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About Polycondensation, Disproportionation, and
Cyclization of Acetylated Poly(L-Lactide) Esters

Hans R. Kricheldorf,* Steffen M. Weidner, and Andreas Meyer

L-lactide (LA) is polymerized with ethyl L-lactate or trifluoroethanol as
initiators (LA/In = 30/1), and the resulting poly(L-lactide) esters are acetylated
with acetic anhydride. The acetylated PLA esters are mixed with SnOct,,
dibutyltin bis(4-chlorophenoxide), or dibutyltin bis(pentafluorophenoxide) in
solution and crystallized at 120 °C. The doped crystals are annealed at 140 °C
or at 160 °C for 7, 14, and 28 days, and the chemical modifications that
occurred in the solid state are monitored by matrix-assisted laser
desorption/ionization time-of-flight (MALDI TOF) mass spectrometry, gel
permeation chromatography (GPC), and differential scanning calorimetry
(DSC) measurements. All catalysts promoted polycondensation, while no
significant formation of cycles is observed. However, in the presence of
SnOct,, disproportionation of chains occurred upon annealing at 120 or

140 °C, and crystallites consisting of extended chains with M,, values ~3500 —

3600 and low dispersities (D < 1.5) are formed.

1. Introduction

Poly(L-lactide) (PLA) is a biodegradable polyester that has found
numerous applications since the beginning of its technical pro-
duction around 1970, and its technical production has now
reached a level of ~700 000 tons per year.'° The technical pro-
duction is based on alcohol-initiated ring-opening polymeriza-
tion (ROP) catalyzed by SnOct,, which yields PLAs with high
dispersities (>2.0) and number average molecular weights (M, ’s)
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around or above 50 000. As first demon-
strated by the Penczek group!”®! and by
Prudhomme and coworkers,®! alcohol-
initiated and SnOct,-catalyzed ROPs of LA
at low temperatures (<100 °C) in solution
yield PLAs with low dispersity (<1.2),
and M, can be perfectly controlled by the
LA/alcohol ratio (Scheme 1). The mecha-
nism of these ROPs shown in Scheme 1
has been elucidated by Kowalski et al.,l”*#!
Zhang et al.'% and Kricheldorf et al.'112]
Narrow molecular weight distributions and
perfect control of M, can also be achieved
with bulk ROPs at temperatures around or
below 130 °C.[B¥] When SnOct, is used as
a catalyst, it is important that In/Cat ratios
> 10 are used, otherwise cyclic oligomers
are formed as by-products.['*1]

Poly(l-lactide) is a crystalline polymer,
and the physical and mechanical properties
of crystalline PLA have been studied by numerous research
groups,1>®11l because most commercial applications of PLA are
based on the properties of crystalline PLA. Almost all of these
physical and physicochemical studies have been performed with
commercial PLAs>® or with self-synthesized high molecular
weight PLAI'20] with M, ’s above 50 000. X-Ray studies have re-
vealed that the most thermodynamically stable crystal modifica-
tion, referred to as the a-modification, is based on an antiparal-
lel alignment of PLA chains with a helical twist corresponding
to a 10, helix.?!] An exact determination of its dimensions was
recently published by Wasanasuk and Tashirol??l and a length
of 2.89 nm was found for a helical unit consisting of 10 lactyl
units. From SAXS data recently reported by the authors,!*-2] it is
known that the crystal thickness (I.) of PLAs is in the range of 9—
13 nm, when the samples were annealed for a few hours around
or below 140 °C, and in the range of 10-14 nm, when annealed
for several days. Thus, PLA chains or chain segments consisting
0f 40-50 lactyl units have the appropriate length to form extended
chain crystals without significant chain folding. This calculation
takes into account that some lactyl units protrude from the sur-
faces of the crystallites.

