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Mechanism of 3-caprolactone polymerization and 3-caprolactone/
trimethylene carbonate copolymerization carried out with Zr(Acac)4
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Abstract

The paper presents the mechanism of the polymerization of 3-caprolactone with the use of Zr(Acac)4. At the first stage of the initiation of the
polymerization, a reaction consisting of proton transfer from caprolactone to acetylacetonate ligand and then ligand exchange reaction with re-
lease of free acetylacetone (HAcac) occur. Complex 1, arisen as a product of this reaction, is the actual initiator of the observed polymerization.
During the conducted polymerization the molar mass increase is directly proportional to monomer conversion degree. On the basis of observed
phenomenon, the polymerization of cyclic trimethylene carbonate (TMC) applying 3-caprolactone as a co-initiator is possible. Complex 1 arose
in the initial phase of this reaction as well, being an equally efficient initiator for TMC polymerization. Using Zr(Acac)4 as an initiator for an
3-caprolactone/TMC copolymerization resulted in obtaining a series of copolymers with varied, predicted composition and high molar mass
values.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly-3-caprolactone and its copolymers with high-molecu-
lar weight are very promising bioresorbable materials for
biomedical application. The most convenient method for ob-
taining these polyesters with proper molecular mass and purity
grade seems to be ring opening polymerization (ROP) of
cyclic 3-caprolactone or their copolymerization with other
lactones or lactides [1e4]. According to the used kind of
initiator, the polymerization proceeds by different major reac-
tion mechanisms: anionic [5,6], cationic [7,8] and the coordi-
nation-insertion ROP mechanisms [9e11]. The choice of
proper initiator for the polymerization reactions is an impor-
tant issue. Usually the typical polymerization of lactides and
lactones is carried out in the presence of tin compounds
such stannous octoate, aluminum and transition metal halides,
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alkoxides or organo-complexes [12]. Unfortunately, because
of the known toxicity of tin, aluminum and heavy metals com-
pounds [13,14] and the fact that it is practically impossible to
totally eliminate them from the synthesized material [15] the
obtained polyesters are not often completely biocompatible.

Biomedical application of 3-caprolactone homopolymer is
much restricted by the long time of degradation but caprolac-
tone copolymers are most interesting for distinctive degrada-
tion properties [16]. Special attention for many applications
has been paid to copolymers containing carbonate groups
because of their features: flexibility and reduced acidity of
hydrodegradation products. These special materials with high
flexibility can be obtained as a result of 3-caprolactone copo-
lymerization with cyclic carbonates, generally with trimethyl-
ene carbonate [17e19].

Zirconium(IV) acetylacetonate, relatively inexpensive,
alkane- and arene-soluble, water free compound, is a very use-
ful initiator of lactide polymerization and copolymerization
[20], lactides with lactone copolymerization reactions [21e
23], or lactides with cyclic carbonates [24,25]. The obtained on
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this way bioresorbable materials, may be found useful in
controlled drug-releasing processes [26] forming scaffolds
for tissue cultures [27] or biodegradable implants for surgical
use [28]. Employing this initiator and properly exploiting its
ability to generate strong intermolecular transesterification, it
is possible to obtain copolymers with any desired composition
and pre-planned chain microstructure in one-pot-type reac-
tions. Other zirconium(IV) compounds such as zirconium(IV)
n-propoxide [9] and zirconocene [29] have also been success-
fully used in polymerization processes of this type. An essen-
tial property of a majority of zirconium compounds, such as
Zr(Acac)4, is its relatively low toxicity. They are generally in-
ert in human metabolic processes and are eliminated from the
body with bile or through urinary tract [13,14]. Their low
biological toxicity has been confirmed by the prolonged sur-
vival of selected cell cultures carried out on lactide/glycolide
copolymers obtained with zirconium(IV) acetylacetonate in
comparison with a culture on an identical material synthesized
with most popular initiator in this type of reactions e
Sn(Oct.)2 [30]. Other acetylacetonates such as aluminum
[31], zinc [32], iron [33] and tin acetylacetonates [34] can
be successfully applied to lactide polymerization and copoly-
merization with 3-caprolactone as well. So far, the mechanism
of the initiation reaction using these compounds in polymeri-
zation processes practically has not been investigated, unlike
the mechanism of the initiation reaction with alkoxides and
tin octoate [35]. As for acetylacetonates, only mechanism of
lactide and glycolide polymerization carried out with Zr(A-
cac)4 has been previously described in detail [36,24]. In the re-
action between Zr(Acac)4 and the monomer molecules, lactide
deprotonation, proton transfer to acetylacetonate ligand,
change of ligands and the release of free acetylacetone oc-
curred. The obtained on this route complexes are the actual
initiator in the next lactide polymerization stage. Polylactide
chain growth proceeded by an insertionecoordination mecha-
nism. The polymer chain grew on one ligand, which was
formed in advance from a deprotonated lactide.

The Zr(Acac)4 ligand’s quite liability in proton-transfer re-
actions was well-know previously, for example in the ligand
exchange reaction with free acetylacetone (HAcac) [37], cate-
chols [38] or some phenols [39]. The tetrakis (b-dikenato)
complexes, like as Zr(Acac)4, are coordinatively saturated
and do not contain any chloride or alkoxy ligands, yet they
are catalytically active in many polymerization reactions.
Therefore, it must be assumed that, during reaction, the che-
late ligands can be replaced by other groups, for example by
methyl groups from methylalumoxane (MAO) in olefin poly-
merization to give an active species with an opening in the
coordination sphere for the monomer [40].

Our group has previously conducted processes of polymer-
ization and copolymerization of cyclic compounds initiated
with Zr(Acac)4, in which one of the monomers present in
the initial mixture was always either lactide or glycolide e
a compound relatively easily creating enol forms [41,42],
thus able to initiate deprotonation processes. At the initial
stage of a conducted copolymerization, one of these comono-
mers reacted with the initiator, which resulted in arising of an
active zirconium complex, the actual initiator for the polymer-
ization, containing a ligand originating from the deprotonated
lactide and/or glycolide. A high-molecular polymer could not
be obtained this way in processes where no relatively easily
deprotonable compound was present, like during TMC copo-
lymerization process conducted at 110 �C [43]. There again,
during 3-caprolactone homopolymerization conducted in the
same conditions, initiated with Zr(Acac)4, polycaprolactone
with high molar mass was obtained, with efficiency up to
100% [21]. Like lactides, most lactones, including 3-caprolac-
tone are characterized with aciditie properties and easily create
enolate anions [44]. Taking this fact into account one can
presume that the mechanism of initiating the caprolactone po-
lymerization with the use Zr(Acac)4 should proceed analo-
gously to the process of initiating the lactide polymerization
reactions with this compound. It is equally important to note
that a similar mechanism of a polymerization reaction of
3-caprolactone initiated with rare earth phenyl compounds
through a coordinationedeprotonationeinsertion process, by
which the monomer inserts on the metal-O bond of rare earth
enolate have been also proposed by other authors [45,46].

