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Abstract

Water-initiated ring-opening polymerizations (ROPs) of L-lactide (LA) were performed in bulk at 140 °C, whereupon 11
different salts or complexes of low-toxic metal ions such as tin (II), Zn(II), Zr(IV), and Bi(Ill) were used as catalysts. Only
four catalysts gave satisfactory results despite a long reaction time (24 h). The influence of the temperature was studied
with tin (II) 2-ethylhexanoate (SnOct,), dibutyltin oxide (Bu,SnO), and zinc bis-acetylacetonate (Zn(acac),) and zirconium
acetylacetonate (Zr(acac),). With SnOct, Bu,SnO and Zr(acac), the time was varied at 140 °C to compare their reactivity.
Furthermore, two series of ROPs were carried out with variation of the LA/H,O ratio to verify the control of the molecular
weight by the monomer-initiator ratio. Bi- or tri-modal molecular weight distributions (MWD) were found for most of the
ROPs and bimodal melting endotherms in the differential scanning calorimetry (DSC) heating traces. The thickness and
dependence of the 3D packing of the crystallites were monitored by small-angle X-ray scattering (SAXS) measurements.
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Introduction

Over the past fifty years, poly(L-lactide), PLA, has made
a steep carcer as a biodegradable and resorbable material
and has found numerous applications [1-6]. Starting from
a production of a few tons p.a. for medical applications,
the technical production of PLA has meanwhile increased
to more than 700 000 tons p.a. This career has generated
numerous research activities in all directions concerning
synthetic methods, characterization and potential appli-
cations. The technical production is based on an alcohol-
initiated ring-opening polymerization (ROP) catalyzed by
tin(I) 2-ethylhexanoate (here abbreviated as SnOct, or
Cat). The main purpose of alcohol addition is to control the
molar masses via the LA/alcohol ratio. Therefore, alcohol-
initiated ROPs have attracted much interest and have been
studied by numerous research groups [7, 8]. The structure
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of monofunctional alcohols has been varied, di- and multi-
functional alcohols have been used as initiators, and more
acidic HO compounds such as phenols and oximes have
been included in these studies [9].

The mechanism of alcohol-initiated and SnOct,-catalyzed
ROPs of LA has been elucidated by three research groups
[10-15] and was found to proceed according to Scheme 1.
The research groups of Penczek [13, 14] and Prud’Homme
[15] studied ROPs initiated by primary amines or primary
alcohols at 70—80 °C in solution and found that these ROPs
proceed as living polymerizations, so that the dispersities
were low (~1.2) and the average degrees of polymeriza-
tion (DPs) parallel the LA/In ratio below ratios of 200/1.
However, it has been recently shown by the authors that
ROPs performed at high temperatures (>120 °C) in bulk
were much more complex [16-22]. For example, ROPs per-
formed above 140 °C may yield cyclic PLAs as byproducts
in addition to higher dispersities, so the DP no longer paral-
lels the LA/In ratio, when the In/Cat ratio decreases below
20[17, 18]. The formation of cycles results from the compe-
tition of the ROPPOC (Ring-Opening Polymerization with
simultaneous Polycondensation) mechanism is initiated by
neat SnOct,(Scheme 2). In the absence of an initiator, neat
SnOct, or neat tin(II)acetate (Sn(ac),) yield high molecu-
lar weight cyclic PLAs [19, 20]. Furthermore, the nature
of the alcohol, and the annealing time have a significant
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influence on the extent of transesterification reactions and  whether syntheses of linear or cyclic PLAs were intended,
on the molecular weight distribution (MWD). Regardless of ~ water-initiated ROPs were considered as unwanted side
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reactions due to the presence of moisture. To the best of
the authors’ knowledge, a systematic study of water-initi-
ated ROPs of LA has never been published. However, low
molecular weight PLAs having a COOH end group (in addi-
tion to the CH-OH group) are of interest for various studies
for several reasons. First, the COOH-terminated PLAs may
be useful as starting materials to study the mechanism of
solid state polycondensation (SSP). The direct synthesis of
PLA via polycondensation of lactic acid has been explored
by chemical companies and by academic research groups,
but the reaction mechanisms have never been formulated
or elucidated [23-29]. In addition, matrix-assisted laser
desorption/ionization time-of-flight (MALDI TOF) mass
spectrometry was not applied, and thus, the formation of
cyclic oligo- and poly-lactides was not studied. Second,
if the COOH end groups can be transformed into metal or
ammonium salts, the resulting PLAs with ionic end groups
are of interest for further chemical and physical studies.

For example, the influence of the counterions on the melt-
ing temperature, the crystallinity, the rate of crystallization,
the ionization in mass spectrometry, the elution character-
istics in chromatographic methods or the rate of hydrolytic
degradation can be investigated. Therefore, the aim of this
work was to find catalysts and reaction conditions suitable
for the synthesis of COOH-terminated PLAs with low molar
mass and low dispersity, and with control of the average
molecular weights via the LA/H,O ratio. Finally, it should
be mentioned that an alternative approach to the synthesis of
COOH-terminated copolyesters of lactic acid has recently
been described by Jikei et al. based on benzyl alcohol-ini-
tiated copolymerizations of LA and glycolide, followed by
palladium-catalyzed hydrogenolytic cleavage of the benzyl
ester end group [30].

