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The ring-opening polymerization (ROP) of e-caprolactone (e-CL) using phosphorus pentoxide (P,Os) as
a metal-free catalyst and isopropanol (iPrOH) as initiator resulted in the preparation of poly(e-
caprolactone) with narrow weight distribution. NMR spectroscopy analyses of the prepared PCL
indicated the presence of the initiator residue at the end of the polymer chain, implying the occurrence
of the g-CL-catalysis ROP through a monomer activation mechanism. Kinetic experiments confirmed the
controlled/living nature of e-CL ring-opening catalyzed by phosphorus pentoxide. The commercial
availability of phosphorus pentoxide and its easy-handling provide additional opportunities for polymer
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Introduction

Over the last two decades, the development of biodegradable
and biocompatible polymers has driven intense research to
meet the challenges of minimizing the production of non-
recyclable long-life waste.*

Among these polymers, poly(e-caprolactone) (PCL), a semi-
crystalline aliphatic polyester, has found applications in
several domains ranging from food packaging to biomedical
applications. The versatility of PCL and its usage in many
industrial applications, is mainly related to its inherent char-
acteristics including thermal (T, = —65 °C and T,, = 60 °C) and
mechanical stability and its high miscibility in a variety of
polymers (e.g. poly(vinyl chloride) or poly(bisphenol-A
carbonate)).> Moreover, the properties of PCL can be finely
tuned upon appropriate modifications. For instance, its
mechanical properties can be tailored by preparing copolymers
containing e-caprolactone and other monomers. Besides, the
rate of degradation can be also accelerated, as illustrated in the
case of the poly(e-caprolactone-co-glycolide) copolymers used
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synthesis and nanocomposite manufacturing.

for producing resorbable sutures.® The flexibility of PCL allows
the preparation of three-dimensional architectures that have
been used as insulating interlocks of low dielectric constant for
microelectronics applications.” More importantly, PCL is
biodegradable and biocompatible which attracted much
interest especially in biomedical applications, making PCL
derivatives potential candidates for the replacement of
petroleum-based polymers. However, the successful shift to
biodegradable and biocompatible polymers requires the devel-
opment of efficient and cost-effective synthetic routes for the
preparation of “green polymers” with more favorable environ-
mental and economic outlook to compete with currently avail-
able non-biodegradable polymers.*

Two different approaches have been developed for PCL
production: (i) the polycondensation of 6-hydroxycaproic acid
and (ii) the ring-opening polymerization (ROP) of e-capro-
lactone.® However, many challenges have to be overcome for the
preparation of PCL with finely controlled properties. For
instance, the preparation of PCL by polycondensation requires
complexes conditions (vacuum and high temperature) or long
reaction times in presence of metal complexes and enzyme
catalysts and often resulted in polymers with poorly controlled
molecular weight.® The preparation of polymers, in a control-
lable manner, is generally obtained via the ring-opening poly-
merization of e-caprolactone (e-CL) in presence of metal
transition based catalyst (tin, aluminum, iron or yttrium
derivatives) and post-transition metals including zinc, bismuth,
ruthenium and zirconium species.” However, a thorny issue in
metal-catalyzed ROP lies in the presence of metal residues
entrapped into the polymer backbone, which act as a contami-
nant, thereby limiting their utilization in microelectronics, food
packing or biomedical applications.

This journal is © The Royal Society of Chemistry 2020
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Interestingly, the use of simple metal-free molecules as
promoters/catalysts in the ring-opening polymerization (ROP)
of cyclic ester has been proposed as an attractive alternative to
classical metal-based catalysts.® A pioneering work in this frame
was reported by Hedrick et al. using 4-dimethylaminopyridine
(DMAP) as an organocatalyst for ROP of lactide (LA).° Since
then, several studies have been performed to elucidate the
appropriate combinations of organocatalysts and monomers,
aiming for precise controlled polymerization of cyclic esters,
such as lactide (LA), e-caprolactone (e-CL) and §-valerolactone
(3-VL).** DMAP,’ guanidine," N-heterocyclic carbene,”*'**> and
phosphine®*® used as nucleophilic organocatalyst, displayed
great efficiency for the controlled/living ROP of the cyclic esters
by the activation of the monomers. The cationic ring-opening
polymerization by activated monomer polymerization using
strong acids have been also investigated as a metal-free rou-
te.”»!* However, the presence of strong Brgnsted acid sites
resulted in the deactivation of the initiating/propagating
alcohol and caused undesirable side reactions.>** Compara-
tively, the use of weak acids, such as dialkyl phosphate deriva-
tives, proved to be more effective for the ROP of cyclic esters and
produced well-defined polyesters. These achievements repre-
sent an important breakthrough in acid-catalyzed ROP
reaction.”

