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Abstract

Ring-opening polymerizations (ROPs) of L-lactide are performed in bulk at

130�C with tin(II) 2-ethylhexanoate as catalyst and various phenols of different

acidity as initiators. Crystalline polylactides having phenyl ester end groups

are isolated, which are almost free of cyclics. The dispersities and molecular

weights are higher than those obtained from alcohol-initiated ROPs under

identical conditions. Polymerizations at 160�C yield higher molecular weights

than expected from the monomer/initiator ratio and a considerable fraction of

cycles. The fraction of cycles increases with higher reactivity of the ester end

group indicating that the cycles are formed by end-to-end cyclization.
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1 | INTRODUCTION

The technical production of poly(L-lactide) is based on
the ring-opening polymerization (ROP) of L-lactide
(LA) catalyzed by Sn(II) 2-ethylhexanoate (SnOct2) in
combination with an aliphatic alcohol as initiator (In).1–4

The addition of an alcohol serves two purposes. First, it
accelerates the polymerization by formation of a more
nucleophilic Sn-O-alkyl group (Scheme 1), and second, it
allows for a rough control of the molecular weight via the
LA/In ratio. For polymerizations in solution at tempera-
tures <100�C several research groups have demonstrated
that the alcohol-initiated ROP of lactide proceeds like a
living polymerization with narrow molecular weight dis-
tribution and a degree of polymerization proportional to
the LA/in ratio and to the conversion.5–7 For ROPs in
bulk the polymerization process is more complex due to

transesterification reactions and formation of cycles
which cause broadening of the molecular weight distribu-
tion and reduction of the DP below the theoretical value
calculated for a living polymerization.7–10 Therefore,
commercials polylactides contain at least low molar mass
cycles and have dispersities above 2.0.

These properties are unavoidable, when ROPs of
L-lactide are performed in bulk at temperatures >130�C,
and they are advantageous for any application which
requires thermal processing, such as injection molding,
extrusion, or bottle blowing. The reasons are twofold. Cyclic
oligomers reduce the melt viscosity and thus, ease thermal
processing and they tend to raise the glass transition tem-
perature, because highly mobile loose chain ends are miss-
ing. A broad MWD gives a better balance of moderate melt
viscosity and good mechanical properties than polymers
having a similar molar mass with narrow MWD.
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Whereas the role of alcohols in ROPs performed in
solution has intensively been studied, because the reac-
tion conditions are favorable for kinetic measurements,
much less is known about their role in ROPs conducted
in bulk. The authors have recently shown that unexpect-
edly alcohols of different structure have a significant
influence on rate and extent of transesterification reac-
tion when SnOct2-catalyzed ROPs are conducted in bulk
at 130�C.11 Yet, to the best knowledge of the authors the
influence of more acidic initiators such as oximes or
phenols has never been studied yet. Phenols may be poi-
sonous and aggressive towards skin, but they may also
play the role of vitamins (e.g., tocopherols), they belong
to the metabolism of numerous plants (e.g., catechol,
tannin, salicylic acid) or they are used as food and drink
preservatives, such as esters of 4-hydoxybenzoic acid.
Hence, there is no reason to exclude phenols from stud-
ies of R-OH-initiated ROPs of lactide. The present work
had the purpose to elaborate first hand information on
the fundamental aspects of SnOct2-catlyzed ROPs of L-
lactide initiated with acidic R-OH compounds. Higher
acidity of the OH group results in higher electrophilicity
of the ester end group formed by incorporation of the
initiator. A higher electrophilicity of the CO-chain
end favors, in turn, end-to-end (ete) cyclization and
chain growth via intermolecular condensation ([a] in
Scheme 2). When such transesterification reactions
occur, a simple ROP turns into a ROPPC mechanism
(ROP combined with simultaneous polycondensation)
as defined and discussed in a recent review article.12

Therefore, the formation of cycles and its dependence
on the structure of the initiator was in the focus of the
present study.