The investigation of the mechanism of initiating the 3-cap-
rolactone polymerization with the use of Zr(Acac)4, as well as
of possibilities of obtaining TMC/caprolactone copolymers
using this initiator has become a major task of the present
paper.

2. Experimental section

2.1. Monomers, initiator and solvents

3-Caprolactone (Fluka) was dried with calcium hydride and
distilled under argon before use. Monomer 1,3-trimethylene
carbonate (TMC) has been obtained from Boehringer Ingel-
heim, and used after recrystallizations from dried ethyl ace-
tate. The complex zirconium(IV) acetylacetonates (Aldrich)
were recrystallized from dry benzeneeacetylacetone mixture
and the obtained crystals were washed with cold benzene
and dried in vacuum. Anhydrous benzene (Fluka) was dried
over CaH2 before distillation.

2.2. Model 3-caprolactone and TMC polymerization
in solution

The solution oligomerization and polymerization were car-
ried out under argon in an exhaustively argon-purged, sealed
glass Erlenmayer flask (100 mL), equipped with a magnetic
stirrer, as a reaction vessel. 3-Caprolactone or trimethylene
carbonate (50 mmol) was weighed into the reaction vessel,
and then 50 mL of a dry benzene solution of zirconium(IV)
acetylacetonate (1 mmol) was added. The reaction vessel
was closed with a glass stopper and immersed in a thermostat-
ically controlled oil bath at 80 �C. In the case of TMC poly-
merization with 3-caprolactone used as a co-initiator, the
reaction process has been slightly altered. At the initial stage
of the reaction, Zr(Acac)4 and 3-caprolactone benzene solution
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(molar ratio of 1:4) have been blended for 30 min and only
then the actual monomer (TMC) has been added to the mixture
(TMC/Zr(Acac)4, molar ratio 50:1).

In the kinetic investigations, several samples were taken out
via syringe at various times and have been quickly quenched
to room temperature. The conversion of monomer and oligo-
mer composition was examined with 1H NMR spectroscopy
based on the obtained samples, only after concentrating by
evaporation at room temperature under argon. The samples as-
signed to gel permeation chromatography analysis were
treated with acetic acid to extract the initiator. The obtained
mixtures were washed with cold water, and the organic phases,
including the polymer, were separated and concentrated by
evaporation in vacuum.

2.3. TMC/3-caprolactone copolymerization procedure

The copolymerizations have been conducted in the bulk. In
argon atmosphere, TMC and 3-caprolactone monomers with
the initiator have been charged into dried glass ampoules
which have been then sealed. The ampoules have been condi-
tioned in an oil bath equipped with a periodically working
shaker at 110 �C. After the selected reaction time the am-
poules have been quickly quenched to room temperature and
the obtained polymers have been discharged.

2.4. NMR measurement, determination of composition
and microstructure of compounds

The 1H NMR spectra of the complexes, oligomers and
polymers were recorded at 300 MHz with a Varian Unity
Inowa spectrometer and 5-mm sample tube. Benzene-d6 or
deutered chloroform CDCl3 was used as a solvent, and tetra-
methylsilane was used as an internal standard. The spectra
were obtained at 25 �C, with 32 scans, 3.74 s acquisition
time, and a 7 ms pulse width.

The 13C NMR spectra of the obtained compounds and poly-
mers were recorded at 75 MHz with 25,000e30,000 scans,
1.8 s acquisition time, a 7 ms pulse width, and a delay of
4.7 s between pulses.

The ratio of polymerization conversion was determined
with 1H NMR spectroscopy. In many cases the assignation
of signals in the obtained spectra was conducted, with the
aid of HyperNMR 7.0 program included in HyperChem 7.5
software package [47]. The method of simulation and iteration
has been used in distribution of the complex spectra on sepa-
rate signals and calculation of their intensity, by means of the
VNMR program included in Varian software package.

The average length of the caproyl and carbonate blocks
of 3-caprolactone/trimethylene carbonate (TMC) copolymers
was calculated based on the 13C NMR observations according
to the method described by Pego et al. [48]. I also determined
the randomization ratio of copolymer chains with the
following Eq. (1), where degree of randomness of copolymer
chains:

R¼ RlCap=
elCap ¼ RlT=

elT ð1Þ
and RlCap and RlT are the average lengths of caproyl and TMC
blocks, respectively, in chains with completely random contri-
butions of caproyl and carbonate units. They may be estimated
with following expressions (2) and (3):

RlCap ¼
�
FCap=FT

�
þ 1 ð2Þ

and

RlT ¼
�
FT=FCap

�
þ 1; ð3Þ

where FCap, FT e feed molar fraction of 3-caprolactone or
TMC, respectively, and elCap,

elT are the average length of
the caproyl or carbonate microblocks, respectively, calculated
with NMR.

In the case when we have the reactivity ratios of copoly-
merization reaction rcap and rTMC denoted, it is also possible
to estimate the number average length of the caproyl lrCap

blocks calculated from Eq. (4) [43]

�
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�21� fCap
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Cap
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fCap

¼ rCaprTMC ð4Þ

The number average length of the carbonate blocks was
calculated from the analogical equation (5) [49].

�
lr
T

�21� fT

fT

� lr
T

1

fT

¼ rCaprTMC ð5Þ

where fCap e feed mole fraction of lactidyl units; fT e feed
mole fraction of carbonate units; rCap, rTMC e 3-caprolactone,
TMC reactivity ratio.

2.5. Determination of molecular mass (Mn) and
molecular mass distribution (Mw/Mn)

Molecular mass and molecular mass distribution were de-
termined by using a gel permeation chromatography with
the Physics SP 8800 apparatus (THF was used as the eluent;
the flow rate was 1 mL/min; Styragel columns MIXED-E
and Shodex se-61 detector were used) at 25 �C and calibrated
by using polystyrene standards. Previous studies proved that
polystyrene calibration overestimates the average molecular
masses, Mn, of many aliphatic polyesters. Thus we corrected
them for the poly(3-caprolactone), re-calculating, based on
GPC measurements and universal calibration curve that were
set up with viscosimetric relationships for polystyrene (Eq.
(6)) [50] and poly(3-caprolactone) e (Eq. (7)) [51] or for
poly(TMC), based on relationships for polystyrene (Eq. (6))
[50] and poly(TMC) e (Eq. (8)) [52].