For the sake of completeness, two studies of H,O-initi-
ated ROPs of e-caprolactone should be mentioned [31, 32].

Experimental

Materials L-Lactide, (Corbion) was supplied by Thyssen-
Uhde SE (Berlin) and recrystallized from toluene (99.98%
extra dry, Thermo-Scientific Fisher, Schwerte, Germany).
Tin(Il)  2-ethylhexanoate (SnOct,  Thermo-Scientific
Fisher, > 96%, ), tin(I) chloride (SnCl,), dibutyl tin oxide
(Bu,Sn0O), dibutyltin acetylacetonate (Bu,Sn(acac),),
zirconium(IV) acetylacetonate (Zr(acac),), zinc acetylace-
tonate monohydrate (Zn(acac),-H,0), 4-toluene sulfonic
acid monohydrate (TSA-H,0), bismuth trichloride (BiCly),
bismuth tribromide (BiBr;), zinc chloride (ZnCl,) and bis-
muth subsalicylate (BiSub) were all obtained from Sigma-
Aldrich (now part of Merck KGaA, Darmstadt, Germany)
with purities>98.5%. They were used as received. Distilled
water was used as initiator.

Polymerizations in Bulk (Tables 1, 2, 3 and 4)

A catalyst (0.08 mmol) and L-lactide (40 mmol) were
weighed into a 50 mL Erlenmeyer flask under a blanket of
argon and a magnetic bar was added. SnOct, (0.04 mmol)
was injected as a 0.4 M solution in toluene. Water (1.6 mmol,
corresponding to a LA/H,O ratio of 25/1) was injected as
a 4 M solution in THF or (mainly) dioxane (0.4 mL). The
reaction vessel was immersed into an oil bath thermostated
at 140 °C (resp. 120, 140-180 °C). After 24 h (or 7 h, 17 h,
or 48 h) part of the viscous reaction product was removed
with a spatula. In the case of crystalline reaction products,
the cold reaction product was crushed into pieces by means
of a screwdriver. Analogous experiments were performed
with LA/H,0 ratios of 12.5/1, 50/1 and 100/1.

Yields 0f92-94% were obtained for LA/H,O ratios=12.5,
while yields of 94-96% were obtained for higher LA/H20
ratios (>12.5) when the reaction products were dissolved in
dichloromethane and precipitated in ligroin.

Table 1 H,O-initiated ROPs of LA catalyzed by various catalysts (LA/H,0=25/1, T=140 °C, Time=24 h)

Exp. No. Catalyst Reaction product Conversion M, ? (corr.) M, (meas.) M,, (meas.) b
(%) (g mol ™)
1 SnOct, Cryst. white 99 4,600 6,800 12,200 1.8
2 SnCl, Melt yellow 97 2,300 4,000 6,100 1.5
3 Bu,SnO Cryst. white 99 3,400 5,100 7,000 1.4
4 Bu,Sn(acac), Liquid yellow 96 2,200 3,100 4,000 1.3
5 ZnCl, Melt yellow 97 2,200 3,100 3,750 1.2
6 Zn(acac),-H,0 Cryst. white 99 3,300 4,800 7,700 1.6
7 Zr(acac), Cryst. orange 99 3,700 5,500 8,500 1.5
8 BiSubsalicylate Cryst. black 97 3,800 5,600 9,600 1.7
9 BiCl, Liquid yellow 55 - - - -
10 BiBr; Liquid orange 59 - - - -
11 TSA-H,0 Melt white 99 2,200 3,200 4,600 1.4

# Calculated by multiplication of M, (meas.) with the factor 0.68 (ref. [13]); M, (theor.)=3 600 (100% conversion)
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Table 2 Syntheses of COOH-terminated PLAs, variation of temperature LA/H,0=25/1, la/cat=500/1

Exp. No. Catalyst T Time Conversion Mn® (corr.) M, (meas.) M,, (meas.) b
O (h) (%) (g mol )
1 SnOct, 120* 24 99 4,200 6,200 10,600 1.7
2 140 24 99 4,600 6,700 15,800 2.4
3 180 2 97 4,000 6,000 10,100 1.9
4 Bu,SnO 120 24 <10 - - - -
5 140 24 99 3,300 4,700 6,800 1.4
6 180 2 96 2,800 4,200 6,100 1.5
7 Zn(acac), 120 24 <10 - - -
8 140 24 97 3,400 5,000 8,100 1.6
9 180 2 <10 - - - -
10 Zr(acac), 120 24 96 2,200 3,200 6,800 2.1
11 140 24 97 3,700 5,500 8,500 1.5
12 180 2 97 4,400 6,500 11,500 1.8