The question, how the reaction conditions influence
the formation of cycles and their origin is not only of
interest for the chemistry of polyLAs, but also for the
proper understanding of reversible polycondensations. In
his first theory of step-growth polymerizations 1946 (the
basis of all later theories and textbooks) Flory had
excluded that ete-cyclizations may occur.13 Jacobson and
Stockmayer describing a new theory of reversible poly-
condensations a few years later, accepted Flory's dogma
and attributed formation of cyclic oligomers exclusively
to ring-chain equilibration via “back-biting” ([b] in
Scheme 2).14,15 In the following decades, numerous
researchers have studied the formation of cyclic oligo-
mers via ring-chain equilibration.16–22 Szymanski has
adapted the Jacobson-Stockmayer theory to various
ROPs.23 The potential existence and role of ete-
cyclization was completely ignored. Quite recently the
authors have demonstrated that ete-cyclizations are a
theoretical necessity and occur in ROPPOCs of LA and
ε-caprolactone catalyzed by dibutyltin compounds.24 In
this context the present work had the purpose to shed
more light on question if and how the formation of cycles
is influenced by the variation of the experimental condi-
tions including the nature of initiator.

2 | EXPERIMENTAL

2.1 | Materials

L-lactide, a product of Corbion Purac, was kindly sup-
plied by Thyssen-Uhde AG (berlin, Germany). It was
recrystallized from “Toluene 99.98% extra dry” (ACROS
Chemicals, Belgium). 11-undecenol (UND), hydroxy
acetone, cyclohexanone oxime, N-hydroxy succinimide,
4-chlorophenol, 4-cyanophenol, 4-nitrophenol, pen-
tafluorophenol, pentafluorothiophenol, and tin(II)
2-ehylhexanoate (purity>96%) were all purchased from
Alfa Aesar (Kandel, Germany) and used as received.

2.2 | Polymerizations and annealing
at 130�C

The initiator (0.8 mmol) was weighed into a 50 ml Erlen-
meyer flask and L-lactide (40 mmol) plus a magnetic bar
were added under a blanket of argon. Finally, 0.1 ml of a
0.4 M solution of SnOct2 in toluene was injected. The
reaction vessel was immersed into an oil bath
thermostated at 130�C. After 1 h the reaction vessel was
rapidly cooled to 20�C and the crystalline reaction prod-
uct was crushed into pieces by means of a spatula. Part of
the product was used for characterization, whereas

SCHEME 1 Simplified mechanism of SnOct2-catalyzed ROP of

lactides initiated by OH-compounds
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another part was annealed in an Erlenmeyer flask under
argon at 130�C for 21 h. Due to the slower polymeriza-
tion, an additional experiment with a duration of 2 h was
conducted in the case of 4-nitrophenol and in the case of
pentafluorophenol the first sample was taken after 1.5 h.

2.3 | Polymerizations at 160�C

The reaction mixtures were prepared and polymerized
as described above. However, three parallel experi-
ments were performed for each initiator. The samples
isolated after 0.5 and 1.0 h were taken from the first
experiment, the 2 and 4 h samples from the second
experiment, whereas the third experiment was stopped
after 24 h.

2.4 | Measurements

The 400 MHz 1H NMR spectra were recorded with a
Bruker Avance 400 in 5 mm sample tubes. CDCl3 con-
taining TMS served as solvent and shift reference.

MALDI TOF mass spectrometry was performed using
an Autoflex max (Bruker Daltonik GmbH, Bremen) in the
linear positive mode. Trans-2-[3-(4-tert-butylphenyl)-
2-methyl-2-propenylidene] malononitrile (DCTB) dissolved
in chloroform (20 mg/ml) was chosen as matrix. Matrix
solutions were doped with potassium trifluoroacetate to
promote selective adduct ion formation. This solution was
premixed with the analyte solution (chloroform, 4 mg/ml)
in a ratio of 5/2 (vol/vol). A 1 μl of the resulting solution
was deposited on the sample target. Typically, 8000 single
spectra recorded at four different positions within one spot

SCHEME 2 Formation of cycles in

polymerizations of lactides: (A) via end-

to-end cyclization, (B) via “back-biting”
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were accumulated. The instrument was previously cali-
brated with PEO standards.

For the GPC experiments a modular system kept at
40�C (isocratic pump, 1 ml/min, refractive index detector,
Optilab rEX, Wyatt Technology) was applied. Samples
were manually injected (100 μl, 2–4 mg/ml). For instru-
ment control Clarity software (GPC extension, DataApex)
was used. The calculation of the molecular masses was
performed using Astra 6.1 software (Wyatt Technology).
The calibration was performed using polystyrene standard
sets (Polymer Standards Service – PSS, Mainz, Germany).