½h� ¼ 1:25� 10�4 M0:717 ð6Þ

½h� ¼ 1:09� 10�3 M0:60 ð7Þ

½h� ¼ 2:77� 10�4 M0:677 ð8Þ
In the case of measuring poly(3-caprolactone-co-TMC)

molecular masses, I presents only the results based on
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calibration with polystyrene standards due the lack appropriate
data.

2.6. Computational methods

Molecular modeling was performed generally with the Hy-
perChem 7.5 program package [47] and ArgusLab 4.01 pro-
gram [53] run on a personal computer with Widows 98
operation system. The optimization of the complex geometry
was calculated with semi empirical PM3(tm) method, which
proved useful to reproduce experimental geometries of stable,
closed-shell zirconium complexes [54]. Another reason for
which this method had been selected is because preliminary
geometry calculations of Zr(Acac)4 carried out with popular
methods for organometallic compounds e ZINDO/1 and
PM3(tm) e proved that the PM3(tm) was more accurate, com-
pared to the data [55] obtained with three-dimensional X-ray
measurement (see Table 1, Fig. 1). All energies were mini-
mized to RMS gradient less than 0.1 kJ/Å mol applying the
PolakeRibiere minimization algorithm. Each of these starting
geometries was preoptimized by molecular mechanics
(MMþ). To investigate the stability and simulate the dynamic
behavior of the complexes Molecular Dynamics functions
were used too (starting temperature 250 K, simulation temper-
ature 350 K, heat time e 3 ps, temperature step 1 K).

2.7. Calculation of copolymerization parameters

Copolymerization parameters were obtained by using the
integrated form of the Skeist’s copolymerization equation
[56] Eq. (9)

M

M0

¼
�

f

f0

�a�
1� f

1� f0

�b�
f0� d

f � d

�g

ð9Þ

where the constants a, b, g and d values are, respectively:

a¼ rTMC

1� rTMC

; b¼ rCap

1� rCap

; g¼ 1� rCaprTMC�
1� rCap

�
ð1� rTMCÞ

; and

d¼ 1� rTMC

2� rCap� rTMC

;

1�M/M0 refers to copolymerization conversion, f to 3-capro-
lactone fraction, f0 to the initial caprolactone fraction and
rCap, rTMC to the reactivity ratios. Eq. (9) relates the overall
monomer conversion to the fraction of 3-caprolactone

Table 1

Averaged bond distances (Å) for the acetylacetonate rings in Zr(Acac)4

molecules

Bound type X-ray data PM3(tm) dataa ZINDO/1 dataa

ZreO 2.20 2.24 2.43

OeC 1.27 1.28 1.32

CeCH3 1.52 1.51 1.51

CeCH 1.40 1.40 1.40

a Results obtained with the HyperChem 7.5 package.
monomer in the mixture according to the ultimate copolymer-
ization model. The use of this equation for estimating reactiv-
ity ratios rCap and rTMC is not only restricted to low conversion
while determining the copolymerization parameters [57]. For
calculations, the method of Least Squares model was used,
which is able to predict reactivity ratios using monomer con-
version and monomer fraction e data obtained with NMR
spectroscopy. The usefulness of this method was previously
confirmed by Van den Brink et al. [58].

The appropriate calculations have been performed by
means of KyPlot 2.0 program by Yoshioka [59] with PC com-
puter (OS e Windows 98). During the process of obtained ex-
periment data fitting into the function (9) nonlinear regression
method was applied with the use of Least Squares optimiza-
tion method. The used optimization parameters had the fol-
lowing values: sample point calculation step was automatic,
convergence tolerance¼ 10�5, DX for derivatives¼ 10�6.
The accuracy of the performed optimization was char-
acterized by the following parameters: Var (Error)¼ 0.001,
Coefficient of Determination¼ 0.987, Multiple Correlation
Coefficient¼ 0.994.

3. Results and discussion

3.1. Structure of the complexes obtained from the
reaction between Zr(Acac)4 and 3-caprolactone

To state whether the expected mechanism of 3-caprolactone
polymerization initiated with Zr(Acac)4 proceeds analogously
to the mechanism of initiation of lactide polymerization, it was
necessary to investigate any possibilities of arising a labile
complex containing a ligand originating from the deprotonated
caprolactone, which would happen as a result of a reaction
between the lactone and a Zr(Acac)4. Thus at the first stage of
the research I conducted a series of model reactions, in

Fig. 1. Optimized geometries of complex [Zr(Acac)4] performed with the

HyperChem 7.5 package (semiempirical PM3(tm) method).
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anhydrous benzene solution at 80 �C. Under the reaction con-
ditions, Zr(Acac)4 was stable in the solvent and did not un-
dergo any modifications for over 12 h. This phenomenon has
been stated on the basis of observation of NMR and FTIR
spectra.

To obtain zirconium complexes of the same structure that
those arising at the initial phase of initiation of the examined
polymerization (not containing 3-caprolactone oligomers) I
used significant molar surplus of Zr(Acac)4 to 3-caprolactone
in the initial monomers mixture. Consequently, the products
did not contain oligomers already with the ratio value of
2:1. The conclusion has been drawn on the basis of absence
of a1, a2 i 31 signals in the spectra (Fig. 2A), which can be
assigned to the caproyl chain protons. However, the 3 signal,
not present in the previous 3-caprolactone monomer spectra

Fig. 2. 1H NMR spectra (in CDCl3) of complexes obtained in the following

processes carried out in benzene at 80 �C: (A) with Zr(Acac)4/3-caprolactone

molar ratio of 2:1; and with molar ratio of 1:10 after: (B) 1 h; (C) 3 h; (D) 8 h,

after thorough drying in vacuum.
appeared. It has been attached to the proton of the C]CH,
group which arose as a result of 3-caprolactone deprotonation.
It also entailed arising of some complexes containing an eno-
late ligand, and free acetylacetonate (in the both, enol and ke-
tone forms) was present in the solvent. The presence of partial
amount of released HAcac has also been stated in the obtained
samples, after distilling of the solvent. It is marked by 1H
NMR signals characteristic for the enol (Table 3, Fig. 2; sig-
nals 3, 6) and ketone (signals 4 and 5) forms of this compound.
1H NMR analysis of the obtained samples was conducted ba-
sically in CDCl3 solution. As it was impossible to distinguish
the signals of the CH group acetylacetonate ligands from the
CH signal of the free acetylacetonate, we did some additional
measurement conducted in benzene-d6. Thanks to a thorough
analysis of those spectra, as well as those determined for com-
plexes obtained with 3-caprolactone stoichiometric surplus, we
were able to attach the signals to appropriate groups in the
synthesized complex, arising as a result of a reaction (Fig. 3,
Table 2, complex 1). A presumed process of a ligand exchange
reaction is illustrated by Scheme 1.