299% conversion M, (theor.)=3,600 (100% conversion); ®calculated by multiplication of M, (meas.) with the factor 0.68 (ref. [13]); M,

theor.)=3,600 (100% conversion
(

Table 3 Syntheses of COOH-terminated PLAs at 140 °C, variation of time, LA/H,0=25/1)

Exp. No. Catalyst Time Convers. M, ?(corr.) M, (meas.) M,, (meas.) b
() (%) (g mol™
1A SnOct, 7 92 3,100 4,500 7,500 1.7
95 3,200 4,600 7,700 1.7
1B 14 99 4,100 6,000 11,000 1.8
1C 24 99 4,600 6,700 11,800 1.8
2A Bu,SnO 7 61 1,800 2,600 3,900 1.5
2B 14 91 2,200 3,100 4,000 1.3
2C 24 99 3,400 5,000 7,200 1.4
3A Zr(acac), 7 96 2,400 3,500 5,000 1.4
3B 14 97 3,000 4,300 6,700 1.6
3C 24 99 3,400 5,100 7,800 1.5
# Calculated by multiplication of M, (meas.) with the factor 0.68 (ref. [13]); M,, (theor.)=3 600 (100% conversion)
Table 4 SnOct,-catalyzed syntheses of COOH-terminated PLAs, variation of the LA/H,0 ratio (LA/Cat=500/1)
Exp. No. LA/H,O Temp. (°C) Time (d) Conversion M,? (theor.) Mnb (corr.) M,, (meas.) M,, (meas.) b
(%) (gmol ™"
1 12.5 120 1 99 1,800 2,200 3,200 4,800 1.5
2 25 120 1 99 3,600 4,000 6,100 10,200 1.6
3 50 120 1 99 7,200 5,600 8,100 12,200 1.5
4 100 120 1 99 14,400 7,700 11,300 18,500 1.6
5¢ 100 140 2 99 14,400 7,600 11,000 35,000 3.0

2 Calculated from the LA/H,0 ratio for 100% conversion; ° calculated by multiplication of M,, (meas.) with the factor 0.68 (ref. [13]); ¢ T,,=

181.5, AH,, = 85.8 Jg™!
Measurements

The 400 MHz '"H NMR measurements were performed with
an Advance 400 III spectrometer (Bruker, Ettlingen, Ger-
many) in 5 mm sample tubes, using deuterated chloroform
(CDCl,) as solvent and tetramethyl silane (TMS) as shift
reference.

The DSC heating traces were recorded on a (with indium
and zinc freshly calibrated) DSC-1 (Mettler-Toledo, Ger-
many) equipped with Stare Software-11 using a heating rate
of 10 K min"'. Only the first heating traces were evaluated.

@ Springer

The MALDI TOF mass spectra were measured with an
Autoflex maX mass spectrometer Bruker Daltonik, Bremen,
Germany). All spectra were recorded in the positive ion lin-
ear mode. The MALDI stainless steel targets were prepared
by dropping of 1 uL of a solvent mixture consisting of 20
uL of poly(L-lactide) (3-5 mg mL™! in chloroform) doped
with 5 pL of potassium trifluoroacetate (2 mg mL™! in THF)
and 50 pL of the matrix solution (DCTB - trans-2-[3-(4-tert-
butylphenyl)—2-methyl-2-propenylidene] =~ malononitrile,
20 mg mL ! in chloroform) After evaporation of the solvent,
the sample holder was inserted in the mass spectrometer. 8
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000 single spectra were recorded and accumulated from 4
different positions of each spot.

The GPC measurements were also performed using a LC
1200 (Agilent, USA) instrument kept at 40 °C. The eluent
(CHCl;) was spiked with toluene (0.05%) for internal flow
correction. The flow rate wasl mL min . A refractive index
detector was used for detection. A sample volume of 100 pL.
with a concentration of 2-4 mg mL ™! (in CHCl;) was auto-
matically injected. For instrument control and data calcula-
tion Win GPC software (Polymer Standards Service - now
Agilent Technologies, Mainz, Germany) was applied. The
calibration was performed using polystyrene standard sets
(Agilent Technologies, Mainz). The number average (M,)
and weight average (M,,) data listed in Tables 1, 2 and 3 are
uncorrected.

The x-ray scattering experiments were performed using
our in-house SAXS/WAXS apparatus equipped with an
Incoatec™ X ray source IuS and Quazar Montel optics. The
wavelength of the X ray beam was 0.154 nm and the focal
spot size at the sample position was 0.6 mm?. The samples
were measured in transmission geometry and were recorded
with a Rayonix™ SX165 CCD-Detector. The SAXS mea-
surements were performed at sample-detector distance of
1.6 m and the accumulation was 20 min. DPDAK, a cus-
tomizable software for reduction and analysis of X-ray scat-
tering data sets was used for gathering 1D scattering curves
[33]. The SAXS curves were converted into Kratky plots.
The long periods of the lamellar domains were determined
by the q values of the reflection maxima.

