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1 | INTRODUCTION

Halie Mei Jensen?

| Xavier Banquy® | Daria C. Boffito'

Abstract

Poly(p,1-lactide) is a biocompatible and biodegradable polymer with applica-
tions in the biomedical field (drug delivery, implants) and packaging. Conven-
tional synthesis with stannous octoate is slow (>4 h) and can climb to over
30 h. In order to reduce reaction times, we developed a microwave reactor pro-
cess to ring-open polymerize p,L-lactide to form poly(p,L-lactide) in the pres-
ence of stannous octoate and an initiator, benzyl alcohol. We evaluated the
suitability of toluene and tetrahydrofuran as solvents at 130, 150, and 170°C
for the polymerization. Their respective dielectric loss (¢”) values are 0.1 and
0.35. Compounds with larger dielectric loss values are better at converting
microwave energy to heat. The microwave's power input peaked at 420 W to
reach 170°C with toluene, whereas with tetrahydrofuran the peak was 330 W;
afterwards, the power input to maintain that temperature was 10 W for both
solvents. A reaction in toluene at 170°C after 1h produced poly(p,L-lactide)
with a molecular weight of 31 kDa and a dispersity index of 1.5. In tetrahydro-
furan, at the same temperature, the molecular weight peaked at 11 kDa after
4h with a dispersity index of 1.2. Moreover, in the absence of microwaves the
polymerization does not occur. Tetrahydrofuran is hygroscopic and water
cleaves poly(p,L-lactide) chains resulting in a lower molecular weight despite
the longer reaction time and larger dielectric loss compared to toluene, a water
immiscible solvent.

with uses in food packaging, medical device manufacture,
and drug delivery purposes.”>! PLA's monomer, lactic

Polylactic acid (PLA) is an aliphatic polyester derived from
a-hydroxy acids. It is a biocompatible and biodegradable
polymer that degrades by hydrolysis of its ester bonds.!!
In addition, it is produced from lactic acid, which in turn
is sourced from renewable feedstock (e.g., corn, sugar-
cane). These properties have cemented PLA as one of the
most promising replacements for petroleum-based plastics,

acid (LA), is an ingredient in the food industry and func-
tions as an acidic flavoring buffer and a bacterial inhibitor
in processed foods. Bacterial fermentation with lactic acid
bacteria (LAB) accounts for 90% of all lactic acid produc-
tion. This process consumes little energy, operates at low
temperatures, selectively produces D-lactic acid or L-lactic
acid, and consumes renewable carbohydrate biomass.!
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Polymerization of p- and r-lactic acid yields poly-p-lactic
acid (PDLA) and poly-L-lactic acid (PLLA). The former is
amorphous while the latter is semi-crystalline.!®’ The con-
ventional method for synthesizing PLA requires heating
lactic acid or lactide above 100°C for 4 h or more,””! and
with no dedicated initiator this climbs to over 30 h.'¥) On
the other hand, NatureWorks LLC patented a continuous
ring-opening polymerization process of lactide with a tin-
based catalyst at 160°C for 8 h.[°! ROP of lactide to form
PLA follows a coordination-insertion mechanism.!*"’

Microwave irradiation is a non-conventional way to
provide energy to chemical processes and belongs to the
pool of process intensification technologies!'!! and pro-
vides volumetric and uniform heating."'?! It has proved to
increase reaction rates for polymerizations (step-growth,
ring opening) compared to conduction heating.[B] Some
advantages include faster heat transfer, which leads to
shorter reaction times as well as inner heating of the
reactor contents and reduced heat loss."* The two mech-
anisms of microwave heating are dipolar polarization
and ionic conduction.!">'°! In the former, molecules with
dipoles rotate as a result of the electromagnetic field and
in turn generate heat via molecular friction and colli-
sions.l'”*] In the latter, the microwave makes charged
particles oscillate to generate heat through colli-
sions."7!°! The three parameters that determine a mate-
rial's ability to interact with microwaves are the loss
tangent (tans, Equation 1), the dielectric constant (¢),
and the dielectric loss (£”).12"!

tans =¢" /e, (1)

e represents the ease with which a material becomes
polarized in the presence of an electric field, ¢” is the con-
ductance of a material, and tand is a parameter that indi-
cates a material's efficiency in converting microwave
energy into thermal energy.”!! Microwave heating accel-
erates the ROP of lactide compared to conduction
heating—24h to produce PLA with a weighted-average
molecular weight (MW) of 18 kDa at 140°C compared to
6h for 20kDa at 160°C.1?>?3! Ultimately, all microwave
reactors operate at a frequency of 2.45 GHz** to avoid
interfering with other microwave frequencies, for exam-
ple, FM radio plus TV broadcasts (0.08-0.8 GHz), mobile
phones (0.045-1.98 GHz), radar (0.03-300 GHz).**!

There are many viable catalysts for the ROP of
lactide—so far, in microwave reactors, researchers have
tested tin-based catalysts, titanium-based catalysts, "]
zinc-based catalysts,'*®! and solid super-acids.*®! The
most common catalyst for ROP is tin(II) octoate (Sn
(Oct),)—stannous octoate. It is soluble in lactones, can
produce low and high molecular weight PLA (from thou-
sands to millions of Dalton), and is FDA-approved.!*"!

However, the two octoate groups must be substituted by
two alkoxide groups to form tin(II) alkoxide, the true ini-
tiator of the polymerization. OH groups derived from
alcohols typically enable this substitution. Sn(Oct), also
reacts with water, hydroxy acids, and other OH-bearing
impurities in the reaction mixture.!*" This increases the
dispersity (P) of the resulting PLA because more chains
of likely unequal length are initiated. Kinetically, ROP of
lactide is first order.!*?! The polymerization rate reaches a
maximum when the ratio of Sn(Oct), and the alcohol is
0.5.131:321 1n addition, the polymerization involves revers-
ible deactivation and intermolecular, and intramolecular
(back-biting) transesterification reactions, which decrease
the final molecular weight of PLA.I">**! We denote an
umbrella term—MW reduction events—for the processes
(depolymerization and transesterification) that reduce
the final MW of PLA. These processes are also catalyzed
by Sn(Oct),, and other metals (e.g., Zn, Al, and Fe)!*¥
and are exacerbated by long reaction times (>2 h) and
high temperatures (>180°C). Depolymerization involves
chain scission of the polymer due to oxidative cleavageBS]
while transesterifications (mainly between polymer
chains) modify the polymer end-groups and consequently
the MW and dispersity.!*"’