When a crystallite consists mainly or exclusively of extended
chains, the chemical structure of the crystallite surfaces can be
designed and controlled via the end groups of the PLA chains.
This scenario, in turn, provides the opportunity to study chem-
ical reactions across the surface of the crystallite, with variation
of the end groups and with variation of catalyst, time, and tem-
perature. A first study in this direction was recently published by
the authors using a PLA with OH end groups at one chain end
and ethyl ester end groups at the other end (HO-PLA-Et)[**! or
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Scheme 1. Mechanism of alcohol-initiated and SnOct,-catalyzed ROP of LA.

trifluoroethyl ester end groups.[’! It was found that annealing at
140 or 160 °C in the presence of four different polymerization
catalysts caused a variety of transesterification reactions, mainly
(poly)condensation and cyclization steps (Scheme 1). In addition,
it was recently found that PLA alkyl esters undergo chain lengths
disproportionation when annealed at 140 °C in the presence of
SnOct,.[?*] Disproportionation in this case means that shorter
and longer chains were formed simultaneously via transesteri-
fication reactions as shown in Scheme 2. The alcoholytic transes-
terification mechanism outlined in Scheme 2 and the ester-ester-
interchange mechanism (Scheme 3) have been suggested to be
responsible for these modifications in molecular weight distribu-
tion (MWD), crystal surface, and topology.!?*%]

While the alcoholytic transesterification underlaying the initi-
ation step of the ROP (Scheme 1) is well established to be effec-
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tive under the given reaction conditions, it was not clear to what
extent the ester-ester interchange mechanism contributes to all
the observed changes of the PLA esters. Therefore, the first ob-
jective of this study was to find clear evidence for the existence
and effectiveness of the ester-ester-interchange reaction. Second,
itshould be determined to which extent acetylation of the OH end
groups inhibits or promotes cyclization via the formation of loops
on both surfaces of the crystallites. Third, the influence of acetyla-
tion on the progress of the disproportionation process should be
elucidated. The answers on these questions should be elaborated
using acetylated PLAs having either ethyl ester or trifluoroethyl
ester end groups (Scheme 4). Three different catalysts and the
same reaction conditions used in our recent studies?*?! should
be applied in the present work to allow for a reasonable compar-
ison with previous results.
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Scheme 2. Mechanism of the alcoholytic transesterification catalyzed by SnOct,
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Scheme 3. Mechanism of theSnOct2-catalyzed ester-ester interchange reaction.

2. Experimental Section

2.1. Materials

L-Lactide was kindly supplied by Thyssen-Uhde SE (Berlin)
and recrystallized from toluene (Thermo-Scientific Fisher, Schw-
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HO-CH ——»
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HO-CH ——>
ROOC <
HO-CH
ROOC -

CH-OH
COOR
CH-OH
COOR
CH-OH
COOR
CH-OH

erte, Germany, 99.98% extra dry). Anhydrous dichloromethane,
SnCl,, and SnOct, (purity > 96%) were also purchased
from Thermo-Scientific Fisher. BuSnPhCl (dibutyltin bis(4-
chlorophenoxide) was prepared from dibutyltin oxide and 4-
chlorophenol as described previously.[)] BuSnPhF (dibutyltin
bis(pentafluorophenoxide) was prepared analogously.

(B)

ROOC - CH-OH
HO-CH > coO
| (a)
-3 ROH ROOC (0]
E—— HO-CH > COOR
CO (0]
[ [ (b)
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Scheme 4. lllustration of polycondensation a) and cyclization b) reactions proceeding on the surface of crystallites consisting of extended linear chains:

R = ethyl or trifluoro-ethyl.
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2.2. Synthesis of Acetylated PLA Ethyl Esters Ac-PLA-Et-30 and
Ac-PLA-Et-60

(A) ELA (3 mmol) and L-lactide (90 mmol) were weighed into
a 100 mL Erlenmeyer flask under an argon blanket and a mag-
netic bar was added. SnOct, (0.09 mmol) was injected as a 0.45 M
solution in toluene. The reaction vessel was immersed in an oil
bath thermostated at 120 °C. After 4 h the crystallized PLA was
dissolved in dry dichloromethane (100 mL) and precipitated into
ligroin (1 L). The precipitated HO-PLA-Et-30 was isolated by fil-
tration and dried at 60 °C in vacuo. Yield 97%, M, = 9 500, M,,
=12 200

An analogous polymerization was performed with 120 mmol
of LA and 2 mmol of ELA yielding the HO-terminated PLA-ET-60

(B) HO-PLA-Et (60 mmol) was heated in a refluxing mixture of
acetic anhydride (10 mL), dioxane (40 mL) toluene (40 mL), and
pyridine (1 mL). After 2 d the reaction mixture was cooled and
precipitated into ligroin (700 mL). Yield 96%, M, =9 600, M,,
=12 300 (Db = 1.2). The MALDI TOF mass spectrum evidenced
complete acetylation. The "H NMR spectrum displayed the fol-
lowing end group signals (ppm). CH; ~1.3, OCH, ~3.5-3.8 (4
signals), CH; ~2.2 (acetyl), AcO-CH(CH,) ~4.25.

