieved. Kinetic studies revealed the following
rate law: rate = kp[SAl [CHOI?[SnOcts,]. The versatility of SnOct, was demonstrated and allowed the AB,
polymers to integrate with biodegradable polylactides and polyurethanes in one pot. THF or 1,4-dioxane
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(C) could be copolymerized as the third component in one pot giving a novel AB,C poly(ester-ether) with
the highest selectivity of up to 74% for THF and 11% for 1,4-dioxane. The presence of B, or B,C units was
found to significantly accelerate the degradation rates of the polymers compared to conventional alter-

rsc.li/polymers nating (AB), polyesters.

great attention. Due to a wide range of epoxides and cyclic
anhydrides, the resulting polymers could lead to many back-
bone structures, functions, and properties.”** The initial
development of catalytic systems for ROCOP of cyclic anhy-
drides and epoxides involved simple metal complexes such as

Introduction

Aliphatic polyesters are among the most extensively studied
classes of alternative materials owing to their potential biode-
gradability, biocompatibility, and low toxicity when used in
biomedical and environmental applications.’™ They are com-
monly synthesized via the ring-opening polymerization (ROP)
of cyclic esters such as lactides and lactones.”® However, their a)
physical and mechanical properties are limited due to the
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Scheme 1 ROCOP of cyclic anhydrides (a), epoxides (b), and cyclic
ethers (c).
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metal alkoxides,'*'* metal halides’® and free amines'®
affording polyesters with various degrees of ether linkages.
Later development has led to several highly efficient catalysts
that provide perfectly alternating polyesters based on ligated
metal complexes such as those of Al, Cr, Co, Fe, Zn, and
Mg.>%'7 1 Lewis-base cocatalysts are normally required in
many catalytic systems for efficient ROCOP.>® The concept of
multinuclear metal complexes was also investigated giving
excellent cooperative effects of multiple metals in
ROCOP.'®?°2> Wwhile alternating (AB), polymers have been
extensively explored, we recently reported the synthesis of a
novel (ABB), polymer sequence with up to 70% purity using a
Schiff base tin(u) complex as a catalyst.”® The new polymer
sequence ABB contains double insertions of epoxides that can
improve the thermal properties of the polymers. Other tin(u)
catalysts such as Sn(OMe),,”” amine Schiff-base tin(i),*® and
bis (amidinate)tin(u)*® were also reported revealing preferences
for multiple insertions of epoxides leading to poly(ester-ether).
Trinuclear Co(ir) complexes were shown to promote consecu-
tive epoxide insertions resulting in polymers having single-
glass transition and tunable properties.*® Recently, a new Zr(iv)
complex was shown to copolymerize cyclic anhydride (A),
epoxide/oxetane (B), and THF (C) giving a new sequence of
>99% ABB or ABB/ABC polymers when C is present
(Scheme 1b).*!

Although ester-ether linkages are undesirable according to
several reports, the existence of ester-ether linkages in polymer
chains could potentially lead to new types of polymeric
materials with added tunable functions and properties com-
pared to conventional alternating polyesters and also provide
additional advantages in several applications.**>* For
example, the hydrolytic degradation of block copolymers of
polyethylene glycol (PEG) and polyesters can be accelerated by
the hydrophilic part of PEG.>>*® This hydrolytic degradation
behavior is very important for drug delivery systems to deter-
mine the amount of released products to targets.*>>® Williams
and co-workers recently synthesized a tapered and miscible
block copolymer of poly(ester-ran-ether)-b-PLA from t-lactide,
propylene oxide, and maleic anhydride. The obtained tapered
block copolymer was blended with commercial PLA giving
materials with improved toughness and elongation at break
without affecting other properties.>” The ABB/ABC poly(ester-
alt-ether) from phthalic anhydride (A), butylene oxide/oxetane
(B), and THF (C) was shown to have a faster hydrolysis rate
compared to the conventional (AB), polyester.>' The copolymer
containing both (AB), and (AB,),, sequences could be used as
miscibility-promoting agents in mixed polyether/polyester
systems for adjusting the phase-separation behavior as
reported by Lu and co-workers.*® Due to these promising pro-
perties of poly(ester-ether) polymers, the investigations of
polymer structures and the control of (AB), and (AB,),, con-
tents have gained increasing attention and are extremely sig-
nificant for determining the properties of these polymers in
numerous applications.

Despite increasing interest in AB, polymers, the discovery
of catalytic systems that can produce a high percentage of AB,
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with controllable ether units is still lacking. Based on the suc-
cessful findings mentioned above, it is evident that tin(u) com-
plexes are extremely appealing for promoting multiple inser-
tions of epoxides. While ligated tin(u) complexes, or other
ligated metal complexes, are attractive, they are generally
inconvenient for conventional and industrial applications due
to their multi-step synthesis and high moisture-sensitivity.
Therefore, we turned our attention to a commercially available
simple complex of tin(u) 2-ethylhexanoate (SnOct,) because
SnOct, has rarely been explored for ROCOP*® but it has been
widely adopted for ring-opening polymerization (ROP) of lac-
tides, lactones, and cyclic carbonates due to its high perform-
ance, low price, easy handling, low toxicity and good stability
at high temperature.’®*" In addition, SnOct, contains carboxy-
lates that could function similar to other metal carboxylates
already demonstrated as efficient catalysts for ROCOP.**™*>
Herein, SnOct, was investigated in the ROCOP of cyclic anhy-
drides (A), epoxides (B), and cyclic ethers (C) with the aim
being to control multiple insertions of the B units and to
demonstrate the versatility of the catalyst toward other
renowned polymeric compounds, such as polylactides and
polyurethanes (Scheme 1c).