L-lactide polymerized in a domestic microwave oven
in the presence of Sn(Oct), at 180 W, 360 W and between
5 and 30 min at monomer-to-initiator (M:I) ratios of
1040/1, 2534/1, 5069/1. As the monomer-to-initiator ratio
increased, so did the MW of the PLA. Fewer initiator
molecules formed fewer but longer chains. An M:I ratio of
2534:1 for 20 min at 180 W produced the highest MW
(77 kDa) with a B of 2.°°! Similarly, another ROP of L-
lactide in a microwave at 180°C, 180 W, a M:I ratio of
5069:1 with Sn(Oct), and no initiator produced PLA with
a MW of 11 kDa—further microwave irradiation degraded
the PLA.®7 In addition,'*® compared a second catalyst,
dibutyltin dimethoxide (DBTM), to Sn(Oct), at 150°C with
ratios of 1040:1, 2534:1, 5069:1, 10 069:1. DBTM outper-
formed Sn(Oct), producing a MW a 30 kDa with a b of
1.66 versus a MW of 22 kDa and a P of 2 after 20 min. A
microwave reactor under vacuum with N, sparging
assisted the ROP of D-lactide in the presence of Sn(Oct),,
BnOH, and toluenesulfonic acid (TSA). Sn(Oct), paired
with BnOH at an unspecified ratio was added at 0.03% by
weight of lactide and TSA at 0.4% by weight of lactide. The
highest MW was 20kDa after 25min at 280 W and
215°C.*! In another instance, L-lactide polymerized and
grafted onto polyhedral oligomeric silsesquioxanes (POSS)
in the presence of Sn(Oct), and in the absence of solvent.
At 45 W, 120°C, and 45 min, a catalyst concentration of
1.5wt% with respect to lactide and a molar ratio of
L-lactide:POSS-(OH)s, of 600 synthesized PLA tails with a
molecular number of 50 kDa.[**! Alternatively, castor oil
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and Sn(Oct), initiated the polymerization of L-lactide in a
microwave reactor at 150 W and lactide:castor oil ratios
ranging from 113 to 533 The optimal conditions were a
ratio of 533:1 for 50 min which produced a MW of 25 kDa
and a P of 1.18.14!

Thauvin et al. compared the effectiveness of Sn(Oct),
to 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) for the syn-
thesis of PEG-PLA diblock copolymers; the monomers
were mPEG2000 and b,i-lactide.*?! Conversion with
DBU in chloroform after 5 min was 100%, 94%, and 40% at
100, 170, and 60°C, respectively. Sn(Oct), was active at
170°C and converted 95% of the lactide but was inactive
below 100°C. Polyhydroxyalkanoates (PHAs)—thermoplastic
polyesters produced from bacterial microorganisms under
stress (reduced access to nutrients)—can also initiate the
ROP of lactide. Microwave irradiated a mixture of p,r-lactide,
PHA, toluene and Sn(Oct), at 115°C for 5 min. A
lactide:PHA ratio of 250:1 produced a MW of 81 kDa with a
P of 1.8 and a conversion of 85%.1**! ROP of lactide is quicker
and achieves higher MWs in a microwave reactor compared
to a vacuum-sealed vessel with conventional heating or a
pressurized reactor. Conventional heating in a vacuum
sealed vessel led to PLA with a MW of 250 kDa and a P of
3 after 150 h at 150°C. The pressurized reactor produced
PLA with a MW of 190 kDa and a D of 2.4 after 6 h at 120°C
and 140 kPa. In contrast, microwave irradiation led to PLA
with a MW of 300 kDa and a P of 1.7 at 100°C for 30 min."*!
All monomer:initiator (M:I) ratios were 5000:1. A
microwave-assisted ROP method synthesized PLA-PEG
copolymers in 5 min in chloroform at 125°C; the catalysts

a0 PROCESSING

were Sn(Oct), and DBU. The initiators were p,L-lactic acid
and mPEG2000. A M ratio of 278:1 resulted in PLA-PEG
polymers with a MW of 40 kDa and conversions of up to 35%
or 83% with Sn(Oct), or DBU, respectively.**! Overall, despite
plentiful literature (Table 1) on microwaves and the polymeri-
zation of lactide, none mention the dielectric properties of the
reagents. The property of interest is the dielectric loss as it
represents the amount of microwave energy released as heat.
Compounds with larger dielectric loss values will attain
desired temperatures with less power input (Figure 1).

The literature lacks data on the dielectric properties
of p,L-lactide as well as solvent selection for ring-opening
polymerizations in microwave reactors. We thus evalu-
ated the suitability of six different solvents (toluene, THF,
acetone, acetonitrile, dimethylformamide (DMF), and
dimethyl sulfoxide (DMSO) with dielectric loss values of
0.096, 0.348, 1.12, 2.33, 6.1, and 37.1, respectively) in the
synthesis of PLA in a lab-scale Monowave 400 microwave
reactor from Anton Parr. In addition, for the first time,
we measure the dielectric properties of p,r-lactide at
2.45 GHz, the frequency at which the microwave reactor
adopted in this study operates. Moreover, the high opera-
tional capacities of the latter (300°C, 3000 kPa) permitted
the polymerization of bp,L-lactide high temperatures
(130, 150, 170°C) in THF. In other batch systems and
modified domestic microwaves, the pressure generated
from boiling THF at these temperatures would be danger-
ous. Furthermore, we developed a statistical model to
predict MW and applied it to other microwave polymeri-
zation data in the literature.

TABLE 1 Literature summary.
Reference Catalyst Solvent M:I ratio °C/W Min MW (kDa) b
26 Titanium-based None 1000:1 130/200 80 27 1.2
27 Titanium-based None 500:1 180/400 45 43 2.4
28 Zinc-based Toluene - 130/- 180 1.3 1.8
29 Solid-Super Acids None - 260/- 50 22 -
36 Sn(Oct), None 2534:1 -/180 20 77 2
37 Sn(Oct), None 5069:1 180/180 20 11 -
38 Sn(Oct), None 5069:1 150/- 20 102 1.6
38 DBTM None 2534:1 150/- 10 40 1.7
39 Sn(Oct), None - 215/280 25 20 3.5
40 Sn(Oct), None 600:1 120/45 45 50 -
41 Sn(Oct), None 533:1 -/150 50 25 1.2
43 Sn(Oct), Toluene 250:1 115/- 5 81 1.8
44 Sn(Oct), None 5000:1 100/- 30 300 1.7
45 Sn(Oct), Chloroform 278:1 125/- 5 40 -
This work Sn(Oct), Toluene 380:1 170/- 60 31 1.5
This work Sn(Oct), THF 380:1 170/- 240 11 1.2
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FIGURE 1 Power required to heat 4 mL of solvent to 170°C.
The values associated to each solvent are the dielectric loss value.

2 | EXPERIMENTAL

2.1 | Materials

We purchased p,r-lactide, Sn(Oct),, anhydrous toluene,
and benzyl alcohol (BnOH) from Sigma-Aldrich. We pur-
chased THF with butylated hydroxytoluene (BHT) as a sta-
bilizer, DMF, methanol, ethanol, and acetone from Fisher
Scientific. All reagents, aside from p,L-lactide, were used
without further treatment or purification. p,L-lactide was
first recrystallized in ethanol and then in toluene and left
to dry overnight in an oven under vacuum at 50°C. It was
then stored in the fridge at 4°C under a nitrogen atmo-
sphere. We did all the experiments with the same batch of
purified lactide and within a 2-week timeframe to mini-
mize variation in water content or other impurities.
According to a Karl-Fischer analysis the water content of
THF and BnOH was 250 and 300 ppm, respectively. The
anhydrous toluene had less than <0.001% water. Sn(Oct),
cannot undergo Karl-Fischer titration because it reacts
with the titrant (Composite 5 from Honeywell). In addi-
tion, we did not distill it to remove impurities such as
2-ethylhexanoic acid because it reappears shortly after dis-
tillation.[*® Thus, its water content is unknown.

2.1.1 | Solvent list

The CEM Corporation has a list of common solvents and
their dielectric loss values on their website (Table 2).