For Ac-PLA-Et-60 the GPC measurements gave M, = 13 300
and M,, = 15 700 (D = 1.16).

2.3. Synthesis of Acetylated PLA Trifluoro-Ethyl Ester
(Ac-PLA-TFE)

Trifluoro-ethanol (4.0 mmol) and L-lactide (100 mmol) were
weighed into a flamed dried Erlenmeyer flask (200 mL) under
an argon atmosphere and a magnetic bar was added. Toluene
(85 mL) was added and SnOct, (0.5 mmol) was injected asa 0.5 M
solution in toluene (1 mL). The reaction vessel was immersed in
an oil bath thermostated at 80 °C. After 24 h, the partially gelled
reaction mixture was poured with stirring into ligroin (800 mL).
The precipitated HO-PLA-TFE was isolated by filtration and dried
at 60 °C in vacuo. Yield: 97%, M,, = 8 200, M, = 10 100. The
MALDI mass spectrum proved complete acetylation.

The MALDI TOF mass spectra of the three acetylated PLA es-
ters are displayed in Figure 1.

2.4. Annealing of Ac-PLA-Et-30 with SnOct,

Ac-PLA-Et (30 mmol) was weighed into a 50 mL round bottom
flask, dry dichloromethane (25 mL) and a magnetic bar were
added. After dissolution of the PLA, SnOct, (0.03 or 0.12 mmol)
mmol) was injected as a 0.3 mL solution in toluene. The reaction
vessel was covered with round glass plate and was immersed in
an oil bath thermostated at 120 °C in a stepwise manner over a pe-
riod of 15 min until all dichloromethane was evaporated. Then,
the reaction vessel was closed with a glass stopper and a steel
spring and annealed for 24 h at 120 °C. The brittle PLA was then
crushed with a spatula and part of it was removed for characteri-
zation. The main part was annealed at 140 °C and a third part was
annealed at 160 °C (see Table 1). Prior to annealing the reaction
vessel was filled with argon.

Macromol. Chem. Phys. 2024, 225,2400175 2400175 (4 of 11)
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Figure 1. MALDI TOF mass spectra of Ac-PLA-Et-30 A), Ac-PLA-TFE-25
B), Ac-PLA-Et-60 C), minor peaks represent additional Na-adduct ions.

2.5. Annealing of Ac-PLA-Et-30 with BuSnPhCl

These experiments were conducted as described above using a
0.03 M solution of the catalyst in toluene.

Table 1. Annealing of Ac-PLA-Et-30.

Exp. Catalyst LA/  Temp Time M, M,, T, AH, Cryst?
No. Cat?)  [°C] ra Del 9l

1A SnOct, 1000/1 120 3h 9300 12300 162.0 78.1 69
1B SnOct, 1000/1 140 7d 9500 12500 168.0 70.4 61
1C SnOct, 1000/1 140 14d 9900 13000 168.5 77.6 67
1D SnOct, 1000/1 140 28d 9500 14500 1714 762 53
2A SnOct, 250/1 120 3h 9500 12400 1622 723 62
2B SnOct, 250(1 160 7d 10800 18500 172.4 60.2 51
2C SnOct, 250/1 160 14d 12800 22200 1746 57.7 49
3A BuSnPhCl 1000/1 120 3h 9200 12200 162.1 763 66
3B BuSnPhCl 1000/1 140 7d 9200 11800 167.7 79.8 70
3C  BuSnPhCl 1000/1 140 14d 9300 12500 167.5 73.8 65
3D BuSnPhCl 1000/1 140 28d 8500 13400 169.5 80.4 71
4A BuSnPhCl  300/1 120 3h 9400 12600 161.3 65.7 56
4B BuSnPhCl  300/1 160 7d 11800 22000 1743 66.6 57
4C  BuSnPhCl  300/1 160 14d 12700 22800 177.9 63.1 54

? lactyl unit/catalyst ratio; ® calculated from AH,,, with AH_ % =115 g1
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2.6. Annealing of Ac-PLA-TFE —25 with SnOct,

These experiments were performed with Ac-PLA-TFE (30 mmol)
as described above.