3 | RESULTS AND DISCUSSION

3.1 | Polymerizations at 130�C

A temperature of 130�C is the lowest temperature used for
technical polymerizations of L-lactide.4,9,25 It has the advan-
tage of little side reactions (incl. cyclization), but the kinetic
course of the entire polymerization process is complicated
by crystallization of the polylactide. In this work a first
series of polymerizations was conducted at 130�C with eight
different initiators. 11-undecenol (UND) as example of an
aliphatic primary alcohol of low volatility was used for com-
parison with the seven acidic initiators hydroxy acetone,
cyclohexanone oxime, N-hydroxy succinimide, 4-chloro-,
4-cyano- and 4-nitrophenol, pentafluoro phenol and
pentafluoro thiophenol.

The first result of these experiments was the observa-
tion that with hydroxy acetone, N-hydroxy succinimide
and pentafluorothiophenol no polymerization was detect-
able within the first 4 h. Thus, further studies with these
three initiators were abandoned. In contrast, the other
acidic initiators yielded crystalline polyLAs quite analo-
gous to UND. Their characterization by GPC was given
in Table 1. The structures of the isolated polyLAs and

their symbols used for peak assignments in the MALDI
TOF mass spectra are summarized in Scheme 3.

The second result was GPC data indicating a slight
broadening of the molecular weight distribution (MWD)
with dispersities increasing from 1.2 to 1.5 for increasing
acidity of the initiator. This trend is also observable in the
MALDI TOF mass spectra as illustrated in Figures S1A and
S2A and in Figures 1A, 2A,B, and 3A. The GPC data also
demonstrate that the number average molecular weights
(Mn) of the polyLAs initiated with phenols are higher than
expected from the LA/In ratio, in contrast to the UND and
cyclohexanone oxime-initiated polyLAs, where a satisfac-
tory agreement between experimental and theoretical Mn

was found (No. 1 and 2, Table 1).

TABLE 1 SnOct2-catalyzed syntheses of poly(L-lactides)s having activated ester end groups in bulk at 130�C, LA/in = 50/1;

LA/cat = 1000/1

Exp. no. Initiator LA/in Time (h) Mn
a,b (corr) Mn Mw Ð

1 11-Undecenol 50/1 1 8100 11,700 13,000 1.1

2 Cyclohexanone oxime 50/1 1 7300 10,300 13,800 1.3

3 4-Chlorophenol 50/1 1 11,500 16,900 22,300 1.3

4 4-Cyanophenol 50/1 1 17,700 26,200 40,000 1.5

5A 4-Nitrophenol 50/1 1 16,300 23,600 33,400 1.4

5B 4-Nitrophenol 50/1 2 22,600 33,000 48,000 1.4

6 Pentafluorophenol 50/1 1.5 27,300 40,000 57,000 1.4

aMeasured Mn values multiplied with a correction factor of 0.68 (Ref. 5.
bThe theoretical Mn amounts to 7300 calculated for a conversion of 99% plus end group.

SCHEME 3 Linear polyLAs and their abbreviations used in

the MALDI
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This trend can be interpreted as consequence of dif-
ferent rate constants of the initiation reactions. Whereas
the rate constant of the propagation (kp) is independent
of the initiator, the rate constant of initiation (ki)
decreases with lower nucleophilicity of the OH com-
pound, and its nucleophilicity decreases with increasing
acidity (in absence of steric hindrance). In other words,
kp/ki increases with increasing acidity of the initiator
with the consequence that complete conversion of the
monomer can be reached, before all initiator molecules
have reacted.

The third result concerns the intensity of trans-
esterification reactions, above all, the even-odd equilibra-
tion. A clean ROP of LA yields even-numbered chains
and thus, the formation of odd-numbered ones indicates
the existence of transesterification reactions (Scheme 1).
A comparison of Figures S1A and S2Aand Figures 1A,
2A,B, and 3A demonstrates that the extent of the even-
odd equilibration depends largely on the nature of the
initiator but does not parallel its acidity. The highest
degree of even-odd equilibration was found for
11-undecanol and the lowest for 4-nitrophenol. This find-
ing agrees with the previous study of several alcohols
where n-butanol gave the highest extent of equilibration
and 4-nitrobenzylalcohol the lowest one.24 Apparently,
the nitro group can form a donor-acceptor interaction
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with the Sn2+ ion which reduces its activity as trans-
esterification catalyst.