Experimental
Materials

All manipulations were carried out in a glovebox or by using
standard Schlenk techniques under a nitrogen atmosphere.
Toluene and tetrahydrofuran were dried using a solvent purifi-
cation system (MB SPS-800, MBRAUN). Cyclohexene oxide
(CHO, TCI), cyclopentene oxide (CPO, TCI), propylene oxide
(PO, TCI), 1,4-dioxane (OX, Fisher Chemical), and benzyl
alcohol (BnOH, AJAX FINECHEM) were dried over calcium
hydride, and distilled under vacuum before use. Maleic anhy-
dride (MA, TCI), phthalic anhydride (PA, TCI), diglycolic anhy-
dride (DGA, ACROS) and succinic anhydride (SA, ACROS) were
purified by sublimation under vacuum three times before use.
1,8-Naphthalic anhydride (NA, TCI) was purified by recrystalli-
zation from hot chloroform, dried under vacuum, and stored
in a glovebox. Tin(u) 2-ethylhexanoate (SnOct,, TCI) was dried
under vacuum overnight and stored in a glovebox. r-Lactide
(1-LA, TCI) was recrystallized from toluene and purified by sub-
limation under vacuum three times before use. Benzoic acid
(BA, MERCK) and 1,4-benzendimethanol (BDM, TCI) were
dried under vacuum at 50 °C overnight before use. 4,4-
Diphenylmethane diisocyanate (MDI, TCI) was used as
received. Terpene-based cyclic anhydride (TBA) was syn-
thesized according to the literature procedure.'* Other chemi-
cals were obtained from commercial suppliers and used as
received.

Measurements

'H, COSY, *C and DOSY NMR spectra were recorded on a
Bruker AVANCE III HD-600 MHz spectrometer and referenced
to the protio impurity of commercial chloroform-d (CDCl;, §
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7.26 ppm) as the internal standard. Mass spectrometry was
carried out using a Bruker data analysis Esquire-LC mass
spectrometer (APCI mode). GPC analyses were carried out on a
Malvern Viscotek TDAmax double detector device equipped
with a refractive index detector and a viscometer with three
300 mm x 8.0 mm ID columns packed with a porous styrene-
divinylbenzene copolymer. GPC columns were eluted using
tetrahydrofuran at a flow rate of 1.0 mL min™" at 35 °C. The
universal calibration curve was calibrated with polystyrene
standards ranging from 1200 to 300000 amu. Molecular
weights and dispersities were calculated using the refracto-
metric (RI) method. Differential scanning calorimetry (DSC)
measurements were performed on a PerkinElmer DSC-8500
instrument to analyze the glass-transition temperature (T,) of
polymers over a temperature range from 0 °C to 100 °C, —60 °C
to 100 °C and 0 °C to 200 °C at a heating rate of 10 °C min™"
and a gas flow rate of 20 mL min~" under a nitrogen atmo-
sphere. T, and enthalpy values from the second heating curves
were calculated to remove the thermal history of the samples.

General polymerization procedures

Solution polymerization. The following procedure is for
ROCOP of SA and CHO using an SA: CHO: SnOct, mole ratio
of 50:100:1 with an initial CHO concentration of 1.00 M and
a temperature of 80 °C. Polymerization using other monomer
ratios or temperatures can be carried out similarly. SA (0.100 g,
1.00 mmol), CHO (0.1960 g, 2.00 mmol), SnOct, (8.0 mg,
20 pmol), and dry toluene (added to a total solution volume of
2.00 mL) were added into a Schlenk flask. The content of the
flask was stirred and it was placed in a preheated oil bath at
80 °C. At the desired time, a small amount of crude mixture
was withdrawn from the polymerization reaction for conver-
sion analysis by NMR. The polymer residue was dried under
vacuum to remove the solvent. Subsequently, the crude
mixture was dissolved in a small amount of dichloromethane
and precipitated with excess cold methanol. The precipitated
polymer was collected and dried under vacuum for characteriz-
ation by NMR, GPC, mass spectroscopy analysis, and DSC.

Neat polymerization. SA (0.1651 g, 1.65 mmol), CHO
(0.970 g, 9.90 mmol) and SnOct, (13.4 mg, 33 pmol), were
placed in a Schlenk flask with a magnetic stirrer at an
SA:CHO:SnOct, mole ratio of 50:300:1. The reaction
mixture was stirred in a preheated oil bath at 80 °C. At the
desired time, a small amount of sample was withdrawn from
the polymerization reaction for conversion analysis by the
NMR technique. The polymer was dissolved in a small amount
of dichloromethane and precipitated with excess cold metha-
nol. The precipitated polymer was collected and dried under
vacuum for characterization by NMR, GPC, mass spectroscopy
analysis, and DSC.

Terpolymerization with THF or 1,4-dioxane. The one-pot
ROCOP of CHO, SA and THF using an SA: CHO : THF : SnOct,
mole ratio of 50:150:150:1 was conducted at 80 °C in a
Schlenk flask using SA (0.1650 g, 1.65 mmol), CHO (0.4850 g,
4.95 mmol), THF (0.3569 g, 4.95 mmol) and SnOct, (13.4 mg,
33 pmol). The reaction was monitored by NMR for conversion
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analysis. The polymer residue was dried under vacuum to
remove the solvent. Subsequently, the crude mixture was dis-
solved in a small amount of dichloromethane and precipitated
with excess cold methanol. The precipitated polymer was col-
lected and dried under vacuum for characterization by NMR,
GPC, and DSC. Polymerizations using 1,4-dioxane or other
monomer ratios were carried out similarly.