2.7. Annealing with Ac-PLA-TFE-25 with BuSnPhF

BuSnPhF (0.12 mmol) and Ac-PLA-TFE —25 (30 mmol) were
weighed into a flame-dried 50 mL round-bottom flask and dis-
solved in 25 mL of anhydrous dichloromethane. The experiment
was then continued as described above.

2.8. Annealing of Ac-PLA-Et-60 with SnOct,

Ac-PLA-Et-60 (30 mmol) was weighed into a 50 mL round bot-
tom flask and dissolved in anhydrous dichloromethane (25 mL).
SnOct, (0.03 mmol) was injected as a 0.3 M solution (0.1 mL) in
toluene. In a parallel experiment 0.12 mmol of SnOct, was added.
The experiments were performed as described for Ac-PLA-Et-30.

2.9. Measurements

The 'H NMR measurements were performed with a Bruker Ad-
vance 400 III in 5 mm sample tubes, using CDCl, containing
TMS as solvent and shift reference.

The MALDI TOF mass spectra were measured on an Aut-
oflex Max mass spectrometer Bruker Daltonik, Bremen, Ger-
many). Spectra were recorded exclusively in the positive ion lin-
ear mode. The stainless steel MALDI targets were prepared using
the dried droplet methods with premixed chloroform solutions of
poly(L-lactide) (3-5 mg mL™") doped with potassium trifluoroac-
etate (2 mg mL~! in THF). Typically, 20 pL of the sample solu-
tion, 2 uL of the potassium salt solution, and 50 uL of the ma-
trix solution (DCTB - trans-2-[3-(4-tert-butylphenyl)—2-methyl-2-
propenylidene] malononitrile, 20 mg mL~! in CHCI,) were com-
bined in an Eppendorf vial. 1 pL of this solution was deposited
using a pipette on the MALDI target and, after evaporation of the
solvent, inserted in the mass spectrometer. 8000 single spectra
were recorded and accumulated from different spot positions.

The GPC measurements were performed in chloroform in a
LC 1200 (Agilent, USA) instrument kept at 40 °C. The flow rate
wasl mL min~' and a refractive index detector was used. Sam-
ples were automatically injected (100 pL, 2-4 mg mL~! in chloro-
form). For instrument control and data calculation Win GPC soft-
ware (Polymer Standards Service — PSS, Mainz, Germany) was
applied. The calibration was performed using polystyrene stan-
dard sets (Polymer Standards Service — PSS, Mainz). The number
average (M,) and weight average (M,,) data listed in Tables 1-3
are uncorrected. Fractionation experiments were done manually
by collecting the eluents at the end of the capillary.

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

The SAXS measurements were performed using our in-house
SAXS/WAXS apparatus equipped with an Incoatec X ray source

Macromol. Chem. Phys. 2024, 225, 2400175 2400175 (5 of 1 1)
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IpS 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 geome-
try and were recorded with a Rayonix SX165 CCD-Detector. The
SAXS measurements were performed at sample-detector dis-
tance of 1.6 m and the accumulation was 20 min. DPDAK, a
customizable software for reduction and analysis of X-ray scat-
tering data sets was used for gathering 1D scattering curves.[?!
The SAXS curves were converted into Kratky plots. The long pe-
riods of the lamellar domains were determined by the q values of
the reflection maxima.

3. Results and Discussion

3.1. Preparation of Acetylated PLA Esters (Ac-PLA-Et-30,
Ac-PLA-Et-60, and Ac-PLA-TFE-25)

The CH-OH terminated polylactide ethyl ester (PLA-Et-30) was
prepared by ring-opening polymerization of LA initiated with
ethyl L-lactate at a LA/IN ratio of 30/1 and catalyzed by SnOct,
(LA/Cat = 1 000/1) as described recently.?*l The OH-terminated
PLA-Et-60 was prepared analogously using a LA/ELA ratio of
60/1. The CH-OH terminated polylactide trifluoro-ethyl ester
(PLA-TFE) was prepared by trifluoroethanol-initiated ROP of LA
in toluene at 80 °C as reported recently.[?! A LA/In ratio of 25/1
was used for comparison with the previous results.