The fourth result concerns formation of cycles. In the
mass spectra of the UND-initiated polyLA no peaks of
cycles were detectable in agreement with previous results
obtained from other alcohols. Again, no cycles were found
in the MALDI TOF mass spectra of the polylactides initi-
ated with cyclohexanone oxime or 4-chlorophenol, as dem-
onstrated for the latter case in Figure 4A. However, weak
peaks of cycles were observable in the mass spectra of the
polyLAs initiated with the more acidic phenols, exemplarily
illustrated by Figure 4B. This observation suggest that for-
mation of cycles is favored, when the CO end groups are
highly electrophilic, a correlation which also indicates that
the cycles are formed by end-to-end cyclization and not by
“back-biting”. Compelling evidence for the correctness of
this interpretation is provided by the 160�C experiments dis-
cussed below.

3.2 | Annealing at 130�C

In a previous work of the authors, based on the varia-
tion of alcohols, it was found transesterification

reactions incl. The even-odd equilibration continues
after solidification.11 Not only the amorphous phase, but
all chains were involved, even those forming crystallites.
The chain segments forming the crystal lattice were not
involved, but the loops and loose chains ends on the sur-
face of the crystallites were included in the trans-
esterification reactions. To elucidate the influence of
acidic initiators on the solid phase chemistry, the ROPs
performed at 130�C were continued up to 22 h. The
GPC measurements signaled a substantial broadening of
the MWD resulting from a slight lowering of Mn and a
significant increase of the weight average molecular
weight (Mw) (Table 2).

The MALDI TOF mass spectra after initiation with
UND revealed a nearly complete equilibration of even and
odd species along with a broadening of the MWD
(Figure S1B). The cyclohexanone oxime and phenol initi-
ated polyLAs follow, in principle, this trend (Figures 1B,
3B, and S2B), but with a conspicuous difference. New peaks
of (yet unidentified) byproducts appeared, which indicate a
complex chemistry with unexpected and undesirable side
reactions. A deeper look into this complex solid-state chem-
istry was outside the scope of the present work.

3.3 | Polymerization at 160�C

A polymerization temperature of 160�C was frequently
used by the authors, as well as by other research groups
for the following reasons. It accelerates, of course any
kind of transesterification reactions including propaga-
tion and condensation steps. Furthermore, it hinders
crystallization for several hours, usually up to 10 h, pro-
vided nucleation is not purposely introduced. Moreover,
side reactions such as racemization or cleavage of single
bonds in the polyLA backbone are negligible at this tem-
perature (up to 48 h at least) in contrast to temperatures
around or above 180�C. The experiments summarized in
Table 3 were conducted with variation of time from 0.5
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TABLE 2 Annealing of polyLAs having activated ester end

groups at 130�C/22 h. the polyLAs listed in Table 1 served as

starting materials

Exp. no. Initiator Mn Mw Ð

1 11-Undecenol 13,300 18,200 1.4

1 Cyclohexanone oxime 10,500 16,600 1.6

2 4-Clorophenol 15,500 31,000 2.0

3 4-Hydroxybenzonitrile 18,200 42,000 2.3

4 4-Nitrophenola 31,000 77,000 2.4

5 Pentafluorophenol 39,000 90,000 2.3

aThe polyLA isolated after 2 h was used.
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to 24 h. Three different initiators were compared. UND
served as standard and basis for the comparison.

A result derived from the GPC measurements of
UND-initiated samples was an acceptable agreement of
the corrected Mn values with the theoretical value of
7200 g/mol calculated for 96% conversion including the
end group, when a time range of 1–4 h is considered. The
MALDI TOF mass spectra (Figure 5) gave three more
results. First, a comparison of Figure 5A with S1A indi-
cates a slight broadening of the MWD. Second, this com-
parison also indicates completion of the even-odd
equilibration and third, the 160�C experiment yielded a
small fraction of cycles below m/z 2000. The comparison
of Figure 5A-C revealed the influence of the polymeriza-
tion time which caused an increase of the cyclic fraction
by factor of four roughly estimated from the peak
intensities.

In the case of 4-cyanophenol or pentafluorophenol-initi-
ated polyLA the GPC data indicated Mn values far above
the theoretical value in contrast to the UND-initiated sam-
ples, but close in analogy to the experiments at 130�C
(Table 1). Yet, compared to the 130�C experiments, the dis-
persities were significantly higher indicating a strong influ-
ence of transesterification reactions The MALDI TOF mass
spectra of the 4-cyanophenol and pentafluorophenol-
initiated ROPs illustrated in Figures 6A-C and 7A-C
allowed for the following conclusions.