Sequential terpolymerization. Terpolymerization was con-
ducted using the sequential addition method. Firstly, the
copolymerization of MA and CHO using an MA: CHO : SnOct,
mole ratio of 50:300:1 with an initial CHO concentration of
2.00 M at 80 °C was performed. To a Schlenk flask MA
(65.4 mg, 0.667 mmol), CHO (0.392 g, 4.00 mmol), SnOct,
(5.4 mg, 13 pmol), and dry toluene (to obtain a total solution
volume of 2.00 mL) were added. At the desired time, a small
amount of crude mixture was withdrawn from the polymeriz-
ation reaction for measuring the conversion and molecular
weight using the NMR technique and GPC, respectively. After
MA was fully consumed (about 1 h), 50 equivalents of r-LA
(0.0961 g, 0.667 mmol) were subsequently added to the reac-
tion. The polymerization reached a high monomer conversion
of 85% in 4 h. The crude product was dried under vacuum,
dissolved in a small amount of dichloromethane, and poured
into excess cold methanol. The precipitated polymer was col-
lected and dried under vacuum for characterization by NMR,
GPC and DSC.

The synthesis of polyurethane. The ROCOP of CHO and SA
using a CHO: SA: SnOct, : BDM mole ratio of 1200:200:1:20
with an initial CHO concentration of 2.00 M at 80 °C was per-
formed to produce the copolymer diol. SA (0.0667 g,
0.667 mmol), CHO (0.392 g, 4.00 mmol), SnOct, (1.4 mg,
3.3 pmol), BDM (9.2 mg, 67 pmol), and dry toluene (added to a
total solution volume of 2 mL) were added into a Schlenk
flask. After SA was completely consumed, MDI (0.0167 g,
66.6 pmol) was added to the reaction mixture and the reaction
was left for 24 h. The crude product was dried under vacuum,
dissolved in a small amount of dichloromethane, and poured
into excess cold methanol. The precipitated polymer was col-
lected and dried under vacuum for characterization by NMR,
GPC and IR.

Hydrolysis of copolymers. Hydrolysis of the copolymers was
performed under basic conditions. The polymer (0.0300 g) was
dissolved in 2.0 mL of tetrahydrofuran and then 1.0 mL of 7.0
M NaOH aqueous solution was subsequently added. The reac-
tion mixture was heated at 80 °C for 3 days. The aqueous
phase was acidified with a 4.0 M HCI solution. The hydrolyzed
components were further extracted with dichloromethane (3 x
10 mL). The combined organic phase was dried over sodium
sulfate, filtered, and concentrated under vacuum. The compo-
sition of the resulting mixtures was analyzed by atmospheric
pressure chemical ionization (APCI) mass spectrometry.

Polymer degradation experiments. All polymer samples were
purified by precipitation in excess cold methanol 3 times prior
to the degradation study. A polymer sample (70 mg) was added
to an aqueous NaOH solution (5.0 M, 7.00 mL). The reaction
was sealed, heated at 70 °C and stirred at 700 rpm. The
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polymer samples for GPC analysis were obtained by cooling
the reaction to RT, cutting a small piece from the coagulated
polymer (approximately 5 mg), washing it with water, and dis-
solving it in THF. The degradation was monitored by GPC ana-
lysis to obtain the molecular weight M,,. After 4 days, all poly-
mers completely disappeared except for poly(CHO-alt-SA),
which was still intact.

Calculations of polymer compositions. The compositions of
AB, AB,, and AB,C sequences in the copolymers were calcu-
lated as shown in the ESIT with some modifications from the
previous report.*!

Results and discussion
Synthesis of the AB, poly(ester-ether)

The initial ROCOP of succinic anhydride (SA) and cyclohexene
oxide (CHO) was tested using SnOct, as a catalyst at an
[SA]:[CHO]: [SnOct,] ratio of 50:100:1 in toluene at 110 °C
(Table 1, entry 1). Although alcohols are commonly added as
an initiator for ROP of cyclic esters, we did not add any alco-
hols here because SnOct, already contains carboxylates
capable of initiating the ROCOP. After 4 h, the NMR analysis
of the crude mixture showed conversions of >99% for SA (DP =

Table 1 ROCORP of cyclic anhydrides and epoxides catalyzed by SnOct;,
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50) and 81% for CHO (DP = 81) clearly suggesting multiple
insertions of CHO (DPcpo/DPss > 1). Because CHO is a sym-
metric molecule, the "H NMR spectrum of the methine
protons in CHO moieties in the copolymer is rather simple
and very informative. We reported a thorough analysis of AB
and AB, sequences earlier (A = SA and B = CHO) where the
methine protons of CHO moieties appeared at 4.82 ppm for
alternating (AB), sequences, at 4.65-4.75 ppm for AB,
sequences, and at 3.2-3.5 ppm for B, sequences.26 The inte-
gration of these peaks can be used to directly calculate the
amount of each sequence (see the ESIf). From these NMR
assignments, the '"H NMR spectrum of the purified copolymer
(Fig. 1a) revealed a copolymer (M,, = 4.8 kDa, P = 1.46) consist-
ing of 58% of perfectly alternating copolymer (AB), observed at
4.82 ppm (protons b) and 42% of multiple CHO insertions or
(AB,),, observed at 4.65-4.75 ppm (protons c). The average
number (x,,) of B units in (AB,),, sequences (excluding AB
sequences) can be directly calculated from the 'H NMR spec-
trum from the ratio of all CHO units in the AB, sequence
(protons ¢ + d + e) divided by capping CHO units (protons c)
and found to be 2.5 (see the ESI} for detailed calculations of
polymer compositions and x,,). 2-Ethylhexanoate was observed
as an end group in the NMR spectrum (Fig. 1a) and as a major
series in the MALDI-TOF spectrum (Fig. S51). The diffusion-