A first attempt to acetylate PLA-Et-30 was made with a four-
fold excess of acetic anhydride (+ a small amount of pyridine)
in dichloromethane at 22 °C for 7 d, but without any success.
A second attempt was made by refluxing PLA-Et-30 with a ten-
fold excess of acetic anhydride and pyridine in chloroform for
1 d. Under these conditions about 50% acetylation was achieved.
The third experiment was performed with a 20-fold excess of
acetic anhydride and a double molar amount of pyridine rela-
tive to the OH end groups in a refluxing 1:1 mixture of dioxane
and toluene. Under these conditions a nearly quantitative acety-
lation was achieved. These experimental conditions also resulted
in nearly quantitative acetylation of PLA-Et-60 and PLA-TFE-25
(see Figure 1).

3.2. Annealing of Ac-PLA-Et-30

Ac-PLA-Et was mixed with SnOct, or BuSnPhCl in
dichloromethane. The dichloromethane was evaporated at
120 °C within about 20 min, and the remainder was annealed
at the same temperature to achieve crystallization. After 3 h, a
part of the PLA was removed for characterization by GPC and
DSC measurements (see Table 1). The doped Ac-PLA-Et-30 was
then annealed at 140 °C for 7, 14, or 28 d. Both the MALDI TOF
mass spectra and the GPC measurements showed only minor
changes after 7 d and, therefore the discussion will mainly focus
on the results obtained after 14 and 28 d. However, regardless
of whether SnOct, or BuSnPhCl was used as catalyst, at an
LA/Cat ratio of 1 000/1 the mass spectra were almost unchanged
relative to that of the starting material (Figure 1A) even after
28 d. Interestingly, the imbalance of the odd-even ratio had
not changed. However, the GPC measurements indicated a
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Figure 2. GPC elution curves of: A) Ac-PLA-Et, B) after annealing with BuS-
nPhCl (LA/Cat = 1000/1) at 140 °C/14 d, C) after annealing with LA/Cat =
250/1, at 160 °C/14 d.

moderate increase in the number average molecular weight
(M,)) and of the weight average molecular weight (M, ), and the
elution curves showed a strong shoulder at higher masses (curve
B, Figure 2, almost identical for SnOct, and BuSnPhCl catalyzed
samples). Clear evidence for the existence of polycondensation
reactions according to Scheme 4 was obtained by GPC fraction-
ation and MALDI mass spectrometry of the individual fractions,
as shown for sample 1D (Table 1) in Figure 3A,B. The highest
molecular weights detected were a tiny fraction around m/z 26
000-30 000.

When the temperature was raised to 160 °C and when the
catalyst concentration was quadrupled, significant changes in
the mass spectra were detected (Figure 4). The odd-even equi-
libration was now complete, and a significant broadening of the
molecular weight distribution had taken place. Brownish discol-
oration and lower AH, values, indicating loss of crystallinity, in-
dicated the beginning of thermal degradation.

3.3. Annealing of Ac-PLA-TFE-25

Ac-PLA-TFE was annealed under the same conditions as Ac-PLA-
Et-30 and thus under conditions comparable to recent studies
based on HO-terminated PLA esters (Table 2).**! However, for
comparison with a previous study, BuSnPhF was used as sec-
ond catalyst instead of BuSnPhCl (3A-C, Table 2). The MALDI
TOF mass spectra were quite analogous to those obtained with
Ac-PLA-Et under identical conditions as shown by comparing
Figure 5A with Figure 2A (and Figure 5B with Figure 4A). The
analogy continued during fractionation. As shown in Figure 3,
the fractionation of sample 1D (Table 2), yielded results almost
identical to those obtained from the fractionation of Ac-PLA-Et
1D (Table 1). Again, the highest molecular weights were found
in a small fraction around m/z 26 000-30 000. The close anal-
ogy between the experiments performed with Ac-PLA-Et and Ac-
PLA-TFE was also confirmed by the GPC curves, as shown by
comparing Figure 6 with Figure 2.
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The only exception was the sample 3C (Table 2), isolated after
annealing at 160 °C for 14 days, which had a rather high molec-
ular weight. Nevertheless, the overriding trend found in almost
all annealing experiments is the finding that acetylation of the
HO end groups obscures the different reactivities of the ethyl
ester and trifluoroethyl ester end groups. However, this differ-
ence was clearly observed in the annealing experiments of the
HO-terminated PLA esters.[**?] With free HO groups, signifi-
cantly higher molecular weights were obtained when the trifluo-
roethyl end group was used (Mn"s > 60 000 upon fractionation).
However, the most striking difference concerns the formation of
cyclic PLAs. No cyclic PLAs were detected in the experiments of
the present work, regardless of whether the annealing was per-
formed at 140 °C (Figure 5A) or at 160 °C (Figure 5B). However,
the annealing of HO-PLA-TFE-25 yielded cyclic PLAs at all con-
ditions, and their fraction increased with temperature, time, and
catalyst concentration. With an LA/Cat ratio of 250/1 at 160 °C,
rather large fractions of cycles were obtained, as exemplarily il-
lustrated in Figure 5C (which corresponds to Figure 5B).