Results and Discussion
Screening of Catalysts

Based on the results discussed below, the catalytic activity
of several metal salts and complexes was compared in ROPs
conducted in bulk at 140 °C (24 h) with a fixed LA/H,0O
ratio of 25/1 (Table 1). The catalysts were selected mainly
under the aspect of low toxicity. Tin(II) salts, such as SnOct,
and SnCl,, are known to possess low human toxicity despite
high cytotoxicity to certain microbes [8] and therefore these
tin salts have been accepted by the American FDA as stabi-
lizers for canned or bottled foods. Zinc is part of the human
metabolism and is needed in the nutrition. Bismuth is known
to be the least toxic heavy metal [34, 35] and in test with the
kidney, Bi(III) was found to be even slightly less toxic than
zinc(Il) salts [35]. Zirconium is also known to be a non-
toxic element that is present in the human body anyway
(about 4 mg kg '), and it has found numerous applications
in surgery and dentistry either in the form of its metal or as
a ceramic based on its dioxide [36, 37].

The experiments and catalysts listed in Table 1 can be
divided into three groups. Five catalysts yielded crystalline
PLAs, three catalysts yielded a viscous melt indicating high
conversion, and three catalysts yielded a low-viscous lig-
uid due to low conversion. equilibrium of the LA polymer-
ization. For the crystalline PLAs, conversions above 99%
were found as usual. The GPC measurements showed that
four catalysts (Bu,SnO, Zn(acac For the viscous melts, 'H
NMR spectroscopic quantification of the monomer CH sig-
nal at 5.1 ppm (see Fig. 1) indicated approximately 97%
conversion according to the thermodynamically controlled
ring chain equilibrium. Zr(acac), and BiSub) gave number
average molecular weights in acceptable agreement with the
theoretical value of 3 600 when the measured M, ’s were
multiplied by the usual correction factor of 0.68 [13]. How-
ever, other catalysts were not sufficiently reactive to achieve
this value. It is noteworthy that the M, value obtained with
SnOct, was about 30% higher than the theoretical value
(No. 1, Table 1). This finding was reproduced in additional
experiments (see Tables 2, 3 and 4). Since the SnOct, cata-
lyzed ROPs were relatively fast followed by early crystalli-
zation, the higher M, ’s may be a result of polycondensation
reactions in the solid state as illustrated in Scheme 3. How-
ever, SnOct, is a poor esterification catalyst, but an excellent
transesterification catalyst (s. below), and thus, the polycon-
densation steps will more likely proceed via the mechanism
outlined in Scheme 4 regardless, if in the amorphous phase
or on the surface of crystallites.

The MALDI-TOF mass spectra showed that no cycles
were formed in any of the eleven experiments as expected
from the relatively large amounts of water used as initiator.
For a proper understanding of the mass spectra shown in
Figs. 2 and 3 (and Figs. 5,6), it may be useful to mention
that two series of mass peaks were observed, because ion-
ization in MALDI is usually achieved by the attachment of
a potassium ion (due to doping with K-trifluoroacetate) to
linear PLA chains (L) with a free COOH group (red annota-
tion) and, additionally (blue annotation), by simultaneous
formation of a potassium salt of the end group (COOK).
Since LA is a dimer, a clean ROP free of transesterification
reactions will yield even numbered PLA chains, so the pres-
ence of odd numbered chains observed in all samples indi-
cates that transesterification reactions have occurred. This
phenomenon has been observed many times by the authors
and other research groups for all alcohol-initiated ROPs of
LA performed above 80 °C. However, the extent of even-
odd equilibration can vary over a wide range depending on
the transesterification activity of the catalyst, and such broad
variation was also found in the present study. The mass spec-
tra of the two extremes are shown in Fig. 2, and surprisingly,
both extremes are based on tin catalysts. The lowest level of
transesterification for dibutyltin acetylacetonate (Fig. 2A),
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Fig.1 600 MHz 'H NMR spectrum
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whereas complete even-odd equilibration and broadening
of the molecular weight distribution (MWD) was found for
SnCl, (Fig. 2B). Finally, the extent of discoloration must
be mentioned. White PLA was obtained with SnOct, or
Zn(acac), and off-white products with Bu,SnO and TSA.
The black color observed for the BiSub catalyzed polymer-
ization is most likely the result of a redox process yielding
finely dispersed metallic bismuth. Surprisingly, crystalline
PLA was obtained despite this side reaction.
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Fig.2 MALDI TOF mass spectra of HO-PLA-25 samples doped with potassium trifluoroacetate: (A) catalyzed with Bu,Sn(acac), (No 4, Table 1),

(B) catalyzed with SnCl, (No 2, Table 1)