Rf O R
SnOctz o)\(o O%H\
ﬁ Ry “R 0 R, R, | |O
n
S 'Pr
anh);ld\l)'ldes — OO o Me ) 0 (B) %
SA PA MA NA DGA TBA CPO PO
Equiv. of Degree of
Monomer monomers polym.” (DP) Component” (%)
b c d
Mn,theo Mn,GPC Tg
Entry A B A B B (M) (OC) Time (h) A B (AB),, (ABX),,, Xav” (Da) (Da) D (OC]
1 SA CHO 50 100 1.0 110 4 50 81 58 42 2.5 6599 4800 1.46 54
2 SA CHO 50 100 1.0 80 10 45.5 80 44 56 2.6 6324 2810 1.44 47
3 SA CHO 50 100 1.0 60 31 38.5 78 40 60 2.8 5874 2270 1.46 33
4 SA CHO 50 300 1.0 80 15 44.5 99 33 67 3.0 7170 2080 1.54 43
5 SA CHO 50 600 1.0 80 4d 47.5 138 25 75 3.4 9290 4290 1.52 51
6 SA CHO 50 300 2.0 80 12 50 138 18 82 3.0 9360 3210 1.46 48
7 SA CHO 50 300 Neat 80 1.2 39 192 5 95 5.2 11 500 2390 2.69 41
861 SA CHO 50 300 2.0 80 3 48.5 120 23 77 3.2 8415 1869 1.39 46
9f SA CHO 50 300 2.0 80 5 47 126 23 77 3.3 8648 1810 1.47 42
10 PA CHO 50 300 2.0 80 1 50 138 3 97 3.2 10570 6890 1.20 92
11 NA CHO 50 300 2.0 100 6d 47 102 28 72 2.9 9870 5270 1.14 128
12 MA CHO 50 300 2.0 80 1 48.5 147 29 71 3.4 9800 1320 1.29 62
13 DGA CHO 50 300 2.0 80 0.33 50 96 74 26 2.6 7721 1156 1.40 22
14 TBA CHO 50 300 2.0 80 6d 19.7 55.8 n.d. n.d. n.d. 5186 2232 1.40 77
15 PA CHO 250 1500 2.0 80 13 250 690 1 99 3.4 52470 17 580 1.25 88
16 PA CPO 50 300 2.0 80 23 48.5 138 23 77 2.4 9540 4243 1.12 33
17 PA PO 50 300 2.0 80 48 48.5 107 12 88 2.3 6843 5934 1.45 -1

“Determined by 'H NMR spectroscopy. The x,, value is the average number of B units in AB, sequences (excluding AB units). ?

[M, of B x (DPy/2)] +

Mn cale — [M of A x (DPA/Z)]

(M,, of OctH (144.11 g mol~ )) “Obtained from GPC analysis using a refractive index (RI) detector. 4 Obtained from DSC analysis.

¢ Using 2 equiv. of BnOH as an initiator./ Using 2 equiv. of PhACOOH as an initiator. n.d. = not determined.
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Fig. 1 (a) '"H NMR and (b) DOSY spectra (600 MHz, CDCI3, 30 °C) of
poly(ester-ether) (Table 1, entry 1).

ordered spectroscopy (DOSY) NMR spectrum exhibited a single
diffusion coefficient, indicating that (AB), and (AB,), units
were established on the same polymer chains (Fig. 1b).
Lowering the polymerization temperature from 110 °C to 80
and 60 °C took a longer time to complete (10 h and 31 h,
respectively) but can increase the AB, polymer content from 42
to 56 and 60%, respectively (Table 1, entries 1-3). The x,,
values also slightly increased from 2.5 to 2.6 and 2.8, respect-
ively. The polymerization temperature of 80 °C was then
chosen for further polymerization studies because it provided
a good balance of high amounts of the AB, polymer within
reasonable polymerization times. It is to be noted that, after
SA was completely consumed, the polymerization appeared to
stop although some CHO still remained suggesting that long
chain (CHO), polyether could not be produced by the SnOct,
catalyst under these conditions (Fig. S1f). To confirm this
result, homopolymerization of CHO by SnOct, was carried out
under the same conditions at 80 °C. Only a trace amount of
poly(CHO) was detected after 24 h (Fig. S2t). Therefore, this
result indicated that long blocks of CHO were unfavorable in
the presence of the tin catalyst and that the presence of SA was
mandatory for the copolymerization to continue. This could be
a result of the increasing steric hindrance of the longer (CHO),,
blocks as demonstrated earlier.*

The effects of monomer concentrations and feed ratios
were subsequently investigated as shown in Table 1 affording
polymers having molecular weights of 2.1-4.3 kDa and moder-
ate dispersity values of around 1.5 (entries 2 and 4-6). As the
CHO ratios (B) increased from 100 equiv. to 300 and 600 equiv.
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(Table 1, entries 2, 4 and 5), the amount of AB, polymer
increased from 56 to 67, and 75%, respectively. The x,, values
also increased from 2.6 to 3.0 and 3.4 indicating longer CHO
units in the polymer chains as the amount of CHO increased.
The existence of AB and AB, sequences are confirmed by the
presence of b protons in the '"H NMR spectrum at 4.82 ppm
for AB sequences (see Fig. 2a for comparison), and the pres-
ence of ¢ protons at 4.65-4.75 ppm for AB, sequences as
shown in Fig. 2b.>® When initial CHO concentrations were
doubled from 1.0 M to 2.0 M (entries 4 vs. 6), the amount of
AB, polymer significantly increased from 67 to 82% while the
X,y values remained constant at 3.0 (Fig. 2c). Complete hydro-
lysis of the obtained copolymer in entry 6 was also carried out
under aqueous basic conditions at 80 °C (Fig. S30%). The
hydrolyzed compositions were subsequently determined by
APCI mass spectrometry (Fig. S317) revealing a distribution of
B, fragments with x = 2-4 with x = 3 as the majority, in line
with the observed x,, = 3 from entry 6. A kinetic study run in
triplicate under the conditions of entry 6 (Fig. 3a and
Table S17) revealed that the consumption ratios of CHO com-
pared to SA were in a narrow range of 2.64-2.80 since the
beginning of the polymerization indicating a greater prefer-
ence for multiple insertions of CHO from the start. With a con-
sumption ratio of less than 6 (initial [CHO]:[SA] = 6), the
remaining [CHO] will be in excess compared to [SA] through-
out the polymerization. A plot of polymer composition vs. time
(Fig. 3b) revealed that the %AB and %AB, in the copolymer are
in a narrow range of around 17% and 83%, respectively.
Therefore, the excess CHO does not change polymer compo-
sitions during the polymerization. The molecular weight from
GPC also increased linearly with increasing monomer con-
sumption with dispersities of around 1.5 (Fig. 3c and
Table S2t). The molecular weights were also determined using
NMR by end-group integration. The M, xmr values were higher
than those from GPC. The difference is possibly due to M, gpc
being obtained in reference to the polystyrene standard.
Nevertheless, both molecular weights obtained from NMR and
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Fig. 2 'H NMR spectra (600 MHz, CDCls, 30 °C) of the copolymer from
ROCOP of SA and CHO having different AB and AB, components.
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GPC methods progressed linearly along the same increasing
trend with increasing SA conversion. The low molecular weight
could be from impurities from cyclic anhydrides*>*” and some
protic impurities from commercial SnOct, that can undergo
chain transfer causing low M,."”*' The amount of AB,
polymer can be increased impressively to 95% with only 5% of
the alternate AB polymer when the polymerization is carried
out in neat CHO (Table 1, entry 7 and Fig. 2d). The x,, value
increased to 5.2 indicating longer polyether segments in the
polymer chains. Therefore, the amount of AB, polymer and the
polyether chain length can be controlled by tuning the A:B
ratios, monomer concentrations, and polymerization
temperature.