The conspicuous “saw-tooth pattern” of the cyclic PLAs is char-
acteristic for crystallites consisting exclusively of extended cycles,
a thermodynamically favored form of solid PLAs. Its origin has
been extensively discussed in previous publications and will not
be discussed in detail here.[2”-2] In summary, these experiments
revealed the unexpected result that the different reactivities of
ethyl ester and trifluoroethyl ester groups play a role only in con-
densation reactions based on the alcoholytic transesterification
mechanism, whereas this difference is barely detectable when
ester-ester interchange reactions play the key role. This finding
is of great interest as an analytical tool for the identification of
crystallites composed of HO-PLA-TFE chains, since it should al-
low their identification in mixtures with crystallites composed of
acetylated PLA esters. For example, the authors are currently in-
vestigating whether PLAs with polar end groups and PLAs with
non-polar end groups crystallize separately or whether they form
mixed crystals.

3.4. Annealing of Ac-PLA-Et-60

Just before starting this work, the authors discovered that HO-
PLA ethyl esters prepared with LA/alcohol ratios of 60 or 100
(degree of polymerization (DP) ~120 or 200) show a dispropor-
tionation of their chain length upon annealing at 140 °C.[23] The
formation of extended chain crystals consisting of linear PLAs
with masses around m/z 3 500-3 700 corresponding to DPs
around 50 lactyl units has been observed. In addition to these
short chains, chains longer than the average DP were formed.
The mechanistic basis of this disproportionation is the transes-
terification reactions shown in Schemes 2 and 5. Equilibration of
polyesters by transesterification has been studied experimentally
and theoretically by the Penczek group for polyesters in solution
or in melt.?%32] Under these conditions, equilibration results in
a broadening of the molecular weight distribution driven by a
gain in entropy. However, the results obtained for disproportion-
ation in the solid-state point in exactly the opposite direction. The
chains with a DP around 50 have a narrow MWD with a disper-
sity around 1.15 (estimated by comparison with alcohol-initiated
PLAs at 120 °C or 130 °C, see also Figure 1C and Ac-PLA-Et-60,
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Figure 3. A) MALDI TOF mass spectra of fractionated Ac-PLA-Et annealed with SnOct, (LA/Cat = 1000/1) at 140 °C/28 d. B) MALDI TOF mass spectra

of higher mass SEC fractions (continued from Figure 3A).

see experimental part). Thus, it is obvious that the driving force
of disproportionation is a gain in crystallization enthalpy result-
ing from the formation of relatively perfect crystallites. Crystal-
lites formed by extended chains of low dispersity do not have
defects inside the crystal lattice and they have a rather smooth

surface due to the nearly identical lengths of the chains forming
the crystallite. In contrast, crystallites formed by longer chains
with larger dispersity have a complex surface due to a mixture of
loops and lost chain ends of different lengths, including binding
molecules (Scheme 6B). They may also contain defects within the
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Figure 4. MALDI TOF mass spectra of Ac-PLA-Et-30 after annealing at
160 °C/14 d: A) with SnOct, (2C, Table 1), B) after annealing at 160 °C/14 d
with BuSnPhCl (4C, Table 1) (LA/Cat = 250/1 in both cases).

crystal lattice such as buried chain ends and some parallel chain
orientations due to kinetically controlled crystallization.