TABLE 2 Solvents and their dielectric loss values.
Solvent Dielectric loss (¢”)
Ethylene glycol 50
Formic acid 42
DMSO 37
Ethanol 23
Methanol 21
Nitrobenzene 21
1-Propanol 15
2-Propanol 15
Water 9.9
1-Butanol 9.7
NMP 8.9
Isobutanol 8.2
2-Butanol 7.1
2-Methoxyethanol 6.9
DMF 6.1
o-Dichlorobenzene 2.8
Acetonitrile 2.3
Nitromethane 2.3
MEK 1.5
1,2-Dichloroethane 1.3
Acetone 1.1
Acetic acid 1.1
Chloroform 0.45
Dichloromethane 0.38
Ethyl acetate 0.35
THF 0.35
Chlorobenzene 0.26
Toluene 0.1
o-Xylene 0.05
Hexane 0.04

We eliminated all solvents that bear any OH groups.
An excess of hydroxyl moieties hinders polymerization
by deactivating the catalyst, inducing chain scission,
hydrolyzing PLA's ester linkages, and increasing chain
transfer reactions.!*3>#7! All these processes result in a
PLA with a lower MW and higher dispersity. Further-
more, we excluded nitrobenzene as it is highly toxic and
nitromethane for the risk of explosion at our reaction
conditions. We then evaluated the suitability of toluene,
THEF, acetone, acetonitrile, DMF, and DMSO with dielec-
tric loss values of 0.096, 0.348, 1.12, 2.33, 6.1, and 37.1,
respectively (Table 2). Chlorobenzene, chloroform, and
o-xylene are also suitable candidates but toluene is more
common and was selected as the low dielectric loss
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solvent. Dichloromethane and hexane could function as
low-dielectric-constant solvents but their boiling points
are lower than toluene (40 and 69 vs. 110°C) and the
pressure in the system at 170°C with THF (boiling
point = 66°C) already reaches 800 kPa. Our vial caps for
the reactor cannot withstand pressures above this for
reaction times over 4 h, at which point they are already
too deformed to be used again. Thus, we retained toluene
and THF for the polymerization experiments.

2.2 | Microwave synthesis

The MWs of synthesized PLAs at identical reaction
conditions differed across batches of re-crystallized b,L-
lactide as well as different bottles of Sn(Oct),. For exam-
ple, different fresh bottles of Sn(Oct), produced lower
MW PLAs compared to a one-year old bottle. Thus, to
ensure reproducibility, all experiments were done with
the same batch of re-crystallized p,L-lactide and Sn(Oct),
within the span of 2 weeks. An oven at 105°C dried all
glassware prior to the reactions to eliminate any traces of
water. The reactor vials (made of quartz) were loaded
with THF or toluene, Sn(Oct),, BnOH as the initiaitor,
p,L-lactide and then filled with N,. The amount of solvent
and p,L-lactide was constant at 4 mL and 2 g, respec-
tively. The molar ratios for b,r-lactide:Sn(Oct), and
Sn(Oct),:BnOH were fixed at 1550 and 0.25. On average,
the monomer:initiator (p,L-lactide:BnOH) molar ratio
was 380. The polymerization did not occur at p,L-lactide:
Sn(Oct), molar ratio of 3000. At 100, it is difficult to elim-
inate the catalyst from the synthesized PLA. The rest of
the ratios are dependent on and derived from the p,L-lac-
tide:Sn(Oct), ratio. The reaction lengths and temperatures
ranged from 0.25 to 6 h and 130-170°C. We precipitated
the resulting PLA in a cooled methanol:water (3:1 volume
ratio) bath twice and then evaporated any residual solvent
in a furnace operating at 100°C for 6 h and then 60°C for
18 h to remove toluene first and then water. In cases
where THF was the solvent, the furnace operated at 60°C
for 24 h. The samples were stored in vials in N, and placed
in fridge at 4°C. Theoretical values for number-average
molecular weights of PLA can be predicted from the
monomer-to-initiator ratio and the actual conversion of
lactide to PLA.1*1*%-51 We assume 100% conversion to cal-
culate the maximum number-average molecular weight
possible for our PLA. We then divide this value with our
experimental data to yield our actual conversion. In our
case, we were required to purify the polymers after the
reactions and store them for several days before NMR
analysis. As little to no free monomer remains after purifi-
cation, calculating conversion (%) from NMR was not fea-
sible. The MW values shown in the text refer to the

a0 PROCESSING

weighted-average molecular weight unless otherwise speci-
fied. The number-average molecular weight served only to
calculate the conversion. All experiments were conducted
in an Anton Paar Monowave 400 microwave reactor. Tem-
perature, pressure, and power input were recorded for the
duration of the reactions. Its operational capacities are
300°C and 3000 kPa and a max power input of 850 W.

2.3 | Characterization

2.3.1 | Proton nuclear magnetic resonance

A Bruker AV-III 400 MHz spectrometer confirmed the
structure of the PLA; samples were dissolved in CDCls.
We analyzed the data with the help of the NMRium soft-
ware. GPC was the method of choice to determine the
molecular weight (number-average and weighted-aver-
age) as proton nuclear magnetic resonance (H NMR)'s
resolution begins to suffer and sensitivity decreases at
higher molecular weights; purity also becomes an
issue.l?!

2.3.2 | Gel permeation chromatography

A Thermo Scientific UltiMate 3000 HPLC with a gel per-
meation chromatography (GPC) module and columns
(PL1110-6504, PL1510-1520, the latter being a guard col-
umn) from Agilent determined the MW of the PLA sam-
ples. THF eluted the samples at a flow rate of 1 mL min
at room temperature. We dissolved PLA samples of
0.1 g in 2 mL of THF and then filtered them with PTFE
syringes (13 mL diameter, 0.2 pm pore size). A conven-
tional calibration was done with polystyrene standards
(from 0.3 to 100 kDa) and a refractive index detector.
However, this is a relative technique. The Mark-
Houwink-Sakurada (MHS) equation enables the con-
version of the MW values from relative ones to abso-
lute ones. It relates the intrinsic viscosity of polymers
to empirical constants (k, «) that depend on the analy-
sis conditions (polymer, solvent, and temperature).>*
It is ever-present in the MW analysis of polymers
(e.g., chitosan,®™ acrylamides,!**! cellulose!*®) and
dates as far back as the 1980s for atatic polystyrene.'>”!
To correct the values of our PLA, we adopted a modi-
fied version of the MHS equation!'®>*! (Equation 2).
The constants for k and a were taken from the literature;
for polystyrenel®”! and PLA® in THF the values are
0.014, 0.70, 0.014, and 0.75, respectively. However, we
analyzed the uncorrected MW data for direct comparison
with the microwave-synthesized PLA literature, much of
which does not report any MHS corrections.
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 (asa+1 1 Ksta
logMx = ( P ) logMgq + <ax - 1) log s (2)

2.3.3 | Differential scanning calorimetry

A Q2000 DSC (TA Instruments) ramped the temperature
from 40 to 150°C at 10°C/min in N, and stabilized at this
upper temperature for 10 min before returning to 40°C
for a 2nd cycle. A hermetic aluminum pan held the
samples.

2.34 | Thermal gravimetric analysis

A thermal gravimetric analyzer Q50 (TA Instruments)
operated with N,, a mass flow of 40 mL min~!and a ramp
of 10°C min ! up to 400°C and maintained for 20 min.

2.3.5 | Dielectric property measurement of
D,L-lactide

We measured the dielectric properties of our p,L-lactide
with the HP 85070 dielectric probe kit at 2.45 GHz. The
probe was calibrated in air and water at room tempera-
ture. The loss tangent, dielectric loss, and dielectric con-
stant for lactide at room temperature were 0.017, 0.04,
and 2.33. Thus, it requires more power to heat lactide
alone compared to it being coupled with a solvent bear-
ing a higher dielectric loss value.