Variation of the Reaction Conditions

The lowest temperature previously used by the authors for
alcohol-initiated ROPs of LA in bulk was 120 °C. There-
fore, the first four experiments in this work were also per-
formed at 120 °C, and the following four catalysts were
selected for the reasons discussed above: SnOct,, Bu,SnO,
Zn(acac), and Zr(acac),. Furthermore, an LA/H,O ratio of
25/1 was used. Despite a relatively long reaction time of
24 h, polymerizations with Bu,SnO and Zn(acac), were
unsuccessful (Table 2), whereas analogous ROPs initi-
ated with primary alcohols were almost complete within
30-60 min. Thus, the failure of these ROPs suggests that the
lactyl lactic acid resulting from the hydrolysis of LA reacts
as bidentate or even tridentate ligand of the catalyst and pre-
vents easy access of the monomer to the metal atom. This
interpretation does not necessarily mean that stable metal
carboxylate groups have been formed, the interaction may
be temporarily as part of a dynamic equilibrium. When the
experiments were repeated at 140 °C, again no polymeriza-
tion was observed after 2 h, but complete polymerization

was achieved after 24 h (see Tables 1 and 3). When the tem-
perature was raised to 180 °C, the time for almost complete
conversion (97% for thermodynamic reasons) was reached
within 2 h with both tin catalysts and with Zr(acac),, while
Zn(acac), failed to give a high conversion.

The GPC measurements of two successful polymeriza-
tions (3 and 12, Table 2) carried out at 180 °C gave cor-
rected M, s of about 4 400, which is about 20% higher than
the theoretical value of 3 600 Da. This difference can be
attributed to a partial evaporation of water. The polymeriza-
tions carried out at 140 °C with LA/H,0=25/1 (2, 5, 8 and
11, Table 2) gave corrected M,,’s in good agreement with
the theoretical value, and for higher LA/H,O ratios the mea-
sured M,,'s were lower than expected (see Table 5). There-
fore, these experiments show that the evaporation of water
did not affect the course of the ROPs carried out at 140 °C
or below.

A third series of experiments was performed to study the
influence of the reaction time a on the conversion and on
the dispersity. The results, summarized in Table 3, allow for
the following conclusions. The slowest polymerization was
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Fig. 3 MALDI-TOF mass spectra of HO-PLA-25 samples prepared at 140 °C (Table 3): (A) with SnOct, (No 1B), (B) with Bu,SnO (No 2B), (C)

with Zr(acac), (No 3B)

Table 5 Bu,SnO-catzalyzed syntheses of COOH-terminated PLAs, variation of the LA/H,O ratio (LA/Cat=500 /1)

Exp. No. LA/H,O Temp. (°C) Time (d) Conversion M,? (theor.) M,” (corr.) M, (meas.) M,, (meas.) b
(%) (gmol )

1 12 140 1 97 1,720 1,450 2,150 2,600 1.2
2 25 140 1 99 3,600 3,700 5,300 7,200 1.4
3A 50 140 1 99 7,200 4,650 6,900 10,500 1.5
3B 50 140 2 99 7,200 4,400 6,600 11,800 1.8
4A 80 140 1 99 11,540 6,300 9,050 14,500 1.5
4B 80 140 2 99 11,540 6,500 9,700 18,700 1.9
SA 120 140 1 99 17,200 6,400 9,400 14,800 1.6
5B 120 140 2 99 17,200 7,500 11,300 25,000 2.3
6A 120 160 2 99 17,200 10,400 15,600 38,600 2.4
6B 120 160 6 99 17,200 12,100 18,300 62,500 3.4

2 Calculated from the LA/H,O ratio for 100% conversion; ° calculated by multiplication of M, (meas.) with the factor 0.68 (ref. [13])

observed for the Bu,SnO-catalyzed ROP, whereas the ROPs
catalyzed by SnOct, and Zr(acac), had nearly identical rates,
although the resulting molecular weights were different. As
discussed below (Table 4) almost quantitative polymeriza-
tions were feasible with SnOct, at 120 °C within 24 h but
not with BuSnO Furthermore, the MALDI-TOF mass spec-
tra presented in Fig. 2 show that the odd-even equilibra-
tion catalyzed by SnOct, is close to completion, whereas
this is not the case for SnCl, or Zr(acac),. Moreover, the
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mass peak distribution obtained with SnOct, (Fig. 2 (A))
is broader than the distributions obtained with SnCl, or
Zr(acac),, which again indicates a higher transesterification
activity of SnOct,. From all these experimental facts, the
following order of increasing transesterification activity can
be derived:

Zn(acac)z < BuaSnO < Zr(acac)s < SnOcto
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This order is noteworthy because Dobrzynski et al. hypoth-
esized that Zr(acac), might be more reactive than SnOct,
because the molecular weights of copolyesters prepared
from glycolide and lactide were lower, when SnOct, was
used as catalyst. However, those authors did not vary the
time and at a given time lower molecular weights may also
be a consequence of rapid degradation following the rapid
kinetically controlled polymerization, and SnOct, is known
for a rapid degradation of polylactides due to ring-ring
equilibration [38].