In the present work, an acetylated PLA-Et-60 was subjected to
annealing at 120 °C and to additional annealing at 140 °C in the
presence of SnOct, (Table 3). Comparison of the mass spectra
(Figure 7A,B) with the mass spectrum of the starting material
(Figure 1C) shows that acetylation does not hinder the dispro-
portionation process. The extent of disproportionation increased
with temperature and catalyst concentration, but unidentified
side reactions also occurred at higher temperatures and cata-
lyst concentrations (additional peak distributions in Figure 7A,B).
Compared to the annealing of HO-PLA-Et under identical condi-
tions, two phenomena were observed (Figure 7C). First, the dis-
proportionation of the HO-PLA-Et is much more efficient, so that
the peaks of the starting material have largely disappeared. Sec-
ond the side reactions were negligible. The new mass peaks in
the range around m/z 3 400-3 800 represent DPs correspond-
ing to chain length in the range of 10-13 nm (see Introduction).
The crystal thicknesses derived from the SAXS measurements
(Table 3) are in agreement with those measured for other PLA

Table 2. Annealing of Ac-PLA-TFE-25.

Exp.  Catalyst LA/ Temp Time M, M, T AH, Cryst?)

No. Catd [ [ Ueg 19

1A SnOct, 1000/1 120 3h 9200 12100 159.2 53.3 46
1B SnOct, 1000/1 140 7d 8700 12000 166.0 76.4 66
1C SnOct, 1000/1 140 14d 9200 13300 167.7 773 67
1D SnOct, 1000/1 140 28d 8400 13200 170.2 81.2 71
2A SnOct, 250/1 120 3h 9400 12400 1579 66.7 57
2B SnOct, 250/1 160 7d 11300 18200 172.6 70.5 61
2C SnOct, 250/1 160 14d 11800 17000 173.1 518 44
3A BuSnPhF  250/1 120 3h 9300 12200 158.0 65.5 56
3B BuSnPhF  250/1 160 7d 12500 20000 169.7 56.5 48
3C BuSnPhF  250/1 160 14d 25800 46000 171.5 51.0 43

? lactyl unit/catalyst ratio; ®) calculated from AH,, with AH_ % =115 g1

Macromol. Chem. Phys. 2024, 225, 2400175 2400175 (8 of 11)

www.mcp-journal.de

Ly
| 39519,

3351.4
(meas) ( A)

60000 -
40000 -

20000 -

30000 -

‘ 3784.3 45 ( B )

3783.81p0a)

20000 -

Intensity

10000

0
5000 L

] 49 Cos
40001

“ Cios (C)
6740.9 7605.7 ¢
67414 1eas) 7606.4 re6)

calc)

3670.2,
3670.7

calc)

(meas)

3000
2000

1000

O T T T T T
2000 4000 6000 8000 10000

m/z

Figure 5. MALDI TOF mass spectra of A) Ac-PLA-TFE-25 annealed with
SnOct, (LA/Cat=1000/1) at 140 °C/14 d (1C, Table 2), B) Ac-PLA-TFE-25
annealed with LA/Cat = 250/1 at 160 °C/14 d (2C; Table 2), C) HO-PLA-
TFE-25 annealed with LA/Cat = 250/1 at 160 °C /14 d (reproduced from
ref. [25]).
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Figure 6. GPC elution curves of A) Ac-PLA-TFE and B) Ac-PLA-TFE an-
nealed with SnOct, at 140 °C/14 d, and C) annealed with SnOct, (LA/Cat
=250/1) at 160 °C/14 d.
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Scheme 5. Equilibration of linear PLA chains via transesterification.

ester crystallites annealed under similar conditions!?)! and indi-
cate that the new short chains form extended chain crystals. As
mentioned above, their formation obviously indicates a thermo-
dynamic optimization process since all transesterification reac-
tions are reversible and since long reaction times were involved.
Thus, the formation of extended chain crystallites excluding short
and long chains shows all aspects of a phase separation.