3 | RESULTS AND DISCUSSION

3.1 | Solvent selection

Two solvents were appropriate for the experiments, tolu-
ene and THF. Sn(Oct), and BnOH, the catalyst and initia-
tor, respectively, were not soluble in acetone, acetonitrile,
and DMSO—they formed cloudy mixtures. DMF is also
unsuitable as it reacts violently with tin-based com-
pounds (i.e., Sn(Oct),). After less than an hour at 170°C
the solution degraded and blackened.

3.2 |
design

Evolution of the experimental

The initial iteration of the experimental design was a par-
tial factorial that considered temperature and time as the
two primary variables at three levels (2, 4, 6h and
130, 150, and 170°C) and solvent at two levels (THF:

£'=0.348, toluene: & =0.096). It comprises the first
13 experiments of Table 3. In these experiments with tol-
uene, the variation of the P and MW across the times
and temperatures were minimal—all the reactions pro-
duced MWs between 23 and 27 kDa (Figure 2). Thus, we
assumed that the levels for time were insufficient to iden-
tify the growth of the chains and as a result added three
experiments. One at 1h, the other at 0.5h, and the last at
0.25h. The MWs at 1, 0.5, and 0.25h were 31, 17, and
8kDa, respectively, indicating that chain growth out-
paces MW reduction events (ester bond breakage, intra-
molecular transesterification caused by tin(II) alkoxide,
intermolecular transesterifications with OH groups). At
the 2h mark, the overall MW begins to reduce as tin(II)
alkoxide, Sn(Oct),'s initiating form, also catalyzes the
above events that reduce MW.!*°!

3.3 | Results of the polymerizations in
toluene and THF
3.3.1 | Dependency of MW and conversion

on reaction conditions

The solvent explained 80% of the variance in the MW, D,
and conversion data. Reactions with toluene produced
PLA with MWs from 8 to 31 kDa (Figure 2), whereas
with THF the range was 1.5-11 kDa (Table 3).

Toluene is immiscible with water. On the other hand,
THF is hygroscopic so the water molecules within it
hydrolytically cleave the PLA chains,®® which explains
the different MW between solvents. THF's hygroscopic
nature overshadowed any positive microwave coupling
effect that would result from its larger dielectric loss
value. In other words, water-miscbile solvents that absorb
moisture from the air lead to lower MW PLAs. He et al.
also reported higher MWs in their conduction-heated
reactions with toluene compared to THF despite their
THF being anhydrous (22 kDa vs. 7.3 kDa).°"! This also
occurred in ethylene polymerizations with a terphenyl
derivative complex (2-Py) catalyst precursor—38 kDa in
toluene versus 12 kDa in dried THF.[®?! Thus, the water
content in our THF is not the only driving factor for the
difference in MWs. Further research into how the proper-
ties of solvents affect polymerizations is warranted. The
reaction in toluene peaks at 1 h after which the risk of
MW reduction events increases causing chains to
break!**! and lowering the MW. This also accounts for
the large standard deviation in the data past 1h
(Figure 2) as these events, like transesterifications, occur
randomly.!®*! Thus, we demonstrate the effect of long
reaction times on the polymerization—the variation in
the data is as high as 50% after 2 h as depolymerization

85UB01 7 SUOWILIOD 8A1IR.D 8|l dde 8Ly Ag peusenoh a1e sajolie YO ‘85N JOSa|nI o4 Akeiqi8ulJUO A8|IAA UO (SUOIPUOD-PUR-SLULBY/WOD A8 | IM" ARe.q 1 BU1|UO//SAIY) SUORIPUOD puUe WS | 8L} 88S *[520z/0T/E2] uo Ariqiauliuo A8|IM ‘TO00L Zdwe/z00T 0T/I0p/wod A8 | M Akeiq Ul |uo audfe//SdnY WO} papeo|umoq ‘g ‘G202 ‘XE0rLE9T



PATIENCE ET AL.

JOURNAL OF

ADVANCED
MANUFACTURING— WV | ]_,EYJ7—°f12

a0 PROCESSING

TABLE 3 Design of experiments. The solvent column lists the dielectric loss values (0.096 = toluene, 0.348 = THF). The experiment

number refers to the order in which the experiments were completed. The MHS-Mn column lists the corrected values for the number-

average molecular weight.

t (h) T (°C) Solvent MW (kDa) Mn (kDa) MHS-Mn (kDa) Conv. (%) b Exp.

0.25 170 0.096 8 4.2 3.3 7 1.9 17
0.5 150 0.096 18 12 9.2 25 1.5 16
0.5 150 0.348 44 4.1 29 7 1.1 18
0.5 170 0.096 17 11 8.2 20 1.6 15
1 170 0.096 31 21 16 34 1.5 14
2 130 0.096 23 18 13 35 1.3 2
2 130 0.348 1.5 1.4 1.1 3 1.1 13
2 150 0.348 4.5 4.1 3.2 7 1.1 8
2 170 0.096 27 18 14 32 1.5 1
2 170 0.348 5.2 4.7 3.7 9 1.1 4
4 130 0.348 4 3.6 2.9 7 1.1 10
4 150 0.096 26 17 13 33 1.5 1
4 170 0.348 11 9.2 7.1 17 1.2 5
6 130 0.096 27 18 14 35 1.5 9
6 130 0.348 4.2 3.8 3.0 7 1.1 12
6 150 0.348 6.7 6.1 4.8 11 1.1 3
6 170 0.096 26 16 12 33 1.6 7
6 170 0.348 3.4 3.1 2.5 6 1.1 6

40 5 and transesterification begin to dominate. This variation

. T is not a result of impurities in the reagents, as all the

35 = experiments were carried out with the same batch of

reagents, but rather the random nature of MW reduction

30 — ® T events that dominate after 2 h. Three repeat experiments

at 6 h, 170°C in toluene produced MWs of 12, 27, and

o [} a 38 kDa. However, the trend is one of decreasing

2 > MW. The variation in molecular weight for experiments

= at 1 h and less is 15%. Other articles that synthesize PLA

= 20 = with microwaves maintain reaction times between 5 and

| - | 50 min!7-3¢-3741:4344] hecause longer reaction times do not

15 = - L necessarily lead to higher molecular weights but rather

larger variations and thus the reproducibility begins to

10 — 170 °C suffer. Higher temperatures and toluene (Figure 4) as a

o Bg Zg solvent 1nsteaq of THF (F'lgure 5) pr(?ducfed hlgber MW

s PLA. Polymerization rate increases with increasing tem-

o : ; ; i ; ; perature.**** The highest MW achieved was 31 kDa

Time, h

FIGURE 2 Molecular weight (MW) as a function of time and
temperatures in toluene. Error bars represent the standard
deviation. For the data between 0 and 1 h the standard deviation is
15% and increases past 1 h due to the stochastic nature of the MW
reduction events and their prevalence. Please refer to the main text
for a more detailed explanation.

with a P of 1.5 in toluene, at 170°C, for 1 h with a con-
version of 34%. Conversions in the literature range from
293¢ to 95%.14245] Impurities (OH-bearing species pre-
dominantly from water) are the cause of this large
variance—the more there are, the lower the conversion,
and hence lower MW. OH groups induce chain scission
and can also prematurely terminate growing chains by
acting as an initiator and forming OH-terminated chains.