Prompted by some virtues of phosphorus pentoxide (P,Os)
comparable to phosphoric acid and related derivatives, we
undertook herein a study for its use as catalyst for the ROP of ¢-
caprolactone (e-CL) under solvent-free condition. Phosphorous
pentoxide presents numerous advantages including its green
character, commercial availability with low price and ease of
handling. Furthermore, the reactivity of phosphorous pentoxide
has been already confirmed in several organic reactions such as
Beckmann rearrangement, dimerization of olefin,'® but to the
best of our knowledge, its application as catalyst for the ring-
opening polymerization of cyclic esters has never been re-
ported so far.

Experimental section
Materials

Phosphorus pentoxide (P,Os) (>99%) was purchase from
Aldrich and used as received. Isopropanol (Aldrich, purity 99%)
was distilled over CaH, before use. e-Caprolactone (e-CL, purity
> 99%) was purchased from Fluka and distilled over calcium
hydride and stored over 4 A molecular sieves under inert
atmosphere.

Measurements

"H (300 MHz) and "*C (75.5 MHZ) nuclear magnetic resonance
(NMR) spectra were acquired using a Bruker avance 300 MHz at
293 K. The CDCI; containing TMS served as solvent.
Molecular weights and molecular weight distributions were
measured at 35 °C in tetrahydrofuran (THF) by size exclusion
chromatography (SEC) relative to polystyrene standards with
a Waters 515 HPLC pump; GPC fitted with Styragel columns HR
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1, HR 2 and HR 4; a UV detector-Waters 2487; and a refractive-
index detector-Waters 2410.

Polymerization

The polymerizations were carried out under argon atmosphere
with standard Schlenk techniques. Typically, the monomer &-CL
(50 mmol) was weighed into a Schlenk tube containing
a magnetic bar, and two vacuum-argon cycles were performed
to remove moisture. Dry P,O5 catalyst and isopropanol initiator,
were added, and the suspension was stirred for 10 minutes at
room temperature to reach homogenous solution. The poly-
merization was started by placing the closed reaction vessel into
an oil bath preheated at desired temperatures. At the given time
points, control samples were taken. The samples were then
treated with technical-grade dichloromethane to quench the
polymerization. After the treatment, the solvent was removed.
The obtained mixture of monomer and polymer was analyzed by
'H NMR to determine the conversion. The crude polymer was
then purified by precipitation from dichloromethane/methanol
(1 : 3) and was analyzed with SEC.

Results and discussion
Synthesis and characterization of g-caprolactone

Considering that alkyl phosphates are synthesized by reacting
phosphorus pentoxide and alcohols,"” we envisioned the direct
use of phosphorus pentoxide as a catalyst for the ROP of &-
caprolactone in the presence of alcohol as initiator. With this
aim, a first screening was undertaken to find optimal experi-
mental conditions. As displayed in Fig. 1, ROP of &-CL with P,05
as catalyst and isopropanol as initiator under solvent-free
condition, a minimum temperature of 100 °C was required to
achieve 80% of conversion within 1 hour of polymerization.
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Fig.1 Evolution of the conversion of -CL as function of temperature.
Reaction carried out using P,Os as catalyst in the presence of iso-
propanol at ratios [e-CLI/[P,Os]/[iPrOH] = 200/1/1. Polymerization
time =1h.
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Table 1 Bulk polymerization of g-caprolactone (e-CL) using P,Os and
isopropanol at T = 100 °C for different ratio for t =1 h

Ratio Conv.” (%) My, (g mol ™) M,? (g mol™) P

50/1/1 98 5483 6.44 x 10° 1.90
150/1/1 97 14 614 11.55 x 10° 1.80
200/1/1 83 19 007 18.62 x 10° 1.15

“ Conversion of CL. ? Average molar mass and dispersity index (D) as
determined by SEC relative to polystyrene standard, values are the
ones obtained from SEC X correction factor of 0.56 + 0.05 for PCL."