The GPC measurements revealed a somewhat unex-
pected result. Broad but nearly monomodal MWD curves
were only found for the ROPs conducted at 180 °C as illus-
trated exemplarily in Fig. 4A. Most elution curves showed a
tendency towards a bimodal distribution or even a trimodal
character (Fig. 4A (TSA curve) and 3B). This complexity
may be partially influence by crystallization at 140-120 °C.
However, the ROPs performed with Bu,SnO at 140 °C were
repeated several times for preparative purposes and in two
cases the resulting PLAs had completely crystallized after

2.00
1.75; (A)
150
125—_ TSA
1.00 4
0.75—-
0504
0.25—-

0.00 T
1000 10000

2.00—. 50
(B)
25

1.50- 100

1.25

T
100000

W log M

1.00
0.75
0.50

0.25

0.00 T
1000 10000

T
100000
Molar mass [g mol]

Fig. 4 GPC elution curves of PLAs prepared with: (A) Bu,SnO at
180 °C (2 h), TSA at 140 °C (1 d), (B) SnOct,-catalyzed ROPs at
120 °C (Table 4, the numbers on top of the curves indicate the LA/
H,O ratio)

24 h, but in two experiments no crystallization or partial
crystallization was observed.

Regardless of the different extend of crystallization the
GPC elution curves displayed a bimodal character. Since a
trimodal shape of the elution curve was also observed for
the TSA-catalyzed ROP (Fig. 4A) formation of different
types of complexes from metal ions and lactic acid or oli-
golactides is not a satisfactory explanation. Regardless of
the catalyst, the bimodal or trimodal elution curves obtained
at 140 °C demonstrate that transesterification was not effi-
cient enough to equilibrate chains of different length. At
180 °C, experiments demonstrate that rapid transesterifica-
tion causes an equilibration of the chain lengths.

Control of the Molecular Weight Via the LA/H,0
Ratio

The above order of reactivity also shows that Bu,SnO is
inferior to SnOct, and Zr(acac), in terms of reactivity, but
the mass spectra and the GPC measurements suggested that
the PLA prepared with Bu,SnO had the lowest dispersity.
Therefore, a fourth and a fifth series of polymerizations were
carried out with SnOct, and Bu,SnO as catalysts to find out
to what extent the molecular weight can be controlled by
the LA/H,O ratio. The ROPs catalyzed with SnOct, were
performed at 120 °C (Table 4), but due to the lower reac-
tivity of Bu,SnO (which proved rather inactive at 120 °C),
a first series of ROPs with this catalyst was conducted at
140 °C/1 d (see Table 5). The MALDI-TOF mass spectra
shown in Figs. 5 and 6 indicate that the average molecu-
lar weights increase with higher LA/In ratios and they sug-
gest that a broadening of the molecular weight distribution
occurs at higher LA/In ratios. Both trends were confirmed
by the GPC measurements. However, the GPC data also
indicate that the M, values do not exactly parallel the LA/
In ratios. Furthermore, bimodal elution curves were found
when LA/In ratios of 25/1 or higher were applied. This trend
is illustrated for the SnOct, catalyzed samples in Fig. 4B,
but the GPC curves obtained from the Bu,SnO-catalyzed
PLAs were almost identical to those shown in Fig. 4B. The
elution curves confirm that the kinetic course of H,O-initi-
ated ROPs of LA is considerably more complex than that of
alcohol-initiated ROPs under similar conditions. Certainly,
the complexation of the catalyst by the COOH chain end
is responsible for this discrepancy, since the COOH group
plus the adjacent ester group can play the role of a bidentate
ligand.

Both series of ROPs (Tables 4 and 5) have in common
that for LA/H,O ratios>25/1 the corrected M,’s are sig-
nificantly lower than the theoretical values. In the case of
SnOct,, repeating the experiment with LA/H,0=100/1
at 140 °C did not give a higher M,, indicating that the
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Fig. 5 MALDI-TOF mass spectra of HO-PLA samples prepared with SnOct, at 120 °C (Table 4): (A) LA/H,0=12 (No 1), (B) LA/H,0=25/1

(No 2), (C) LA/H,0=100/1 (No 4)

conversion was complete at 120 °C, but the M, and thus
the dispersity increased. With Bu,SnO considerably higher
M, s were obtained when longer times (2 d) and/or higher
temperatures (160 °C) were applied. The ROPs catalyzed
with Bu,SnO demonstrate at least a rough control of the
molecular weight, since the corrected M, s vary by a factor
of 8 for a variation of the LA/H,0 ratio by a factor of 10.
Three conclusions can be drawn from these results. First,
the time/temperature window of 140 °C/1 d found to be suf-
ficient for Bu,SnO-catalyzed ROPs with an LA/H,O ratio
of 25/1 (Table 3) is not sufficient for higher LA/Cat ratios.
Second, controlling of Mn via the LA/Cat ratio is feasible
in principle, but requires optimization of the time/tempera-
ture window for any LA/H,O ratio. Third, the H,O-initiated
ROPs of LA are quite different from analogous alcohol-
initiated ROPs. Nevertheless, these experiments confirmed
that the lowest dispersities may be achieved with Bu,SnO,
and the samples obtained with the lowest LA/H,0 ratios are
useful for the further studies intended by the authors.