85UB01 7 SUOWILIOD 8A1IR.D 8|l dde 8Ly Ag peusenoh a1e sajolie YO ‘85N JOSa|nI o4 Akeiqi8ulJUO A8|IAA UO (SUOIPUOD-PUR-SLULBY/WOD A8 | IM" ARe.q 1 BU1|UO//SAIY) SUORIPUOD puUe WS | 8L} 88S *[520z/0T/E2] uo Ariqiauliuo A8|IM ‘TO00L Zdwe/z00T 0T/I0p/wod A8 | M Akeiq Ul |uo audfe//SdnY WO} papeo|umoq ‘g ‘G202 ‘XE0rLE9T



JOURNAL OF

ADVANCED
MW] L E Y —MANUFACTURING

PATIENCE ET AL.

moPROCESSING

Water can also hydrolyze the lactide monomers to lactic
acid and reduce the pool of available lactide—an increase
in lactic acid and consequently OH groups also increases
the likelihood of chain scission.**! Itzinger et al. ring-
open polymerized lactide and purposefully doped the
reaction medium with increasing amounts of ethanol as
an impurity (0.1% by weight, 1% by weight, 1.5% by
weight). The MW decreased from 30 kDa at an impurity
level of 0.1% by weight to 10 kDa at 1.5% by weight!®”!
representing a 50% drop in conversion. Our experimental
procedure was unable to completely eliminate the
sources of impurities which is reflected in the conversion.
THF innately carries more impurities (water) than tolu-
ene, which partly explains the approximate threefold
decrease in conversion between the two solvents. For
these reasons, Sn(Oct), catalyzed the polymerization as
opposed to DBU despite the latter's improved perfor-
mance (higher conversion rates, yields, and is active at
lower temperatures). For example, Thauvin et al. studied
the performance of DBU versus Sn(Oct), and found that
there was 100% b,L-lactide conversion in DBU at 100°C
while Sn(Oct), was inactive at this temperature; at 170°C
the conversion was still lower (95%).*?! In another ROP of
p,L-lactide, at 125°C, DBU and Sn(Oct), had similar con-
versions (>90%) but yields with DBU were higher (60% to
83% vs. 23% to 35%).[45] However, DBU is more susceptible
to impurities compared to Sn(Oct),; acidic protons deacti-
vate DBU and induce a cascade effect until there is none
left to continue the polymerization.'°® However, the MW
can still be increased/decreased despite the limited conver-
sion by modifying the M:I ratio. For example, the reaction
in THF at 2 h, 170°C and a M:I of 380 produced PLA with
a MW of 5.2 kDa and a P of 1.1 for a total conversion of
9%. At an M:I of 1000, the MW would be 13 kDa assuming
the same conversion. However, this does not continue
indefinitely—in one instance, there was no significant dif-
ference in MW between M:I ratios of 1041, 2534, and
10 069 and the conversion dropped from 9% at 1041 to 2%
at 10069.1*%1 Overall, we are able to control the MW of our
synthesized PLA between 1 and 31 kDa. This range can be
modified by changing the M:I ratio.

3.3.2 | Dispersity

Dubois et al. found that dispersity (P) increased with
increasing temperature as a result of intermolecular
transesterifications with Al(O-i-Pr); as the catalyst. The D
went from 1.25 to 1.4 as the temperature increased from
75 to 85°C with conduction heating.!**! B was indepen-
dent of temperature in our system. For example, experi-
ments 3, 6, 12 at 6 h and 130, 150, and 170°C,
respectively, in THF all resulted in a & of 1.1 (Table 3). In
addition, Sn(Oct), is more active between 125 and 180°C

than Al(O-i-Pr);, with which it can take days to achieve
MWs of 104-105 Da.*®! Toluene produced higher P
(an average of 1.5) compared to THF (an average of 1.1).
A lower D indicates more uniformity among the lengths
of the polymer chains. As the polymer chains lengthen
and less monomer remains for the reaction, the polymeri-
zation slows while the risk of intermolecular transesterifi-
cation increases.'®®”! This leads to increased P.
Nonetheless, these are both lower than most of the other
reported D's for microwave-synthesized PLA (Table 1).

3.4 | Microwaves versus conduction
heating

In an effort to compare a conduction-heated reaction to
the microwave reactions, we replaced the usual quartz
vessels with a silicon carbide vessel. Silicon carbide will
absorb all the microwaves and thus heat the reaction
medium via conduction.!®® At 170°C for 4 h in THF with
silicon carbide, the p,L-lactide did not polymerize at all.
On the other hand, when the reaction medium is heated
via microwaves, the resulting PLA had a MW of 11 kDa
and a D of 1.2. In addition, the same reaction without a
dedicated initiator still produced PLA with a MW of
10 kDa and a D of 1.2, whereas with conduction heating
it could take more than 30 h.*! Despite the shortcomings
of the experimental setup at removing impurities, it still
outperforms the traditional synthesis and functions as an
example of process intensification.

3.5 | Predictor screening of toluene
and THF

The solvent dominated the predictor screening for the
entire dataset. As a result, we redid a screening for THF
and toluene, separately. For THF, temperature explained
61% of the variance for the MW, while time accounted
for 39%. In contrast, for toluene, time accounted for 93%
of the variance in MW. Temperature's influence is more
pronounced in the THF data. THF's boiling point is
66°C—at 130, 150, 170°C the corresponding pressures in
the reactor were 250, 500, and 800 kPa. The reactions
with toluene were all at atmospheric pressure. Higher
pressures favor polymerization (1°>7°), which explains
temperature accounting for 61% of the variance in MW
for THF while with toluene it is only 7%.

3.6 | Proton nuclear magnetic resonance

Signals at 6y =5.10 and 6y =1.50 belong to methine
(a) and methyl (b) groups while the signal at g =4.30
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FIGURE 3
spectra of poly(p,L-lactide).

Proton nuclear magnetic resonance (H NMR)

represents the methine end-group.”! The presence of
many tetrads in the range of the 6y =5.04 to g =5.20
indicates no stereocontrol in our PLA*7?! (Figure 3).

3.7 | Differential scanning calorimetry
The PLA samples had an average melting temperature of
150°C and a glass transition temperature of 55°C, the lat-
ter being similar to other reported values while the for-
mer is 10-20°C lower.>74!

3.8 | Thermal gravimetric analysis

Three samples of PLA with MWs of 10, 23, and 31 kDa
underwent a TGA analysis. The 10 kDa PLA sample lost
10% of its mass at 259°C and 99% of its mass at 311°C.
The 23 kDa sample lost 10% of its mass at 255°C and 99%
of its mass at 305°C. The 31 kDa sample lost 10% of its
mass by 269°C (including the residual toluene that begins
to evaporate at 105°C) and 99% of its mass at 318°C.
There is a minor dependence on degradation temperature
and MW. The degradation temperature of our PLA is
consistent with some of the literature!®’* and a little
lower than others (269 vs. 290°C).!”"!

3.9 | Statistical model

We fit the data from our experimental design to a non-
linear model that describes the growth and decay phases
of the polymerization. The model contains three fitted
parameters with two independent variables, reaction
time (from 0.25 to 6 h) and temperature (from 130 to
170°C) (Equation 3). The latter corresponds to an

Time, h MW, kDa (model)

FIGURE 4 Polylactic acid (PLA) molecular weight (MW) as a
function of time in toluene (left) and a standard parity plot (right).
The lines represent the non-linear regression model (Equation 3)
and the symbols the experimental data. R* = 0.91.