Table 2 Results of bulk polymerization of -caprolactone (g-CL) using
P,Os and isopropanol (mole ratio 200/1) at 100 °C for different
reaction times

Time (min)  Conv.% (%) Muw” (g mol™) M, (gmol™?) p°

10 20 4625 3.84 x 10° 1.13
20 32 73 364 4.56 x 10° 1.15
30 72 16 496 16.98 x 10° 1.16
60 83 19 007 18.62 x 10° 1.15
90 90 20 605 20.53 x 10° 1.40
180 98 22371 21.48 x 10° 1.59

“ Conversion of CL. ? The theoretical molecular weight was calculated
from [M]y/[P,Os] X conv. x (MW of Monomer) + (MW of iPrOH).
¢ Number-average molar and dispersity (D) are determined by SEC
relative to polystyrene standard, values are the ones obtained from
SEC x correction factor of 0.56 & 0.05 for PCL."” d = not determined.

The conversion obviously decreases above 100 °C, suggesting
possible thermal depolymerization of the as-formed polymer at
these reactions temperatures in the presence of P,05.'**° On the
other hand, the conversion reached only 10 and 30% of
conversion at 50 °C and 70 °C. We therefore considered 100 °C
as an optimal temperature for ROP of e-CL initiated by P,Os.

Next, we carried out three polymerizations by varying the
monomer to catalyst/initiator ratio [e-CL]y/[P,Os]o/[iPrOH],,
from 50/1/1 to 200/1/1 under solvent-free conditions. The
results show that the molecular weight increases by rising [e-
CL]o/[P,Os5]o/[iPrOH], ratio (Table 1). It was also observed that at
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Fig. 2
mass (M) and dispersities (D) on the monomer conversion (conv).
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high [e-CL],/[P,Os]o/[iPrOH], ratio, the polymerization requires
a longer reaction time. For example, a total conversion was
reached for [e-CL],/[P,Os]o/[iPrOH], = 50/1/1, whereas only 83%
of conversion was obtained when the ratio of [e-CL]o/[P2Os]o/
[iPrOH], is 200/1/1.

These results of Table 1 are in good agreement with the
assumption that higher monomer to initiator ratio should
produce a lower concentration of initiating species, which will
result in turn in the preparation of higher molar mass polymer.
The increase of dispersity value (P) observed for monomer
conversion above 90% is due to transesterification side reac-
tions, which become more prevalent at high temperatures and
low monomer concentrations (Table 1, entry 1 and 2).>°

We next examined the catalytic activity of P,O5 as a single-
component catalyst, in the absence of iPrOH or any other
initiator. The catalytic activity was lower in these conditions
recording 70% of conversion at 1 hour of polymerization
compared to 83% that achieved in the presence of iPrOH. In
addition, molar mass (M, = 3285 g mol ') and broad dispersity
(P = 3.2) were obtained. This indicated the pivotal role of the
alcohol used as an initiator for controlling polymerization.

Kinetics and polymer properties

Ring-opening polymerization of e-CL carried out at 100 °C with
monomer to catalyst ratio [e-CL]o/[P,Os]o/[iPtOH], = 200/1/1
was monitored in more details (Table 2 and Fig. 2)

The plot of In([e-CL]y/[e-CL]) increases linearly with time,
indicating a first-order kinetic (Fig. 2a). This linearity also
evidences a constant concentration in active centers throughout
the polymerization and therefore a controlled ROP of &-CL with
minor occurrence of termination reactions. The evolution of the
number-average molar mass (M,) and dispersity (D) versus
conversion was plotted in Fig. 2b. A linear relationship of M, with
conversion was observed as well as narrow dispersities (P < 1.2)
up to moderate conversion levels (<80%), evidencing an uniform
chain growth process and low extent of transfer reactions. The
slight broadening of D attained at high monomer conversions
(90% and 98%) is known and is due to little transesterification
side reactions, which become more predominant at elevated
temperature and low monomer concentrations.*
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(a) Kinetic plots for the ROP of e-CL (at 100 °C in bulk, [CL]o/[P>,Osl/[iPrOH] = 200 : 1 : 1) and (b) dependence of number-average molar
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The controlled character of e-CL polymerization was further
confirmed by chain extension experiment of CL polymeriza-
tion (ESI, Fig. 2 & 41). After 100% conversion of 50 equivalents
of ¢-CL compared to isopropanol and P,0s, a SEC sample was
withdrawn and an additional 100 equivalents of &-CL mono-
mer was added for a chain extension. The SEC chromatograms
show that M, of the polymer increased from 7505 g mol "
before second shot of monomer up to 11 800 g mol ' at
conversion of 50%.