3-Caprolactone is coordinated by the carbonyl oxygen to
the central zirconium atom, forming a labile nine coordinate
adduct. The caprolactone deprotonation and transfer of a pro-
ton to Acac ligand cause a ligand exchange reaction at a further
stage of the process, as a result of which a stable eight-coordi-
nate complex arises, containing a ligand originating from the
deprotonated caprolactone (complex 1). Free HAcac acetyl-
acetonate is released (the solvent contained mostly its enol
form) (Scheme 2).

I could not determine the geometry of this complex by
means of X-ray examination as the final complex could not
be totally separated from the unreacted Zr(Acac)4 and obtain-
ing a monocrystal of this compound of appropriate size was
practically impossible. Therefore I used the molecular

Fig. 3. Optimized geometries of complex (1) [Zr(Acac)3(deprotonated

3-caprolactone)] performed with the HyperChem 7.5 package (semiempirical

PM3(tm) method).
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Table 2

Averaged distances (Å) between selected atoms of obtained zirconium complexes, performed with the HyperChem 7.5 package (semiempirical PM3(tm) method)

No. of complex Bound type PM3(tm) data Data after molecular dynamic calculation

1 ZreO(1) (carbonyl in depr. 3-caprolactone) 2.11 2.09

ZreO(2) (acyl, in depr. 3-caprolactone) 2.90 2.99

ZreO(3e8) (in Acac) e average 2.23 2.28

CeO(1) (carbonyl, in depr. 3-caprolactone ring) 1.32 1.32

CeO(2) (acyl, in depr. 3-caprolactone ring) 1.39 1.39

CH2eO(2) (in depr. 3-caprolactone ring) 1.42 1.43

CHeC (in depr. 3-caprolactone ring) 1.35 1.35

CH2eCH2 (in depr. 3-caprolactone ring) 1.52 1.53

2 ZreO(1) (carbonyl in depr. 3-caprolactone) 2.08 2.04

ZreO(2) (acyl, in depr. 3-caprolactone) 2.93 3.03

ZreO(3e6) (in Acac) e average 2.22 2.24

ZreO(7) (in the oligomer chain) 2.47 2.72

CeO(1) (carbonyl, in depr. 3-caprolactone ring) 1.32 1.34

CeO(2) (acyl, in depr. 3-caprolactone ring) 1.39 1.39

CH2eO(2) (in depr. 3-caprolactone ring) 1.42 1.42

CHeC (in depr. 3-caprolactone ring) 1.35 1.35

CH2eCH2 (in depr. 3-caprolactone ring) 1.52 1.52

Atom numbering is as shown in Figs. 3 and 4.
modeling method to determine its microstructure. The ob-
tained results are depicted by Fig. 3 and Table 2. The complex
that arose as a result of a reaction of exchange of one of the
ligands, containing three acetylacetonate ligands and one de-
protonated 3-caprolactone ligand retained the initial square
antiprizmatic geometry of the zirconium acetylacetonate com-
plex. The coordination number 8 was retained, and the change
in average value of ZreO bond length of the remaining three
acetylacetonate ligands was insignificant (Table 1, row 1 and
Table 2, row 3). The ligand from deprotonated 3-caprolactone
was attached to the central metal trough the carbonyl and acyl
oxygens. The length of the ZreO(1) (carbonyl) bond was no-
ticeably shorter and that of ZreO(2) (acyl) was significantly
longer than ZreO distance of Acac. ligands (Table 2). In mod-
eled dynamic conditions (HyperChem Molecular Dynamics
function) this complex is stable and the attached caprolactone
ring does not tend to open. Only the distances between the
central atom and the acyl oxygen of the ring of the deproto-
nated caprolactone enlarge as well as, to an extent, average
lengths of ZreO bonds in the acetylacetonate ligands, which
can explain a tendency for exchanging these ligands, demon-
strated in the experiments (see also Table 2).

Scheme 1. Reaction of Zr(Acac)4 with 3-caprolactone.
With a view to examine the initial stage of caprolactone po-
lymerization, the process of forming the active initiating com-
plex and the beginning phase of the caproyl chain propagation
I investigated the reaction of 10 mmol of 3-caprolatone with
mmol of Zr(Acac)4, regularly registering the changes occur-
ring in the reaction mixture. The obtained results are illus-
trated in Fig. 2; BeD and Table 4. After 1 h of conducting
the reaction, when about 13% of the total 3-caprolactone con-
tent reacted, the obtained mixture has been subjected to the
NMR analysis. The obtained spectrograms, apart from the sig-
nals originating from the unreacted caprolactone (Fig. 2B,

Scheme 2. The complexes obtained from the reaction between Zr(Acac)4 and

3-caprolactone.
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Table 3 signal m) and arising free acetylacetonate (signals 3e
6) other more interesting signals have been observed (Fig. 2B,
Table 3, signals a, 3, d i bþ g) which were attached to CH2

and CH groups of the arising complex 1. While no other sig-
nals, which would be evidence of the beginning of the caproyl
chain propagation process appeared. Calculations of the inten-
sity of particular signals prove that in most of the arisen com-
plexes one acetylacetonate ligand has been exchanged at this
stage of the reaction (Table 4, row 1). After following 2 h
the conversion degree of the monomer reached 40%, so the
synthesized complexes contained, on average summary, 3e4

Table 3

Chemical shifts in the 1H NMR spectra signals (in CDCl3), origin of signals e

as shown in Schemes 2 and 4

Signal Origin d (ppm)

Acetylacetonate ligands and acetylacetone (HAcac)