@ Springer

About the Formation of Covalent Metal
Carboxylates

Probably more than a hundred papers have been published
dealing with alcohol-initiated ROPs of LA catalyzed by
metal salts and metal compounds or initiated by covalent
metal alkoxides. All of these polymerizations have in com-
mon that the metal ion is attached to the PLA chain via an
alkoxide group. These metal alkoxide groups are highly
sensitive to hydrolysis, so normal processing procedure in
the presence of moisture will automatically hydrolyze these
active end groups. The situation is different when the metal
ions are attached to carboxylic end groups, because the
metal carboxylates are more stable than the metal alkoxides.
Therefore, the synthesis of COOH-terminated PLAs raises
the question of whether the metal carboxylate end groups
survive GPC measurements or the preparation of sample
spots for MALDI-TOF mass spectrometry.

Since the concentration of metal ions in the above experi-
ments was low, neither GPC nor mass spectroscopy of the
resulting PLAs could answer this question. Therefore, three
more polymerizations were carried out with stoichiometric
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Fig. 6 MALDI-TOF mass spectra of HO-PLA samples prepared with Bu,SnO at 140 °C (Table 4): (A) LA/H,0=12 (No. 5), (B) LA/H,0=50/1
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Scheme 5 (A) Structure of a hypothetical dibutyltin carboxylate
derived from HO-PLA-COOH, (B) Structure of a hypothetical Zr car-
boxylate derived from HO-PLA-COOH

amounts of BuSn(acac),, Bu,SnO or Zr(acac), to see if
there was evidence for the formation of the covalent PLAs
formulated in Scheme 5. These experiments were repeated
to check the reproducibility. However, the mass spectra
exclusively displayed peaks of linear chains with a free
COOH group, as shown in Figure S1 (Supplementary Part).

Two peaks per chain were observed because doping with
K-trifluoroacetate transforms part of the COOH end groups
into their potassium salts.

The GPC measurements yielded corrected M, values
in the ranges of 2 800-3 200, while the M, expected for
the polymer (A) in Scheme 5 is about 7 400. In the case
of Zr(acac), catalysis, the corrected M,, values were in the
range of 4 800-5 800, while the theoretical value is 14 500.
Thus, the GPC data were in agreement with the mass spec-
tra in that the vast majority of the PLA chains did not form
stable metal carboxylates according to Scheme 5. Finally,
'H NMR and *C NMR spectra were recorded on the virgin
reaction mixtures. Regardless of the catalyst, the 'H NMR
spectra showed the signal of the -CH(CH;)-OH end group
at 4.35 ppm, indicating that the catalysts were not perma-
nently bound to this end group. The *C NMR spectra (see
Figure S2) showed two peaks at 167.5 and 175.0 ppm (x
and y in Figure S2), which can be attributed to ester groups
immediately adjacent to the end groups. A third signal (z)
varied between 174.6 ppm (Figure S(A)), 172.6 ppm (Fig-
ure S2(B)), and 175.1 ppm (Figure S2(C)). This signal can
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Fig. 7 DSC heating traces (1st heating) of HO-PLA-25 samples pre-
pared with Bu,SnO at 140 °C (Table 3): (A) after 14 h (No. 2B), (B)
after 24 h (No. 2 C)

be attributed to the COOH end group and a loose complex-
ation by the metal ions. Furthermore, the '3*C NMR spectra
of 2-ethylhexanoic acid and dibutyl 2-ethylhexanoate were
recorded and a shift of 183 ppm was found for the COOH
group and 186 ppm for the COOSn group. Therefore, it can
be expected that the formation of the tin-containing polymer
((A) in Scheme 5) causes an additional CO signal around
177-178 ppm, which was not found.

In other words, the NMR spectra do not provide evidence
for high yields of the polymers shown in Scheme 5 and are
thus consistent with the message of the MALDI TOF mass
spectra and GPC data.