12

10 |150°c
|170°c
8

MW, kDa (experimental)
[}

.| ,
| 1
0 —_—
0 2 4 60 2 4 6 8 10 12
Time, h MW, kDa (model)
FIGURE 5 Polylactic acid (PLA) molecular weight (MW) as a

function of time in THF (left) and a standard parity plot (right).
The lines represent the non-linear regression model (Equation 3)
and the symbols the experimental data. R* = 0.94.

exponential Arrhenius expression. The model's (eq3) R?
for toluene and THF are 91% (Figure 4) and 94%
(Figure 5), respectively.

MW = j, x —e’ﬁ1’+e’ﬁ2t2} X e%@ [ﬁiﬁ} . (3)

Tt is the average temperature (150°C), R is the uni-
versal gas constant in Jmol 'K, and ¢ is in hour. The
pseudo activation energies for toluene and THF are
12 and 39KkJ.

The predicted MW begins to decrease as t approaches
4 h for toluene and as t approaches 6 h for THF as a result
of depolymerization and transesterification reactions
(represented by f,), which are exacerbated at longer reac-
tion times (Figure 4, Figure 5). The onset of MW reduc-
tion events is quicker in toluene (5, = 0.009) compared to
THF (f, =0.007) because it peaks sooner (31kDa at 1h
versus 11 kDa at 4 h). Prior to this, the chains are growing
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exponentially, which is represented by f; term (1.45 for
toluene, 0.34 for THF). The f, often represents the maxi-
mum achievable MW for a given system. The standard
deviation between the experimental data and model pre-
dictions is 4kDa in toluene (Figure 4). At longer reaction
times (>2h) the MW reduction events become more
prominent thereby decreasing the MW of the polymer
chains. This process, however, is random!®® and thus so
is the degree to which the molecular weight decreases. As
a result, the MW at longer reaction times varies more
than those at shorter times. The data point at 6h and
130°C (Figure 4) is an example of this as it is 30% above
the predicted MW. On the other hand, the standard devi-
ation of 3 repeats for the experiments in THF was 7%
(0.7kDa). The deviation between the model and experi-
mental data was 1.1 kDa, which is reasonable considering
the reproducibility was 0.7kDa (Figure 5). The model
explains 94% of the variance in the experimental data for
THF and captures the increasing MW with time as well
as the plateau. However, during the initial reaction
period, the PLA MW of one experimental test (0.5h,
150°C), increased much faster than expected.

3.9.1 | Model applied to literature data

We evaluated the efficacy of our statistical model by fit-
ting it to three other datasets, at similar reaction condi-
tions (microwave reactor, Sn(Oct), as the catalyst), in the
literature. The experiments from the first dataset were at
a constant temperature (150°C) but varying M:I ratios
(1041, 2534); their MWs ranged from 15 to 46 kDa.l*®!
Thus, the pseudo Arrhenius term equals 1, which leaves
the power aspect of the model. For the data at an M:I of
1041, the model explained 71% of the variance, with a f,
of 24500, a 3, of 14, and a S, of 0.35. However, the R*
drops to 0.4 for the data at an M:I of 2534 with a g, f,,
and g, of 46000, 7.4, and 3.6, respectively. Moreover, by
combing both datasets into one and incorporating a new
term (f35) to the model (eq4) to account for the change in
M, the R?, B,, f1,» B, PB; become 0.59, 59000,
14, 1, and — 0.12, respectively. This low g, indicates that
M:I had little effect on the final MW in their data.*®!

MW = 3, x [—e’ﬂlt +e | x MIPs. (4)

The second dataset had a constant temperature of
180°C.**) We focused on the data at a constant M:I
(1041) and power (360 W) with reaction times from 5 to
20 min. The final data point (at 20 min) had no MW
value as it significantly degraded. To increase the total
number of data points, we assigned a MW to the 30 min

sample equal to 10% of the max MW in the dataset. The
MWs ranged from 7 to 10 kDa. The resulting R?, ,, f;,
and f, were 0.64, 9500, 29, and 8.8, respectively. The R?
only varies between 0.68 and 0.61 if the assumption for
the MW of the degraded sample is 20% or 2% of the max
MW from the dataset.

The final dataset had a constant temperature of 100°C.
However, there were only 3 data points, and the model has
3 parameters so the resulting R? is 0.99, with a $; of 0.1.
The latter is of interest as it represents the chain growth
aspect of the polymerization, a lower value represents
higher growth. At 10, 18, and 30 min the respective MWs
were 80, 176, and 300 kDal**'—the model predicts that
the chains are growing linearly and not exponentially as
evidenced by the low f;. The M:I ratio is not specified in
the article so the theoretical max is unknown.

4 | CONCLUSION

We polymerized p,L-lactide in a microwave reactor in the
presence of Sn(Oct),, BnOH and toluene or THF. The sol-
vent had the greatest influence on the final molecular
weight of PLA: the molecular weights in toluene were
2-3x higher compared to THF. The presence of water in
THF overshadowed any positive microwave-coupling
effects of its higher dielectric loss; eliminating traces of
water in all of the reagents would lead to larger molecu-
lar weights. After 1 h at 170°C in toluene, the MW was
31 kDa. In THF, after 4 h at 170°C, the molecular weight
only reached 11 kDa. In addition, we were able to elimi-
nate numerous solvents as unfit for the ROP of b,L-
lactide. Some, such as THF, are hygroscopic and will hin-
der the polymerization, while others are unsafe at our
reaction temperatures (130-170°C). We also developed a
statistical model that predicts the molecular weight as a
function of temperature, time, and the estimated max
achievable molecular weight for a given system. Future
work should involve a continuous experimental setup
coupled with microwaves for the synthesis of PLA on a
larger scale—strategies for scale-up are already present in
the literature!”®! and are present in the agri-food industry,
cosmetics, and vulcanization of rubber.””! However, due
to p,L-lactide's low dielectric loss (0.04) we recommend
the addition of polar species to improve energy transfer.

AUTHOR CONTRIBUTIONS

Nicolas A. Patience: Conceptualization; investigation;
writing — original draft; methodology; validation; visualiza-
tion; writing — review and editing; software; formal analy-
sis; project administration; data curation; supervision;
resources. Halie Mei Jensen: Investigation; data cura-
tion; methodology. Xavier Banquy: Conceptualization;

85UB01 7 SUOWILIOD 8A1IR.D 8|l dde 8Ly Ag peusenoh a1e sajolie YO ‘85N JOSa|nI o4 Akeiqi8ulJUO A8|IAA UO (SUOIPUOD-PUR-SLULBY/WOD A8 | IM" ARe.q 1 BU1|UO//SAIY) SUORIPUOD puUe WS | 8L} 88S *[520z/0T/E2] uo Ariqiauliuo A8|IM ‘TO00L Zdwe/z00T 0T/I0p/wod A8 | M Akeiq Ul |uo audfe//SdnY WO} papeo|umoq ‘g ‘G202 ‘XE0rLE9T



PATIENCE ET AL.

JOURNAL OF

ADVANCED
NIANUFACTURING—WI ]_‘Eyjll_ofu

investigation; writing - original draft; methodology; vali-
dation; visualization; writing - review and editing; supervi-
sion; resources. Daria C. Boffito: Conceptualization;
investigation; funding acquisition; writing — original draft;
writing — review and editing; visualization; methodology;
project administration; resources; supervision; validation;
formal analysis.