1 CH in Zr(Acac)4 5.51

2 CH3 in Zr(Acac)4 1.93

3 CH in enol isomer HAcac 5.50

4 CH2 in keto isomer HAcac 3.61

5 CH3 in keto isomer HAcac 2.22

6 CH3 in enol isomer HAcac 2.04

3-Caprolactone and caproyl sequences

a CH2O in deprotonated 3-caprolactone 4.05

3 CH](CO) in deprotonated 3-caprolactone 3.63

31 CH2(CO) in caproyl chain 2.33

bþ g CH2CH2CH2CH2 in deprotonated

3-caprolactone and in caproyl chain

1.65

d COCH2CH2 in caproyl chain 1.40

a1 ZreOeCH2 in the beginning of chain 4.16

a2 (CO)OeCH2 in caproyl chain 4.08

m CH2 in unreacted 3-caprolactone monomer 4.26

2.66

1.77

Trimethylene carbonate and carbonates sequences

TMC1 OCH2 unreacted TMC 4.47

TMC2 CH2eCH2eCH2 unreacted TMC 2.08

a2 CH2eOe(CO)eO(CH2)3O(CO)e

in chain (sequences T e T)

4.23

a1 CH2eOe(CO)eO(CH2)5(CO)e in chain

(sequences T-Cap)

w4.15

a ZreOCH2 in the beginning of chain 3.86

c eOCH2 on the end of chain 3.74

b CH2eCH2eCH2 in chain 2.17
caproyl and deprotonated caprolactone molecules (Table 4,
row 2). The observed concentration of ligands in the reaction
mixture decreased significantly. About a half of the initial con-
tent of those ligands have been released as free acetylacetonate
and exchanged for the ligands of the deprotonated caprolac-
tone (Fig. 2C, signals 1, 2, Table 4, row 2, ratio 2/a) At the
same time I observed that the a multiplet band broadened
from 4.0 to ca. 4.16 ppm, which is connected with the begin-
ning of the oligomer chain propagation process. This band in-
cluded the a1 arising at this stage of the reaction, originating
form the first OeCH2 group of the propagating caproyl chain,
and a2 attached to the remaining OeCH2 groups of this chain.
I have also noted significant yet unexpected increase in the in-
tensivity of the signals connected with the remaining CH2

groups of the caproyl chain (31, bþ g i d signals). The pre-
dicted mechanism of caproyl chain propagation is shown in
Scheme 3. Complex 1, formed by the way of ligand exchange
reaction, was the actual initiator for the examined polymeriza-
tion. The next caprolactone molecule, coordinating to the cen-
tral atom of the arisen complex, through a donor free electron
pair of the carbonyl oxygen formed an intermediate nine-coor-
dinated adduct. Further chain propagation proceeded accord-
ing to a well-known and commonly accepted insertione
coordination mechanism. As a result, a caproyl chain ending
with deprotonated caprolactone ring attached to the central
atom through an acyl oxygenezirconium bond was formed.
The whole process could be repeated when the next 3-capro-
lactone molecule was coordinated to the complex created in
this way. During the coordination of the next caprolactone
molecule the reaction competing with the main chain growth
reaction was the ligand exchange of the next acetylacetonate
ligand (Scheme 3). This reaction, proceeding parallel to an al-
ready initiated reaction of chain propagation, induces further
loss of acetylacetonate group content in the reaction mixture.
The structure of complex 2, which basically entered into the
composition of the reaction mixture obtained at this stage, is
illustrated in Fig. 4 and Table 2. This complex contains a hep-
tacoordinate zirconium center attached to two bidentate acety-
lacetonate ligands, one deprotonated 3-caprolactone ligand
through the carbonyl oxygen and caproyl chain ended with de-
protonated 3-caprolactone ring through acyl oxygen. The
Table 4

Oligomerisation of 3-caprolactone initiated with Zr(Acac)4
a

Time [h] Conv [%] a/3 a1/a [a1/a]N
K Av. DP a2/a1 sig2/a [sig2/a]N

1 13 2.2 e e e 7.9 [9]3

3 43 2.1 0.5 [0.5]2
1 3.2 3.5 [9]3

[1.0]2
2 [3]2

6 74 w1.9 w0.3 [0.25]4
1 4.5 0 Lack of Acac ligands

[0.5]4
2

[0.75]4
3

of8 97 w1.9 w0.35 [0.25]4
1 w8 0 lack of Acac ligands

[0.5]4
2

[0.75]4
3

Conv e caprolactone conversion, a/3, a1/a, sig2/a e ratio of the adequate signals intensity, Av. DP e average number of caproyl sequenes in the chain calculated

with signals ratio a2/a1; [a1/a]N
K � theoretical value of the signals ratio for complex with; N e number of exchanged ligands, K e number of propagation chains,

[sig2/a]N � theoretical value of the signals ratio for complex with; N e number of remained acetylacetonates ligands.
a Carried out in benzene at 80 �C, with M/I molar ratio of 10:1.
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Scheme 3. Mechanism of caproyl chain propagation.
closest examples of complex 2 structure in the literature are
the mixed ligand complexes Zr(Acac)3NO3 [60] or Zr(Aca-
c)3(OC6H4NO2) [39]. The coordination geometry of this
type of complexes is best described as a distorted square-
face-capped trigonal prism, with O(7) as a first acyl oxygen
of caproyl oligomer chain in the capping position for complex
2. The ZreO(7) bond in this complex is noticeably longer than
the ZreO bonds of the remaining acetylacetonate ligands, as
well as the ZreO(1) bond of the deprotonated 3-caprolactone’s
ligand (Table 2, complex 2). This complex seemed less stable
than complex 1 because of the coordination unsaturation. The
chain caproyl ligand was also more labile than all remaining
complex ligand, it was coordinate to the central atom through
only one ZreO bond. This suggested that chain growth was
more likely to occur on the one ligand already containing
chain structure. The measurement of the intensity of NMR
spectrum signals (a1/a signals ratio) has proven that the
complexes formed after 3 h of conducting the reaction contain
one caproyl chain (Table 4, row 2). After 6 h of the reaction,
while 74% of the initial caprolactone counted have converted,
most of the acetylacetonated ligands have been exchanged and
the chain propagation proceeded generally still on one active
group (Table 4, row 3). However, the calculated a1/a quotient
was still slightly larger than the theoretical one of the complex
with one propagation center, which suggests that there is a
probability of the propagation process occurring on the other
ligands too.