The detection of disproportionation of HO-terminated and Ac-
terminated PLAs raises a question that has not been discussed
yet. Does the formation of these extended chain crystallites in
addition to the folded chain crystallites indeed represent a phase
separation? In other words, is the different perfection of the crys-
tallites shown schematically in Scheme 6A,B sufficient to pro-
duce two crystalline phases? A positive answer has the conse-
quence that the annealed HO-PLA esters, and the Ac-PLA esters
violate the Gibbs phase rule (Equation 1).

F+P=C+2 (1)

With F = degree of freedom, P = phase, C = chemical compo-
nent

The authors do not wish to decide at this stage whether the
formation of extended chain crystallites is indeed a phase separa-
tion or not, but they do wish to stimulate studies and discussion
of this aspect.

3.5. DSC Measurements

The DSC measurements of the samples listed in Tables 1 and 2,
performed at a heating rate of 10 K min~! as usual for PLAs, re-

Macromol. Chem. Phys. 2024, 225, 2400175 2400175 (9 of 11)

vealed the following trends. Compared to samples annealed at
120 °C for 3 h, annealing at 140 °C or 160 °C increases the T, for
both types of PLAs, Ac-PLA-Et and Ac-PLA-TFE. However, both
types of PLAs show a different trend for the melting enthalpy
(AH,,). For Ac-PLA-Et the melting enthalpy is higher after an-
nealing at 120 °C, while for Ac-PLA-TFE, the melting enthalpy
increases after annealing at 140 or 160 °C. Compared to the previ-
ous experiments with HO-terminated PLA esters, both, Ac-PLA-
Et and Ac-PLA-TFE, show lower T, and lower AH, values. In
other words, the HO end groups favor the formation of more per-
fect crystallites and higher crystallinities. This result is apparently
a consequence of the more efficient transesterification reactions
found for the HO-terminated PLA esters.

In the case of the “disproportionation experiments” listed in
Table 3, annealing at 140 °C shows only a slight increase in T,
but a substantial enhancement of the crystallinity. These are quite
normal consequences of intensive annealing of PLAs.

4, Conclusions

The results of this study prove that the tin catalysts can promote
the ester-ester interchange reaction, which allows polycondensa-
tion in the solid state at temperatures as low as 140 °C. Further-
more, chain length disproportionation via transesterification was
observed, and this new phenomenon challenges the validity of
the Gibbs phase rule for all aspects of polymer crystallization.
However, the efficiency of all transesterification reactions was
lower compared to analogous reactions with OH-terminated PLA
esters. In contrast to OH-terminated PLA esters, no significant
difference was observed between ethyl ester and trifluoroethyl
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ester end groups when the OH end groups were acetylated. The
most striking difference is the absence of cycles even after an-
nealing at 160 °C, whereas the OH-terminated PLA trifluoroethyl
ester yielded significant amounts of crystallites consisting of ex-
tended cycles under the same conditions. In other words, in the
presence of tin catalysts, alcoholytic transesterification is much
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Figure 7. MALDI TOF mass spectra of A) Ac-PLA-Et-60 after annealing for
14 d at 120 °C with LA/Cat 1000/1, B) for 14 d at 140 °C (in addition to the
annealing at 120 °C) with LA/Cat 1000/1, C) HO-PLA-Et-60 after annealing
for14 d at 140 °C with LA/Cat = 1 000/1.

Macromol. Chem. Phys. 2024, 225, 2400175 2400175 (10 of 11)

Table 3. Annealing of Ac-PLA-Et-60 in the presence of SnOct,.

Exp. LA/  Temp Time M, M, T. AH, Cryst? L 1.9
No. Cat¥ [°C] [d] [°C Dg'1 198l [nm]  [nm]

1A 1000/1 120 2h 13300 15700 - - - - -

1B 1000/1 120 14 12700 15400 167.9 74.7 65 148 9.8
1C  1000/1 140 14 11600 15200 169.6 89.3 78 14.7 115
2B 250/1 120 14 11700 15700 168.1 77.5 67 14.7 9.8
2C 250/1 140 14 11100 16 100 170.4 87.0 76 146 11.0

a)Iactyl unit/catalyst ratio, ®) calculated from AH,, with AH, % = 115 | g7"
9 estimated by multiplication of L and crystallinity

more effective than the ester-ester interchange, and this differ-
ence may be useful as an analytical tool when studying the co-
crystallization of PLA chains with different end groups.
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