The rate law for the ROCOP of SA and CHO was determined
using initial rate analysis within the first 20% conversion of SA
using the relationship of rate = ky[SA]'[CHOP[SnOct,]*. For SA
dependence, the initial rates were determined at different
initial SA concentrations ([SA], = 0.165, 0.220, 0.275, and 0.330
M) while [CHO], and [SnOct,], were kept constant at 2.0 M
and 6.7 mM, respectively. The plot of initial rates versus the SA
concentration demonstrated a linear correlation indicating
that the reaction has a first-order dependence on SA concen-
tration (Fig. 4a). The CHO dependence was determined simi-
larly using different initial CHO concentrations ([CHO], = 1.33,
1.67, 2.00, and 2.33 M) while initial catalyst and SA concen-
trations were held constant ([SnOct,], = 6.7 mM and [SA], =
0.33 M). A plot of the initial polymerization rate (<20% SA con-
version) and [CHO] was obtained but it deviated from a linear

relationship. Therefore, the order of the reaction was deter-
mined by taking the natural logarithm of the above equation
giving the relationship In[rate] = y In[CHO]ip; + In(kops) Where
kobs = kp[SA][SnOct,]*. As shown in Fig. 4b, a plot of In[rate] vs.
In[CHO] gave a linear relationship with a slope of 1.93, which
is approximated to 2. Therefore, the reaction is 2" order with
respect to the CHO concentration. Finally, the catalyst depen-
dence was determined by varying the initial concentrations of
[SnOct,], (3.3, 6.7, 10.0, and 13.4 mM) using [CHO], and [SA],
of 2.0 M and 0.33 M, respectively. The initial rates of polymer-
ization increased with increasing catalyst concentration in a
linear fashion (Fig. 4c) also suggesting a first-order depen-
dence on SnOct,. Therefore, the rate law of the polymerization
is as follows:

Rate = k, [SA][CHOJ*[SnOct;]

In other catalytic systems where alternating (AB), polymers were
obtained, the insertion of cyclic anhydride is relatively fast (normally
zero-order with respect to cyclic anhydride concentrations).”>*®
Since the reaction has first-order dependence with respect to the SA
concentration in our system, the insertion rate of SA into the tin
catalyst system is relatively slower. In addition, the 2"%order depen-
dence on the CHO concentration will also assist in multiple epoxide
insertions to form AB, polymer sequences.

A general ROCOP mechanism involves metal alkoxide (after
epoxide insertions) and metal carboxylate (after cyclic anhy-
dride insertions) intermediates.® Therefore, both alcohols
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and carboxylic acids are eligible as initiators or chain transfer
agents allowing possible end-functionalization of the obtained
polymers. This is a great advantage since carboxylic acids are
not efficient initiators for common ROP of cyclic esters. We
tested this hypothesis by adding benzyl alcohol and benzoic
acid as initiators (Table 1, entries 8 and 9). The resulting poly-
mers revealed a similar amount of the AB, polymer (77%) and
X, values (3.2-3.3) compared to the polymerization without
added initiators (entry 6). However, the obtained polymers
have lower molecular weights as a result of more initiators
being present in the polymerizations. Both 2-ethylhexanoate
and benzyloxide (or benzoate) were observed as the end groups
in the resulting polymers (Fig. S12 and S137).