This reaction between 3-caprolactone and Zr(Acac)4 has
been then continued for the following 2 h. After this time, vir-
tually total conversion of both substrates was observed (Table
4, row 4). The 1H NMR spectra of the obtained compound
after evaporating the solvent is illustrated in Fig. 2D. The
obtained complexes contained neither signals characteristic for
acetylacetonate ligands. That proves that the ligand exchange
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Fig. 4. Optimized geometries of complex (2) [Zr(Acac)2(deprotonated 3-caprolactone) (caproyl ending with deprotonated 3-caprolactone)] performed with the

HyperChem 7.5 package (semiempirical PM3(tm) method).
reaction proceeded constantly during the chain oligomerization
process. The all chelates ligands of the initial Zr(Acac)4 have
been exchanged and the oligomer chain that arose did not
contain any groups which could originate from those ligands
(Table 4, row 4). Major signals visible in the spectrum image
are bands connected with certain groups of the propagating
oligomer chain: OeCH2 e a2 signal, CH2eCO e 31 and
broad, coupled signals of CH2 groups in the caproyl chain, con-
taining the CH2 signals of the cyclic ligands of the deprotonated
caprolactone (d, bþ g). The presence of those ligands is proved
by a i 3 signals, still visible in the spectra, albeit weak.

Laboratory investigation revealed that the complexes ob-
tained by the way of the described reaction, containing caproyl
chain and devoid of acetylacetonate ligands, emerged moisture-
sensitive, unlike other previously known lactide/zirconium(IV)
compounds [30], or complex 1, stabilized with the chelate bond
of the acetylacetonate ligands. On the grounds of the NMR
analysis of the spectra of hydrolysis products we could presume
that this reaction creates an aliphatic hydroxy acids, 3-caprolac-
tone and possibly the derivatives of the agglomerated zirco-
nium hydroxide (obviously invisible in the 1H and 13C NMR
spectra). An analogous phenomenon of easily proceeding
hydrolysis of unsaturated zirconium complexes has been also
observed for Zr(OBut.)4 [61] which contains unsaturated four-
coordinate metal centers, which make them extremely moisture-
sensitive, contrary to the complexes of similar microstructure
with the bidentate donor functionalised ligand; 1-methoxy-
2methyl-2propanolate e six-coordinate, mononuclear com-
plexes characterized with much less moisture-sensitivity [62].

On the basis of the obtained results I can draw a conclusion
that the initial phase of 3-caprolactone polymerization initiated
with Zr(Acac)4, proceeds similarly to an analogous reaction
with lactones [24,36]. At this stage, due to the process of ace-
tylacetonate ligand exchange, a complex containing the ligand
originating from the deprotonated caprolactone arises in the
molecule, connected with the central atom through the ZreO
bond. This is the actual initiator for the polymerization. How-
ever, the difference in the rates of concurrent reactions (oligo-
mer chain propagation and ligand exchange) is less for the
polymerization of 3-caprolactone. For this reason, during the
reaction process, some complexes devoid of acetylacetonate
chelate ligands with relatively short caproyl chain arise. As
for lactide oligomerization, such complexes could be obtained
only provided the reaction was conducted at high temperature
(over 140 �C). Increasing the temperature of the initiation pro-
cess of lactide polymerization reduced the difference between
the chain propagation rate and ligand exchange rate.

3.2. 3-Caprolactone homopolymerization

To examine the process of actual polymerization of
3-caprolactone and to verify whether the chain propagation
proceeds on only one active center (as the calculations em-
ploying molecular modeling suggested), I conducted a model
polymerization of this lactone. The samples destined for molar
mass analysis were drawn periodically, acidified and then hy-
drolyzed. The arising zirconium compounds was separated
from the organic part.

The polymerization process is illustrated in Figs. 5 and 6.
After 20 min of conducting the reaction, when the monomer
conversion valued about 10%, low concentration of acetylacet-
onate groups in the reaction mixture was observed. The 1H
NMR at this stage was very similar to that presented in
Fig. 2C. Apart from the caprolactone monomer signals, 3
and a signals, assigned to the ligands of the deprotonated cap-
rolactone, as well as weak a1 and a2 signals appeared, certi-
fying that the caproyl chain propagation process commenced.
With high stoichiometric surplus of caprolactone to the
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initiating zirconium complex during the polymerization pro-
cess, the ligand exchange stage proceeded relatively fast.
The influence of changes in the structure of initiating complex
on the process of caproyl chain propagation was unnoticeable.

Over less than 7 h, the monomer conversion value reached
over 90% (Fig. 5). Average molar masses of the obtained poly-
caprolactone were slightly higher than the theoretical ones (ca.
8e10%), calculated for one propagation center (Fig. 6) and
were characterized with monomodal distribution at every stage
of the reaction. The little difference in the mass values was
probably caused by errors in GPC measurements and inaccur-
acy of the used method of correction of styrene standards. The
results indicate that the polycaprolactone chain propagation
proceeded practically rather on one active center and a linear
increase of the average mass with the conversion is observed,
which would be a sign of a live polymerization. On the other
hand, taking into account the fact of rapid acetylacetonate li-
gand exchange process, as well as earlier reports indicating
that in the case of this kind of polymerization initiated with
zirconium [9] or titanium propoxides [63] the process of chain
propagation proceeded on four active groups, we cannot
exclude the possibility of more than one active alkoxide group

Fig. 5. Conversion of 3-caprolactone as a function of polymerization time,

process carried out in benzene at 80 �C, with M/I molar ratio of 50:1.

Fig. 6. Relationship between number average molecular weight Mn, molecular

weight dispersion Mw/Mn and the degree of 3-caprolactone conversion, poly-

merization carried out in benzene at 80 �C, with M/I molar ratio of 50:1.
arisen during the course of the polymerization, that takes part
in the process. Probably, similarly to the case of 3-capro-
lactone polymerization conducted with the use titanium phen-
oxide [63], an initiator with similar microstructure as the
zirconium complex arising in the investigated process, a slight
evolution of average number of active alkoxide groups per ini-
tiator may occur along with the increase of monomer conver-
sion degree. While applying titanium phenoxide, the number
valued over 1.5. Average number of active groups in the dis-
cussed process of caprolactone polymerization with the use
of Zr(acac)4 cannot significantly exceed 1 though, as it is
proven with the research on the dependance of the molar
mass on conversion, the GPC chromatography results where
bimodal molar mass distribution was not observed at any stage
of the polymerization process, as well as the analysis of the
results of the previously described caprolactone oligomeri-
zation e all of which has been provided above. Observed,
slow increase of molar mass dispersion values with the poly-
merization duration is thus probably connected with the phe-
nomenon of transesterification, generally with intramolecular
transesterification. The transesterification processes occur
simultaneously with the main process of polymer chain prop-
agation. In the case of using zirconium initiator, it is basically
intermolecular transesterification, consisting of the active end
of the chain attacking the ester bounds of another molecule. It
has a major influence on the final microstructure of the chain.
The course of the transesterification process of this type has
been described in detail in previous papers concerning the co-
polymerization processes initiated with Zr(Acac)4 [20e25].
Molar mass dispersion was much lower for 3-caprolactone po-
lymerization than in the previously investigated L-lactide poly-
merization, conducted with the same initiator in very similar
reaction conditions [36]. A cause to that phenomenon is a much
less difference between the rate of the ligand exchange reac-
tion and the chain propagation rate in the case of caprolactone
polymerization, compared to a noticeable difference between
these values during the lactide polymerization. In the obtained
oligomers, after evaporating the solvent, I did not observe any
signal which could possibly originate from the CH and CH3 of
an acetylacetonate derivative. This certifies that no such group
exists at the end of the chain, and which is also proved by the
suggested mechanism of initiation of this polymerization.