ACKNOWLEDGMENTS

We acknowledge the support of the Natural Sciences and
Engineering Research Council of Canada (NSERC) (funding
reference number 466475120). This work was supported
again by NSERC via the stipend allocated to Nicolas Patience
through the NSERC-CREATE PrEEmiuM program.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

ORCID

Daria C. Boffito ® https://orcid.org/0000-0002-5252-5752

REFERENCES

[1] D. Garlotta, J. Polym. Environ. 2001, 9, 63.

[2] Y. Cheng, S. Deng, P. Chen, R. Ruan, Front. Chem. China
2009, 4, 259.

[3] M. S. Lopes, A. Jardini, R. M. Filho, Proc. Eng. 2012, 42, 1402.

[4] B. Tyler, D. Gullotti, A. Mangraviti, T. Utsuki, H. Brem, Adv.
Drug Delivery Rev. 2016, 107, 163.

[5] T. L. de Albuquerque, J. E. M. Junior, L. P. de Queiroz,
A. D. S. Ricardo, M. V. P. Rocha, Int. J. Biol. Macromol. 2021,
186, 933.

[6] T. Casalini, F. Rossi, A. Castrovinci, G. Perale, Front. Bioeng.
Biotechnol. 2019, 7, 259.

[7] P. Singla, R. Mehta, S. Upadhyay, Appl. Clay Sci. 2014, 95, 67.

[8] L. Nikolic, I. Ristic, B. Adnadjevic, V. Nikolic, J. Jovanovic, M.
Stankovic, Sensors 2010, 10, 5063.

[9] P.R. Gruber, J. J. Kolstad, E. S. Hall, R. S. Eichen Conn, C. M.
Ryan, Melt-stable lactide polymer compost on and process for
manufacture thereof, US patent 5,338,822, 1994.

[10] Y. Yu, G. Storti, M. Morbidelli, Macromolecules 2009, 42, 8187.

[11] D. C. Boffito, D. F. Rivas, Can. J. Chem. Eng. 2020, 98, 2489.

[12] J. Chaouki, S. Farag, M. Attia, J. Doucet, Can. J. Chem. Eng.
2020, 98, 832.

[13] F. Wiesbrock, R. Hoogenboom, U. S. Schubert, Macromol.
Rapid Commun. 2004, 25, 1739.

[14] A. Aguilar-Reynosa, A. Romani, R. M. Rodriguez-Jasso, C. N.
Aguilar, G. Garrote, H. A. Ruiz, Energy Convers. Manag. 2017,
136, 50.

[15] C. Kappe, Microwave-Assisted Chemistry, Elsevier, Amsterdam,
The Netherlands 2007, p. 837.

a0 PROCESSING

[16] S.S. Bukhari, J. Behin, H. Kazemian, S. Rohani, Can. J. Chem.
Eng. 2015, 93, 1081.

[17] J. Anwar, U. Shafique, W. uz Zaman, R. Rehman, M. Salman,
A. Dar, J. M. Anzano, U. Ashraf, S. Ashraf, Arab. J. Chem.
2015, 8, 100.

[18] C. O. Kappe, A. Stadler, D. Dallinger, Microwaves in organic
and medicinal chemistry, Vol. 52, John Wiley & Sons, Hobo-
ken, New Jersey, USA 2012.

[19] A.Metaxas, Fuel Energy Abstr. 1996, 37, 193.

[20] J. M. Hill, M. J. Jennings, Appl. Math. Model. 1993, 17, 369.
[21] C. Gabriel, S. Gabriel, E. H. Grant, E. H. Grant, B. S. J.
Halstead, D. M. P. Mingos, Chem. Soc. Rev. 1998, 27, 213.

[22] R. Hoogenboom, U. S. Schubert, Macromol. Rapid Commun.
2007, 28, 368.

[23] S.Jing, W. Peng, Z. Tong, Z. Baoxiu, J. Appl. Polym. Sci. 2006,
100, 2244.

[24] C. Leonelli, T. J. Mason, Chem. Eng. Process. Process Intensif.
2010, 49, 885.

[25] W.-J. Zhi, L.-F. Wang, X.-J. Hu, Mil. Med. Res. 2017, 4, 29.

[26] M. Frediani, D. Sémeril, D. Matt, L. Rosi, P. Frediani, F.
Rizzolo, A. M. Papini, Int. J. Polym. Sci. 2010, 2010, 1.

[27] R. M. Lord, F. D. Janeway, L. Bird, P. C. McGowan, Polyhe-
dron 2022, 211, 115520.

[28] H. Rodriguez-Tobias, G. Morales, A. Olivas, D. Grande, Macro-
mol. Chem. Phys. 2015, 216, 1629.

[29] H. L. Cao, P. Wang, W. B. Yuan, Macromol. Chem. Phys. 2009,
210, 2058.

[30] F. E. Kohn, J. W. A. V. D. Berg, G. V. D. Ridder, J. Feijen,
J. Appl. Polym. Sci. 1984, 29, 4265.

[31] A. Kowalski, A. Duda, S. Penczek, Macromolecules 2000, 33,
7359.

[32] S.J. Moravek, Ph.D. thesis, Hattiesburg, MS. 2008.

[33] N. Najafi, M. Heuzey, P. Carreau, P. M. Wood-Adams, Polym.
Degrad. Stab. 2012, 97, 554.

[34] D. Cam, M. Marucci, Polymer 1997, 38, 1879.

[35] M.-B. Coltelli, A. Bertolini, L. Aliotta, V. Gigante, A.
Vannozzi, A. Lazzeri, Polymer 2021, 13, 3050.

[36] P. Singla, R. Mehta, D. Berek, S. N. Upadhyay, J. Macromol.
Sci., Part A 2012, 49, 963.

[37] P. Singla, P. Kaur, R. Mehta, D. Berek, S. Upadhyay, Proc.
Chem. 2012, 4, 179.

[38] P. Singla, R. Mehta, D. Berek, S. N. Upadhyay, J. Macromol.
Sci., Part A 2014, 51, 350.

[39] Y. M. Harshe, G. Storti, M. Morbidelli, S. Gelosa, D.
Moscatelli, Macromol. React. Eng. 2007, 1, 611.

[40] L. Huang, J. Tan, W. Li, L. Zhou, Z. Liu, B. Luo, L. Lu, C.
Zhou, J. Mech. Behav. Biomed. Mater. 2019, 90, 604.

[41] D. Koji¢, T. Erceg, N. Vukié, V. Teofilovi¢, 1. Risti¢, J.
Budinski-Simendi¢, V. Aleksi¢, IOP Conf. Ser.: Mater. Sci. Eng.
2017, 163, 12048.

[42] C. Thauvin, P. Maudens, E. Allémann, J. Drug Delivery Sci.
Technol. 2021, 61, 102255.

[43] J. Ramier, E. Renard, D. Grande, J. Polym. Sci., Part A: Polym.
Chem. 2012, 50, 1445.

[44] 1. S. Risti¢, L. Tanasi¢, L. B. Nikoli¢, S. M. Caki¢, O. Z. Ili¢, R.
RadiCevié¢, J. K. Budinski-Simendi¢, J. Polym. Environ. 2011,
19, 419.

[45] C. Thauvin, J. Widmer, 1. Mottas, S. Hocevar, E. Allémann, C.
Bourquin, F. Delie, Eur. J. Pharm. Biopharm. 2019, 139, 253.