"H NMR analysis of the recovered polymer revealed the
presence of an isopropyl ester end group (protons a and b,
Fig. 3), thereby indicating the insertion of the alcohol during
the polymerization reaction. '*C NMR analysis was also per-
formed to corroborate these results and the spectrum shows
the existence of the carbons of isopropyl at 23 and 68 ppm at
the end of the polymer chain (ESI; Fig. 11).*** In order to
confirm that the isopropyl group is effectively attached to the
poly(e-caprolactone) chain, a DOSY NMR analysis was subse-
quently performed for sample prepared by ring-opening
polymerization of e-caprolactone with monomer to initiator
[CL]o/[P205]o/[iPrOH], = 200/1/1. The DOSY NMR spectrum
clearly revealed the presence of an isopropyl ester group at the
end of the polymer chain since the signals of the PCL are
shown at the same coefficient of self-diffusion as those relate
to the isopropyl chain end group (Fig. 4).

Mechanism of the catalytic system

The ROP of cyclic esters mechanism of various organocatalysts
has been extensively investigated.**>* Based on our NMR results
which evidenced the presence of isopropyl ester end group in
the polymer chain (Fig. 3 and 4), it can be postulated that the
ring-opening of e-caprolactone occurs through cleavage of the
C(acyl)-O bond.

We propose that phosphorus pentoxide acts as milder base
via one of two pairs of its exo-oxygen to activate the iso-
propanol initiator. Indeed, hydrogen bonding between the
exo-oxygen of the catalyst, phosphorus pentoxide, and the
hydroxyl group of iPrOH increases the nucleophilicity of the
oxygen of alcohol and subsequently facilitates its nucleophilic
attack to the carbonyl-carbon of the e-caprolactone monomer
followed by acyl-oxygen bond scission. This leads to the
formation of an ester end group and active hydroxyl specie,
which reacts with another monomer for further propagation.

gre

Fig. 3 ‘HNMR spectra of the obtained PCL in CDCls solvent.
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Fig. 4 NMR DOSY spectra of the obtained PCL in CDCls solvent.

Hence, the speculative activation mechanism for &-CL ring-
opening catalyzed by phosphorus pentoxide and isopropanol
is shown in Fig. 5.

In fact, this mode of activation significantly reduces the
inter- or intramolecular transesterification because of the
steric barrier between the complex formed with hydroxyl
chain end and the ester bonds within the polymer chains.
This is the possible reason for the successful synthesis of
PeCL with controlled molar masses from P,O5:iPrOH
system.

Lastly, TGA and DSC analyses were performed (ESI, Fig. 47).
Total degradation of PCL was observed around 400 °C, in
agreement with the previously reported literature.”> DSC reveals
also typical behavior of conventional PCL. Improvement in
thermal and mechanical properties of the resulting polymers is
expected through the combination of P,Os and nanofillers
during the ring opening polymerization of the starting
monomers.
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Fig.5 Proposed mechanism for the ROP of e-caprolactone catalyzed
by phosphorus pentoxide in presence of isopropanol.
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Conclusions

We described for the first time the efficiency of phosphorus
pentoxide as a novel catalyst in combination with isopropanol
initiator for the ring-opening polymerization of e-caprolactone
(e-CL). This study showed that the polymerization proceeded in
a controlled manner with good control over molar mass and
narrow molar mass distribution. We proposed that the poly-
merization proceeds through an initiator/chain end activation
by a base-type mechanism. This work opens interesting
perspectives to synthesize more complex polymer architectures
from this eco-friendly catalytic system.
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