3.3. TMC homopolymerization

3.3.1. Polymerization initiated with Zr(Acac)4

For further verification of the suggested initiation mecha-
nism, I made an attempt to form analogous zirconium com-
plexes, containing a TMC ligand, and to conduct TMC
polymerization initiated with Zr(Acac)4 e a monomer which
should not be deprotonated in the reaction conditions identical
as the previously conducted and described caprolactone poly-
merization. In this case, if the polymerization of this monomer
occurred, its course would be different than the suggested
mechanism of initiating the 3-caprolactone polymerization.

After 12 h of heating the benzene solution of equimolar mix-
ture of TMC and zirconium acetylacetonate, alongside with a



2273P. Dobrzynski / Polymer 48 (2007) 2263e2279
solution of 5 mmol of TMC and 1 mmol of Zr(Acac)4, the NMR
spectra presented virtually no loss in acetylacetonate groups
content (Fig. 7A, B), while no free acetylacetone groups were
virtually visible. In both reactions, only about 10%e20% of the
initial TMC content has been oligomerized. In the 1H NMR
spectra (samples in benzene-d6 solution), after attaching the sig-
nals according to previous description of poly(TMC) spectra
[64], I observed the presence of OeCH2 (3.95 ppm) and

Fig. 7. 1H NMR spectra (in d6-benzene) of samples obtained with the follow-

ing processes carried out in benzene at 80 �C: (A) with equimolar amount of

TMC and Zr(Acac)4, (B) with molar ratio of TMC/Zr(Acac)4 as 5:1.

Fig. 8. Conversion of TMC in polymerization initiated with Zr(Acac)4 and car-

ried out in benzene at 80 �C, without 3-caprolactone (TMC/Zr(Acac)4 ratio as

50:1) and with 3-caprolactone as a co-initiator (TMC/Zr(Acac)4/3-caprolac-

tone ratio as 50:1:4).
CH2eCH2 (1.63 ppm) groups, originating from the carbonate
chain, and weaker signals connected with the HOeCH2 groups
situated at the end of the chain (4.22 ppm). The signals of CH2

groups of non-converted TMC (signals TMC1, TMC2) were
shifted towards lower ppm values, compared to the model (TMC
in deutered benzene, 3.71 ppm and 1.20 ppm). The shift value
depended on the Zr(Acac)4 content and certified that strong ad-
ducts of 3-caprolactone with the central atom of the complex
were arising. An attempt of model polymerization of 50 mmol
of TMC by the use of 1 mmol of Zr(Acac)4 proved the phenom-
enon of TMC oligomerization. The course of this reaction is il-
lustrated in Figs. 8 and 9. After approximately 5 h, the reaction

Fig. 9. Relationship between average number molecular weight Mn, and the

degree of TMC conversion in polymerization initiated with Zr(Acac)4 and car-

ried out in benzene at 80 �C, without 3-caprolactone (TMC/Zr(Acac)4 ratio as

50:1) and with 3-caprolactone co-initiator (TMC/Zr(Acac)4/3-caprolactone

ratio as 50:1:4).

Fig. 10. GPC chromatograms of samples obtained in polymerization of TMC

initiated with Zr(Acac)4 and carried out in benzene at 80 �C (A) without 3-cap-

rolactone, after 20 h, TMC/Zr(Acac)4 ratio as 50: 1; (B) with 3-caprolactone

co-initiator, after 22 h, TMC/Zr(Acac)4/3-caprolactone ratio as 50:1:4.



2274 P. Dobrzynski / Polymer 48 (2007) 2263e2279
rate would gradually decrease. According to the calculations
based on the 1H NMR spectrum of the reaction products
(Fig. 8, Fig. 11A), monomer conversion valued ca. 40%. During
the investigated reaction, practically only TMC oligomerization
took place. As the GPC analysis reveals (Fig. 10A), the final
product to this reaction was a mixture of low-molecular prod-
ucts, with number average molar mass of ca. 700e800 Da. Lin-
ear increase in molar mass was not observed (Fig. 9), most
probably due to reactions of finalizing the propagation and cycli-
zation of the chain. The reaction process was similar to the pre-
viously described TMC polymerization conducted without
using catalysts, only with the presence of residual water [65].
On the basis of these results, we can conclude that under the con-
ditions of the conducted reaction, zirconium acetylacetonate did
not directly participate in the process of initiating the TMC po-
lymerization, and that the observed phenomenon of oligomeri-
zation of this monomer proceeded rather spontaneously.

3.3.2. Polymerization initiated with Zr(Acac)4 and carried
out with 3-caprolactone presents as co-initiator

While attempting to conduct the TMC polymerization, the
Zr(Acac)4 complex emerged stable and did not initiate
polymerization of this monomer because of its saturation
and resistant bonds of acetylacetonate chelate ligands. Thus
to initiate the process, it was necessary to add an agent react-
ing with Zr(Acac)4 at the first stage of reaction initiation to
form a more labile complex. For this reason I re-conducted
the TMC polymerization reaction initiated by Zr(Acac)4, add-
ing a small amount of 3-caprolactone as a co-initiator (with
molar ratio of TMC/Zr(Acac)4/3-caprolactone as 50:1:4).
The course of this polymerization is illustrated in Figs. 8
and 9. The sequences of arising chain are presented in Scheme
4. The 1H NMR spectra of these complexes are illustrated in
Fig. 11. In the sample drawn after 1 h of conducting the reac-
tion, zirconium complex containing ligands of the deproto-
nated 3-caprolactone was present (Fig. 11B, Table 3; signals
a. 3, d, bþ g), according to previous predictions. At the
same time, a couple of signals connected with the presence
of caproyl chain were visible (signals a1, a2, 31). At this
stage, an amount of unreacted caprolactone (signal m) and un-
converted monomer e TMC (signals TMC1, TMC2) was still
present in the reaction mixture. Very weak signals connected
with CH2 groups of the first segment of the arising carbonate
chain (signals a, c) could also be observed in this spectrum.
Scheme 4. The oligomers obtained from TMC polymerization conducted with Zr(Acac)4 and 3-caprolactone co-initiator.