85UB01 7 SUOWILIOD 8A1IR.D 8|l dde 8Ly Ag peusenoh a1e sajolie YO ‘85N JOSa|nI o4 Akeiqi8ulJUO A8|IAA UO (SUOIPUOD-PUR-SLULBY/WOD A8 | IM" ARe.q 1 BU1|UO//SAIY) SUORIPUOD puUe WS | 8L} 88S *[520z/0T/E2] uo Ariqiauliuo A8|IM ‘TO00L Zdwe/z00T 0T/I0p/wod A8 | M Akeiq Ul |uo audfe//SdnY WO} papeo|umoq ‘g ‘G202 ‘XE0rLE9T


https://orcid.org/0000-0002-5252-5752
https://orcid.org/0000-0002-5252-5752

JOURNAL OF

ADVANCED
MW] L E Y —MANUFACTURING

PATIENCE ET AL.

moPROCESSING

[46] X. Zhang, D. A. MacDonald, M. F. A. Goosen, K. B. McAuley,
J. Polym. Sci., Part A: Polym. Chem. 1994, 32, 2965.

[47] S. Rathi, E. Coughlin, S. Hsu, C. Golub, G. Ling, M. Tzivanis,
Polymer 2014, 6, 1232.

[48] P. Dubois, C. Jacobs, R. Jerome, P. Teyssie, Macromolecules
1991, 24, 2266.

[49] A. Kowalski, A. Duda, S. Penczek, Macromol. Rapid Commun.
1998, 19, 567.

[50] O. Dechy-Cabaret, B. Martin-Vaca, D. Bourissou, Chem. Rev.
2004, 104, 6147.

[51] K. Masutani, Y. Kimura, Chapter 1. PLA Synthesis. From the
Monomer to the Polymer, Royal Society of Chemistry, Cam-
bridge, England 2014, p. 1.

[52] J. U. Izunobi, C. L. Higginbotham, J. Chem. Educ. 2011, 88,
1098.

[53] R. Tomovska, A. Agirre, A. Veloso, J. Leiza, Characterization
Techniques for Polymeric Materials, Elsevier, Amsterdam, The
Netherlands 2014.

[54] M. R. Kasaai, Carbohydr. Polym. 2007, 68, 477.

[55] P. T. Boeck, J. Tanaka, W. You, B. S. Sumerlin, A. S. Veige,
Polym. Chem. 2023, 14, 2592.

[56] J. Oberlerchner, T. Rosenau, A. Potthast, Molecules 2015, 20,
10313.

[57] H. L. Wagner, J. Phys. Chem. Ref. Data 1985, 14, 1101.

[58] N. Othman, A. Acosta-Ramirez, P. Mehrkhodavandi, J. R.
Dorgan, S. G. Hatzikiriakos, J. Rheol. 2011, 55, 987.

[59] T. M. McGuire, A. Buchard, C. Williams, J. Am. Chem. Soc.
2023, 145, 19840.

[60] H. Tsuji, Poly(Lactic Acid)-Hydrolytic Degradation, Wiley, New
York 2022.

[61] Z. He, L. Jiang, Y. Chuan, H. Li, M. Yuan, Molecules 2013, 18,
12768.

[62] P. Kenyon, M. Worner, S. Mecking, J. Am. Chem. Soc. 2018,
140, 6685.

[63] S. Farah, D. G. Anderson, R. Langer, Adv. Drug Delivery Rev.
2016, 107, 367.

[64] S. Metkar, V. Sathe, I. Rahman, B. Idage, S. Idage, Chem. Eng.
Commun. 2019, 206, 1159.

[65] R. Itzinger, C. Schwarzinger, C. Paulik, J. Polym. Res. 2020,
27, 383.

[66] N.J. Sherck, H. C. Kim, Y.-Y. Won, Macromolecules 2016, 49, 4699.

[67] L. Fang, R. Qi, L. Liu, G. Juan, S. Huang, Int. J. Polym. Sci.
2009, 2009, 1.

[68] D. Obermayer, B. Gutmann, C. O. Kappe, Angew. Chem. Int.
Ed. 2009, 48, 8321.

[69] A. Galia, O. Scialdone, T. Spano, M. G. Valenti, B. Grignard, P.
Lecomte, E. Monflier, S. Tilloy, C. Rousseau, RSC Adv. 2016, 6,
90290.

[70] J. K. Beasley, Polymerization at High Pressure, Elsevier,
Amsterdam, The Netherlands 1989, p. 273.

[71] J. M. Pérez, C. Ruiz, I. Fernandez, J. Chem. Educ. 2021, 99,
1000.

[72] R. Hador, M. Shuster, V. Venditto, M. Kol, Angew. Chem. Int.
Ed. 2022, 61, €202207652.

[73] M. A. Cuiffo, J. Snyder, A. M. Elliott, N. Romero, S. Kannan,
G. P. Halada, Appl. Sci. 2017, 7, 579.

[74] Y. Fan, H. Nishida, Y. Shirai, Y. Tokiwa, T. Endo, Polym.
Degrad. Stab. 2004, 86, 197.

[75] F. Carrasco, O. S. Pérez, M. Maspoch, Polymer 2021, 13, 3996.

[76] C.-H. Chan, N. I. A. Manap, N. S. M. N. M. Din, A. S. A.
Hazmi, K. W. Kow, Y. K. Ho, Chem. Eng. Process. 2021, 168,
108594.

[77] 1. Polaert, M. Delmotte, N. Benamara, L. Estel, Chem. Eng.
Process. Process Intensif. 2018, 126, 1.

How to cite this article: N. A. Patience,

H. M. Jensen, X. Banquy, D. C. Boffito, J. Adv.
Manuf. Process. 2025, 7(2), €70001. https://doi.org/
10.1002/amp2.70001

85UB01 7 SUOWILIOD 8A1IR.D 8|l dde 8Ly Ag peusenoh a1e sajolie YO ‘85N JOSa|nI o4 Akeiqi8ulJUO A8|IAA UO (SUOIPUOD-PUR-SLULBY/WOD A8 | IM" ARe.q 1 BU1|UO//SAIY) SUORIPUOD puUe WS | 8L} 88S *[520z/0T/E2] uo Ariqiauliuo A8|IM ‘TO00L Zdwe/z00T 0T/I0p/wod A8 | M Akeiq Ul |uo audfe//SdnY WO} papeo|umoq ‘g ‘G202 ‘XE0rLE9T


https://doi.org/10.1002/amp2.70001
https://doi.org/10.1002/amp2.70001

	Microwave‐assisted poly(D,L‐lactide) synthesis in toluene and tetrahydrofuran
	Abstract
	1  |  INTRODUCTION
	2  |  EXPERIMENTAL
	2.1  |  Materials
	2.1.1  |  Solvent list

	2.2  |  Microwave synthesis
	2.3  |  Characterization
	2.3.1  |  Proton nuclear magnetic resonance
	2.3.2  |  Gel permeation chromatography
	2.3.3  |  Differential scanning calorimetry
	2.3.4  |  Thermal gravimetric analysis
	2.3.5  |  Dielectric property measurement of D,L‐lactide


	3  |  RESULTS AND DISCUSSION
	3.1  |  Solvent selection
	3.2  |  Evolution of the experimental design
	3.3  |  Results of the polymerizations in toluene and THF
	3.3.1  |  Dependency of MW and conversion on reaction conditions
	3.3.2  |  Dispersity

	3.4  |  Microwaves versus conduction heating
	3.5  |  Predictor screening of toluene and THF
	3.6  |  Proton nuclear magnetic resonance
	3.7  |  Differential scanning calorimetry
	3.8  |  Thermal gravimetric analysis
	3.9  |  Statistical model
	3.9.1  |  Model applied to literature data


	4  |  CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