DSC and SAXS Measurements

The DSC measurements were focused on those samples
prepared with variation of the LA/Cat ratio (Table 4). As
expected, both Tm and AHm, increase considerably with
increasing chain length. For the longest chains prepared
with LA/Cat ratios> 50, the Tm and AHm values are almost
identical for both catalysts. Characteristic of the DSC traces
obtained from HO-PLAs prepared by varying the polymer-
ization time (Table 3) are two trends that are independent
of the catalyst. First, the heating traces showed a relatively
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Fig. 8 DSC heating traces (1st heating) of HO-PLA samples prepared
with SnOct, at 120 °C with variation of the LA/H,O ratio (Table 4):
(A) 12/1 (No. 1), (B) 25/1, (No. 2) (C) 100/1 (No. 4)

sharp endotherm combined with a broad “foot” towards
lower temperatures. Second, longer annealing causes an
enormous shift in Tm towards higher temperatures. Both
trends are exemplarily illustrated in Fig. 7. Characteristic
of most DSC traces of HO-PLAs prepared with SnOct, at
120 °C is the presence of a broad melting endotherm at
low temperatures (Fig. 8A illustrates this phenomenon),
whereas a normal monomodal melting endotherm is char-
acteristic of HO-PLAs with LA/H,O ratios around or above
80/1 (Fig. 8C). These DSC traces and the long polymer-
ization times required for crystallization of most HOPLAs
indicate that the presence of a COOH end group is kineti-
cally unfavorable for crystallization compared to HO-PLA
alkyl ester having the same molecular weight and dispersi-
ties (the authors have synthesized and annealed dozens of
HO-PLA alkyl esters). Initially, the authors have expected
that the higher density and strength of H-bonds between the
end groups would be favorable for crystallization, but the
opposite is true.

The SAXS measurements of selected samples (exem-
plarily shown in Fig. 9) yielded the long-distance values
L listed in Table 6. Multiplying of these L-values with the
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Fig. 9 SAXS curves of HO-PLA 25 (A) No. 2 (Table 6), (B), No. 5
(Table 6)

crystallinity allows for a rough estimation of the crystallite
thickness (1,), which is, of course, an average value of the
whole sample. This estimation showed two plausible trends.
First, the thickness increased with the chain length at low
LA/In ratios, most likely because the majority of the chains
formed extended chain crystallites. At LA/In ratios>50 the
1, values leveled off around 11-12 nm, the normal thick-
ness for PLAs annealed at 120 °C. The long chains fold
during crystallization like all flexible polymers and form
lamellar crystallites. The second trend is a slightly higher
crystal thickness when annealed at 140 °C. This finding in
in good agreement with previous studies on cyclic PLAs,
which showed even higher 1, values when annealed at 160—
170 °C [39]. These data confirm that, as expected in the
Introduction, PLAs prepared with LA/In ratios of 12 or 25
at 120-140 °C yield crystallites mainly of extended chains
according to Scheme 4A.

Finally, the SAXS measurements revealed a third trend,
namely the appearance of a second and even third order
reflections when the samples were annealed at higher tem-
peratures or for longer times (Fig. 9B). This observation
indicates that the lamellar crystallites reach a higher 3D

order inside the spherulites. In conclusion, if sufficient time
is given to the COOH terminated HO-PLAs, they can finally
achieve a crystallinity and 3D order comparable to that of
the PLA alkyl esters.

Conclusions

The results obtained in this work allow for the following
conclusions. First, initiation with water considerably reduces
the reactivity of all catalysts by a factor of 5-10 compared
to initiation with primary alcohols. Therefore, a polymer-
ization temperature above 130 °C is required for most cata-
lysts to achieve high conversions within 24 h. Only with the
most reactive catalysts, SnOct, and (surprisingly) Zr(acac),,
high conversions can be achieved at 120 °C. When com-
pared under identical reaction conditions, the lowest disper-
sity (<1,3) can be achieved with Bu,SnO and low LA/H,0
ratios. Second, M, can be controlled by the LA/H,O ratio,
but a careful optimization of the time/temperature window is
required. Third, the longer polymerization times and higher
temperatures required to achieve higher molecular weights
at higher LA/H,O ratios result in higher dispersities. Fourth,
the COOH end group reduces nucleation and crystallization
rates compared to similar HO-PLA alkyl esters.

The low molar mass PLAs with COOH end groups pref-
erentially form extended chain crystallites and may be use-
ful as substrates for studies of (poly)condensation reactions
in the solid state. Furthermore, such crystallites may be use-
ful for the preparation and characterization of crystallites
with ionic surfaces. Research activities in both directions is
currently underway.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s10924-0
25-03565-w.
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Table 6 DSC and SAXS measurements of selected PLAs annealed for 1 d or 2 d (*)

Exp. No. Catalyst LA/H,0O Temp. M, (corr.) AH,, Cryst.? L 10
O (g mol ) deh () (nm) (nm)
1 SnOct, 12 120 2,200 34.5 30 16.2 4.8
2 SnOct, 25 120 4,600 38.2 33 19.3 6.3
3 SnOct, 50 120 5,600 68.5 59 18.8 11.2
4 SnOct, 100 120 7,700 76.7 66 17.5 11.5
5* SnOct, 100 140 7,600 85.6 74 18.5 13.5
6 Bu,SnO 25 140 3,700 46.8 40 23.0 9.0
7 Zn(acac), 25 140 3,700 57.5 50 19.0 9.5

2 Calculated with a AH, . of 115 T g ™! [40]; ® calculated by multiplication of L with crystallinity
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