ROCOP using SnOct, as the catalyst can be extended to
other bulky cyclic anhydrides including phthalic anhydride
(PA), 1,8-naphthalic anhydride (NA), terpene-based cyclic anhy-
dride (TBA), maleic anhydride (MA) and diglycolic anhydride
(DGA) using an [Anh]:[CHO]:[SnOct,] ratio of 50:300:1
(Table 1, entries 10-14). In all cases, copolymers having (AB,),,
sequences were successfully obtained and (AB,),, percentages
of 97% for PA, 72% for NA, 71% for MA and 26% for DGA were
achieved. Although SnOct, can catalyze ROCOP of CHO and
TBA giving [CHO]: [TBA] = 2.8 in the copolymer, the accurate
percentages of (AB), and (AB,),, cannot be determined due to
the broad and significantly overlapping signals around
4.5-4.8 ppm arising from the asymmetric nature of TBA
(Fig. S207t). Because the polymer structure has a strong influ-
ence on thermal properties, such as glass transition tempera-
ture (Ty), the increasing amount of B, units will play a signifi-
cant role in this property. The T, of poly(SA-co-CHO) (Table 1,
entry 6) having 82% AB; was found at 48 °C, which is in
between the reported T, of perfectly alternating poly(SA-alt-
CHO) at 32 °C*° and poly(CHO) at 58-75 °C.>° A similar effect
was also observed for MA (Table 1, entry 12) where the T, of the
polymer having 71% AB; 4, also demonstrated a higher value of
62 °C, which is higher than that of poly(MA-alt-CHO) reported
at 51 °C.* In contrast, for the bulkier cyclic anhydrides (PA, NA,
and TBA listed in Table 1, entries 10, 11 and 14), the observed
T, values are lower than those previously reported for poly(PA-
alt-CHO), poly(NA-alt-CHO), and poly(TBA-alt-CHO) of 133,*
159, and 162 °C,* respectively. This is due to the greater flexi-
bility of the cyclohexyl rings (in the AB, unit) compared to the
more rigid aromatic and tricyclic units. In addition, the increase
of CHO content in the AB, copolymer decreases the content of
rigid cyclic anhydrides in the resulting copolymer. Therefore,
the overall rigidity of the copolymer is decreased giving lower T,
values. The molecular weight of the polymer can be increased
by changing the monomer : catalyst ratio as shown in Table 1
(compare entries 10 and 15) giving poly(PA-co-CHO) with a
higher M,, value of 17 580 Da (P = 1.25) and an impressive AB,
content of 99% with x,, of 3.4.

The preference for multiple insertions of epoxides is not
limited to just CHO. When cyclopentene oxide (CPO) and pro-
pylene oxide (PO) were used instead of CHO at a ratio of
[PA]: [CPO or PO]:[SnOct,] = 50:300:1, as shown in Table 1
entries 16 and 17, copolymers having high (AB,),, sequences of

This journal is © The Royal Society of Chemistry 2023
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77% for CPO and 88% for PO were successfully obtained. The
T, values of poly(PA-co-CPO) and poly(PA-co-PO) reported in
entries 16 and 17 were found at 33 °C and —1 °C, respectively.
These T, values are significantly lower than the T, values of
alternate poly(PA-alt-CPO) and poly(PA-alt-PO) reported at 48
and 40 °C, respectively.”®

Synthesis of poly(AB,-b-PLA) and AB,-based polyurethane

Because SnOct, is a common catalyst for ROP of cyclic esters,
such as lactides, it is therefore possible that SnOct, can be
used to combine AB, polymers in one pot with biodegradable
polylactides widely used in food packaging and biomedical
applications. MA was selected as a model cyclic anhydride
because it contains a double bond capable of post-polymeriz-
ation modifications if needed. To demonstrate this appli-
cation, the first block of poly(ester-ether) was synthesized from
ROCOP of MA and CHO using the [MA]:[CHO]: [SnOct,] ratio
of 50:300:1 affording the polymer with 21% (AB),, and 79%
(ABy)m; x = 3.2 (M, = 2270 Da, P = 1.41). After MA was comple-
tely consumed, 50 equiv. of .-LA was subsequently added in
one pot giving a diblock polymer having the (AB),/(AB,),,/PLA
ratio of 6:30: 64 (M, = 4880 Da, P = 1.35) as shown in Fig. 5a.
A single diffusion coefficient was also observed in the
DOSY-NMR spectrum confirming the success of polylactide
addition to the existing poly(ester-ether) in one pot (Fig. 5b).
The GPC trace of the final product was still observed as a
monomodal narrow distribution (Fig. S507). A single T, value
of 63 °C was observed for the block copolymer (Fig. S537),
which is indicative of polymer miscibility.
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Fig. 5 (a) *H NMR and (b) DOSY spectra (600 MHz, CDCls, 30 °C) of
poly(ester-ether)-b-PLA.
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The versatility of SnOct, can be further demonstrated in
polyurethane synthesis as shown in Scheme 2 where tin-based
complexes were commonly exploited as catalysts owing to their
efficiency for reactions of isocyanates and alcohols.>® ROCOP
of SA and CHO catalyzed by SnOct, was first carried out using
1,4-benzendimethanol (BDM) as a bifunctional initiator using
[CHO]:[SA]: [SnOct,]: [BDM] of 1200:200:1:20 in 42 h at
80 °C. A small polymer sample was taken and found to be poly
(ester-ether)diol (M,, = 2450 g mol™", P = 1.32) with 14% AB
and 86% AB,; X,y = 3.6. Subsequently in one pot, 20 equiv. of
4,4'-diphenylmethane diisocyanate (MDI) was added to the
reaction mixture and stirred for 24 h affording a polyurethane
with a higher molecular weight (Fig. S541) of 5903 g mol™" (P
= 2.09). The "H and DOSY NMR analyses also confirmed the
existence of urethane linkages installed in the polymer chain
(Fig. S55 and 5671). The FT-IR spectrum (Fig. S571) of the poly
(ester-ether)-based polyurethane showed the characteristic
absorptions at 1526 cm™ and 3351 cm™' due to NH defor-
mation and stretching vibrations, respectively.’®

Synthesis of the novel AB,C poly(ester-ether) from additional
cyclic ethers (C)