TABLE 3 SnOct2-catalyzed ROPs of L-lactide in bulk at 160�C initiated with undecenol or acidic phenols LA/cat 1000/1, LA/in = 50/1)

Exp. no. Initiator Time (h) Conv.a (%) Mn
b (corr) Mn (meas.) Mw (meas.) Ð

1A 11-Undecenol 0.5 95 — — —

1B 11-Undecenol 1 96 8400 12,300 20,300 1.7

1C 11-Undecanol 2 96 7300 10,700 22,600 2.1

1D 11-Undecanol 4 96 6900 10,100 22,200 2.2

1E 11-Undecanol 24 >99 6500 9500 20,500 2.2

2A 4-Cyanophenol 0.5 95 — — — —

2B 4-Cyanophenol 1 96 13,500 20,000 47,000 1.6

2C 4-Cyanophenol 2 96 23,000 34,500 77,000 2.2

2D 4-Cyanophenol 4 96 20,100 29,500 62,000 2.1

2E 4-Cyanophenol 24 >99 19,000 28,000 60,000 2.1

3A Pentafluorophenol 0.5 81 — — — —

3B Pentafluorophenol 1 87 21,000 30,500 62,000 2.0

3C Pentafluorophenol 2 92 21,200 29,000 73,500 2.4

3D Pentafluorophenol 4 96 16,500 24,000 60,000 2.5

3E Pentafluorophenol 24 >99 14,200 21,000 57,500 2.7

3F Pentafluorophenol +4 (V)c >99 14,400 21,300 58,000 2.7

aDetermined by 1H NMR spectroscopy.
bMeasured Mn multiplied with the factor 0.68.
cAfter 24 h under normal pressure a vacuum of 15 mbar was applied for 3 h.
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A considerable fraction of cycles was formed even at the
shortest reaction time (0.5 h). This fraction was higher than
that of the UND experiment after 24 h. The fraction of
cycles increased substantially upon further heating in anal-
ogy to the results obtained for initiation with UND. With
pentafluorophenol the fraction of cycles is higher than with
4-cyanophenol. Therefore, the experiments conducted at
160�C clearly prove that at least the vast majority of cycles
formed in these ROPs result from ete-cyclization and not
from “back-biting”. Since nature and reactivity of the nucle-
ophilic chain ends (SnO-CH-) is independent of the initiator
and thus, identical for all experiments of Table 3, the frac-
tion of cycles should be almost identical for all three series
of ROPs, if the cycles are formed by back-biting.

These results therefore support the above given interpre-
tation of the 130�C experiments (Table 1) and they agree
with previous ROPPOC experiments26 based on other cata-
lysts in that ete-cyclization plays an important role in ROPs
of cyclic esters and in reversible polycondensations. The
work of Flory and of Jacobson and Stockmayer has caused
for decades a misleading overestimation of “back-biting”
combined with a corresponding underrating of ete-cycliza-
tion. Even in the case of UND-initiated ROPs, it is not a
priori clear that the small fraction of cycles is a result of

“back-biting”, because the authors have recently demon-
strated that the ethyl ester end group of lactic acid or oli-
golactides undergoes condensation steps when heated in
the presence of SnOct2 or tin(IV) catalysts at temperatures
around or above 130�C.27

4 | CONCLUSION

From the results presented in this work two conclusions
should be highlighted. First, certain acidic OH-
compounds such as cyclohexanone oxime and various
phenols may be used as initiators in SnOct2-catalyzed
ROPs in analogy to alcohols. However, the molecular
weights of the resulting polyLAs and the dispersities are
higher than expected from the LA/In ratio due to slow
initiation steps. Second, the activated ester end groups
favor formation of cycles via ete-cyclization, an effect
which increases with higher temperatures and higher
electrophilicity of the activated end groups. Together with
recently published results based on other tin catalysts the
findings of this work provide a new insight into the
course of ROPs and reversible polycondensations in that
they demonstrate that formation of cycles may be pre-
dominantly or even exclusively a consequence of ete-
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cyclization and not of “back-biting” in contrast to the the-
ory of Jacobson and Stockmayer.
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