Recently, a zirconium complex was reported by Williams as a
catalyst in the ROCOP of cyclic anhydride (A), epoxide (B), and
THF (C), giving a unique copolymer having ABB and ABC
repeating units possibly due to the large ionic radii of Zr(wv).*!
Up to 29% selectivity for THF was reported. Inspired by this
excellent work, we explored the possibility of THF incorpor-
ation into the copolymer using SnOct, since Sn(u) has a larger
ionic radius (1.36 A)*® compared to that of Zr(v) (0.72 A).*
Therefore, novel AB,C polymer sequences having multiple B
units could be synthesized in addition to the reported ABC
sequence. ROCOP of only two monomers (SA and THF) using
an [SA]: [THF]: [SnOct,] ratio of 50: 150 : 1 was first carried out
at 80 °C for 24 h in a closed reactor but resulted in no polymer
formation (Table 2, entry 1). Polymerization using the
[CHO]:[THF]: [SnOct,] ratio of 150:150:1 at 80 °C also
showed no conversion after 44 h (Table 2, entry 2).
Polymerization was then conducted with three monomers
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(Table 1, entry 6, for comparison); (b) AB,C copolymer; C = THF (Table 2,
entry 4); and (c) AB,C copolymer; C = OX (Table 2, entry 9).

using an [SA]:[CHO]:[THF]:[SnOct,] ratio of 50:150:150:1
at 80 °C (Table 2, entry 3). As anticipated, THF could now be
copolymerized as evidenced by the new distinctive "H NMR
peak of -CH,-CH,-OC(O)- at 4.10 ppm (shown in Fig. 6b as z
protons and Fig. S597). The COSY NMR spectrum revealed that
the ring-opened THF contained methylene-ester on one end
and methylene-ether at the other end strongly indicating
CHO-THF-SA sequences (Fig. 7a). Therefore, only one THF
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Fig. 7 COSY and DOSY-NMR spectra (600 MHz, CDClsz, 30 °C) of the
copolymer from ROCOP of SA, CHO and THF using an SA/CHO/THF/
SnOct, molar ratio of 50 :150:150: 1 (Table 2, entry 3).
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unit was inserted after CHO insertions, followed immediately
by the reaction with SA. This CHO-THF-SA sequence is highly
possible because after the ring-opening of THF, the more reac-
tive primary alkoxide (-O(CH,),07) is generated (compared to
the secondary alkoxide after the CHO ring-opening) and can
efficiently react with SA. The 'H NMR spectrum of the
obtained polymer was carefully analyzed and found to contain
8% AB, 49% AB,, and 43% AB,C (see the ESI} for sequence
analysis). A single diffusion coefficient was observed in the
DOSY-NMR spectrum indicating that all monomers including
THF were installed on the same polymer chains (Fig. 7b). The
ring-opened THF is always connected to cyclic anhydride (SA)
and will not exceed the amount of SA. Therefore, the selectivity
for THF was defined and calculated relative to SA. A very high
selectivity for THF incorporation of 43% was observed. The
presence of THF in the polymer significantly reduced the T,
from 48 °C (Table 1, entry 6) to 8 °C (Table 2, entry 3) as
shown in Fig. 8a due to the highly flexible -(CH,),~ backbone.
The THF content could be increased impressively from 43% to
70%, and 74% by increasing the THF equivalents from 150 to
800, and 3000, respectively (Table 2, entries 3-5). This is the
highest selectivity for THF ever reported for ROCOP. The major
sequence of the polymer in entry 5, having THF content as
high as 74% [AB, ,C],;, could also be rearranged to [CAB, ],
r [(THF)(SA)(CHO); ). Therefore, this new polymer can be
alternatively visualized as butylene succinate units separated
by approximately two CHO units. This polymer has a structure
resembling that of poly(butylene succinate), a very well-known
biodegradable polymer. The polymerizations with THF could
also be extended to PA and MA giving the terpolymers with
high AB,C components of 70% and 72%, respectively with x,,
around 2.6 (Table 2, entries 6 and 7). The T, values of these
polymers containing high THF contents were significantly
lower by about 40-50 °C (Fig. 8a) due to the highly flexible
methylene units incorporated into the polymer chains.

The mechanism for the terpolymerization leading to AB,
AB,, and AB,C sequences is proposed and presented in
Scheme 3. After CHO is initially ring-opened, there are three
possible insertion reactions: (1) cyclic anhydride insertion (k,),
(2) CHO insertion (or multiple insertions as k), and (3) THF
insertion (k,). The insertion of cyclic anhydride to metal alkox-

2)100 —M-ABy polymer b)100- -Hl-ABy |?nI)'mer ] '
~@-ABC polymer; C = THF ] —~@- AB,C polymer; C = 0OX n
80 397 80 3,97)
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Cyclic anhydrides Cyclic anhydrides

Fig. 8 Comparison of glass-transition temperatures (Tg) between AB,
and AB,C polymers where (a) C = THF and (b) C = OX, given that (X,Y) =
%AB and %AB,, respectively, and (X,Y,Z) = %AB, %AB, and %AB,C,
respectively.
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Scheme 3 Proposed mechanism for the formation of AB, and AB,C
poly(ether-ester) from ROCOP of cyclic anhydrides (A), CHO (B) and THF
(C).

ides leads to alternating AB sequences as observed in many
catalytic systems such as Al(m) and Cr(m) complexes where k, >
ks;. However, in the SnOct, system, k, appeared to be slower
than k; leading to multiple insertions of CHO giving AB,
sequences. This is supported by the results presented in
Table 1 where x,, = 2.5-3.4. It is evident that insertions of 2-4
CHO units were favored over the insertions of cyclic anhy-
drides. This could be a result of the large size of tin(u) metal.
After multiple insertions of CHO, THF could be inserted
giving AB,C sequences. From the results of the hydrolysis
experiment (vide infra), multiple insertions of C units do not
occur (Fig. S58f). Therefore, the generated [Sn]-O(CH,);-
species could react rapidly with the cyclic anhydride giving tin
() carboxylates to complete the cycle. The factors that control
monomer enchainment sequences are not certain at this point
and will require further investigation.

In addition to THF, the more challenging highly stable 1,4-
dioxane (OX) was investigated. Dioxane is commonly regarded
as a stable solvent having inherently lower ring strain of 14 kJ
mol™' compared to that of THF at 25 k] mol™".”” Although
ring-opening reactions of 1,4-dioxane have been reported, they
are all quantitative reactions, not polymerizations.>®>°
Therefore, there is no report of polymers obtained directly
from 1,4-dioxane in the literature. Polymerization using a
[PA]: [CHO]: [OX]: [SnOct,] ratio of 50:150: 800 : 1 was carried
out at 80 °C for 6 h (Table 2, entry 8). To our surprise, 1,4-
dioxane could be incorporated into the polymer similar to
THF having a dioxane selectivity of 11%. The obtained
polymer contained 8% AB, 81% AB,, and 11% AB,C (see the
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ESIT for sequence analysis). The polymerization with OX could
be extended to SA (Table 2, entry 9 and Fig. 6¢) under the
same conditions where 9% selectivity for dioxane was observed
furnishing the polymer containing 27% AB, 64% AB,, and 9%
AB,C. The presence of -CH,OC(O)- protons at 4.25 ppm
(protons d in Fig. 6¢) and a single diffusion coefficient in the
DOSY NMR confirmed the dioxane incorporation in the copo-
lymer (Fig. S79%). Significantly lower T, values (15-30 °C) were
also observed in AB,C polymers compared to AB, polymers for
succinic anhydride and phthalic anhydride as shown in
Fig. 8b.

Degradation of AB, and AB,C polymers

Several reports suggested that the increasing distance between
ester linkages can accelerate the degradation rates of
polyesters.>"®° Therefore, AB, and AB,C polymer sequences
having long and flexible linkers between the ester linkages (B,
or B,C) might demonstrate higher hydrolysis rates compared
to the shorter distance between the ester linkages of the alter-
nating (AB), polyester (Scheme 4, r; < r, < r3). Different
polymer structures (AB, and AB,C) were evaluated for degrad-
ability compared to the conventional alternate (AB), polyester
targeted for hydrolysis at the ester bonds. The polymers having
similar molecular weights in the range of 4.4-6.5 kDa were
selected (Table S6f). The polymers were purified by precipi-
tation in excess cold methanol 3 times and were subsequently
subjected to the degradation test in 5 M NaOH at 70 °C for 4
days as shown in Fig. 9. Poly(PA-alt-CHO) (alternating (AB),
polymer) was intact as the molecular weight of poly(PA-alt-
CHO) remained rather constant during the testing period. On
the other hand, poly(PA/CHO) (3% AB, 97% AB;3) and poly
(PA/CHO/OX) (8% AB, 81% AB,, 11% AB,,C) degraded
rapidly at a similar rate within 4 days. This is possibly due to
the longer distance between ester linkages found in (AB,),

a

) SR Ny
) (AB), "

Short distance between ester linkages

b)

r.
o o <—z> o o
- x m

(ABy)m
Long distance between ester linkages

; ,3
%@bﬂfﬁmw%}o

(ABy)m (AB,C),
Long and flexible distance between ester linkages

Scheme 4 Increasing distances between ester linkages in AB, AB,, and
AB,C sequences.
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Fig. 9 Degradation profiles of AB, AB,, and AB,C (C = THF, OX)
polymers.

sequences as shown in Scheme 4a and b where r, > ;. In
addition, the low amount of the OX content (11%) in the
polymer may not yet cause substantial differences compared to
the parent AB, polymer. Interestingly, poly(PA/CHO/THF) (4%
AB, 23% AB, 5, 73% AB,sC) degraded rapidly in 3 days. The
APCI mass spectra of the degraded components were recorded
and analyzed to be B, and B,C moieties with x = 2,3 having
B,C as the majority unit (Fig. S58t). This result indicated that
only ester bonds (A-B and C-A) were hydrolyzed during the
degradation. The degradation appeared to be slow at first to
allow water diffusion into the polymer but subsequently accel-
erated as a result of enhanced hydrolysis at the -C(0)-O(CH,),-
ester bonds. The longer distances (r, and r3) between ester lin-
kages found in (AB,),, and (AB,C), sequences in poly(PA/CHO/
THF) also have a significant impact on the degradation rate of
the polymer backbone allowing faster hydrolysis of the ester
bonds. In addition, a large number of highly flexible and
hydrolytically more accessible methylene units from THF
(Scheme 4c) could also take part to accelerate polymer
degradation.

Conclusions

Commercially available SnOct, was demonstrated as a simple,
inexpensive, versatile, and highly efficient catalyst for the ring-
opening co(ter)polymerization of cyclic anhydrides (A), CHO
(B), and THF or 1,4-dioxane (C) without the need for cocata-
lysts. In addition to the alternate (AB), polymers commonly
presented in the literature, the poly(ester-ether) of AB, type
having an adjustable ether length (x) was synthesized with
exceptionally high purity of up to 99%. The kinetic studies
revealed a rate law of rate = kp[SA][CHOJ’[SnOct,] supporting
multiple epoxide insertions to form AB, polymer sequences.
The versatility of SnOct, was demonstrated and allowed the
AB, polymer to seamlessly integrate with biodegradable poly-
lactides and polyurethanes in one pot. In the presence of THF

This journal is © The Royal Society of Chemistry 2023
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or 1,4-dioxane, a new poly(ester-ether) of AB,C sequences was
synthesized with impressive selectivity of the third component
of up to 74% for THF. This is also the first time that 1,4-
dioxane has been directly incorporated into the polymer struc-
tures with 11% selectivity. The incorporation of the third com-
ponent (C) was shown to significantly reduce the T, value by
40-50 °C and increase the degradation rate of the polymers
due to the flexible methylene units. The unique catalytic
efficiency of SnOct, has substantial implications for polymer
engineering and synthesis because it allows new polymer
architectures of AB, and AB,C sequences to effortlessly inte-
grate with other existing ROP of cyclic esters widely used in
biomedical and packaging applications through the use of a
conventional air-stable SnOct, catalyst.
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