2275P. Dobrzynski / Polymer 48 (2007) 2263e2279
After 11 h of conducting the reaction (Fig. 11C), the 3-capro-
lactone has been virtually totally converted. However, not all
of acetylacetonate ligands of the initiating complex have
been exchanged, as the signals of CH of these ligands were
visible 1. This observation has been proved with NMR
analysis conducted in deutered benzene solution. The propa-
gating oligomer chains must have therefore contained caproyl
sequences, whose a2 signals could not be visible due to their
being overlapped by strong a2 signal. Strong a2 and b signals
certified the carbonate chain propagation. Also signals
originating by the end groups of this chain (signals a, c)
were observed. The increase of intensity of signal a (beginning

Fig. 11. 1H NMR spectra (in CDCl3) of PTMC obtained in polymerization of

TMC carried out in benzene at 80 �C, with Zr(Acac)4 and molar ratio M/I of

50:1; (A) polymerization without 3-caprolactone co-initiator, after 20 h; and

with 3-caprolactone as co-initiator (ratio I/3-caprolactone as 1:4) after (B)

1 h (C) 11 h, (D) 22 h.
of the carbonate chain) compared to the signal c also proved
that the chain propagation proceeded according to the inser-
tion mechanism. At the first stage of the process, the beginning
of the propagating chain consisted mainly of the caproyl se-
quence. Only a small number of carbonate chains appeared,
so the intensity of signals a and c, connected with the begin-
ning and the end of this sequence was then very similar at
this stage. In the following phase, as a result of insertion of
next other TMC molecules attached in between the ZreOe
CH2 caproyl bond, an increase if intensity of signal a
(connected with the presence of carbonate sequence at the be-
ginning of the arising oligomer chain) was observed. Most
probably, the broad, complex signal spanning from 4.11 to
4.20 ppm contains the a1 signal (coupled with a1 and a2 sig-
nal), proving the existence of the created TeCap sequence
(where Cap stands for caproyl sequence eOe(CH2)5COe, T
for carbonate sequence eOe(CH2)3eOeCOe) in the chain
of the arising polymer. After over 20 h, TMC conversion val-
ued ca. 65% (Fig. 8). Very weak signal of 1CH of the acetyla-
cetonate ligand was still visible in the 1H NMR spectrum of
the product (Fig. 11D). Apart from the increase in intensity
of signals a2 and b, characteristic for poly(TMC) most of
the signals described before could also be observed in the
spectrum.

The reaction of TMC polymerization with 3-caprolactone
used as a co-initiator proceeded much slowly in comparison
with 3-caprolactone homopolymerization. However, the reac-
tion rate did not tend to decrease at any stage of the process.
Thus, the molecular mass gain was directly proportional and
the obtained molar masses were very close to the estimated
values, theoretically obtained with the assumption of existence
of one propagation center (Fig. 9). The mass distribution was
monomodal. Molar mass dispersion value Mw/Mn of the ob-
tained polycarbonate did not exceed 1.5 (Fig. 10).

The presented data prove that the complexes arising at the
first stage of the conducted process, containing the ligand orig-
inating from the deprotonated caprolactone, were the actual
initiator for the investigated polymerization, the further course
of which proceeded according to the insertionecoordination
mechanism.

3.4. TMC/3-caprolactone copolymerization

The results of the research into 3-caprolactone hompoly-
merization and TMC polymerization with a small amount of
caprolactone with the use of Zr(Acac)4 suggest that this com-
pound should be an equally high-efficient initiator for the co-
polymerization of both monomers. To prove this thesis, I
conducted a series of reactions of TMC/caprolactone copoly-
merization, aiming to obtain high-molecular copolymers
with diverse composition. The obtained results are illustrated
in Table 5. Characteristic NMR spectra of the obtained copoly-
mers are presented in Figs. 12 and 13. To attach the signals to
proper groups of the copolymer chain, I used the assignation
proposed in previous papers [18,19,48,66]. Besides the initial
composition of the reaction mixture, I obtained high-efficient
copolymers with totally random chain microstructure. Average
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Table 5

Copolymerization of 3-caprolactone with TMC initiated by Zr(Acac)4
a

No 0fTMC [% mol] FTMC [% mol] Time [h] C [%] elTMC
elcap

rlTMC
rlcap R Mn [kDa] D

1 15 16 24 99 1.1 5.8 1.3 6.8 1.1 100 1.9

2 30 31 24 w100 1.2 2.5 1.6 3.6 1.2 129 1.9

3 50 50 24 w100 1.5 1.5 1.7 1.7 1.3 60 2.2

3 70 71 36 98 3.0 1.2 3.1 1.3 1.2 70 2.1

4 85 82 48 98 5.0 1.2 5.9 1.3 1.1 29 2.2

0fTMC e Initial feed molar fraction of TMC, FTMC e feed molar fraction of TMC, C e total conversion of copolymerization, elcap e average length of caproyl

microblock calculated with NMR, rlLL e theoretical average length of caproyl microblock calculated according to Eq. (4), elT e average length of carbonate micro-

block calculated with NMR, rlT e theoretical average length of carbonate microblock calculated according to Eq. (5), R-randomness of chain calculated according

to Eq. (1), Mn e number average molecular weight, D e molecular weight dispersion.
a Copolymerization carried out in bulk at 110 �C, initiator/comonomers molar ratio of 1:800.
microblock lengths were lower than the theoretical ones, re-
sulting from the reactivity ratios of both comonomers. The
most probable reason to this effect must have been the inter-
molecular transesterification processes, taking place simulta-
neously with the major reaction of chain propagation.
Interestingly enough, the chain randomization degree (R)
was noticeably higher than 1, especially for the copolymer ob-
tained by the way of the equimolar mixture reaction (Table 5,
entry 3). This indicates that a major part of the chain of this
copolymer has alternating structure and the quantity of
eCapeTe sequences is larger than expected according to the
Bernoulli statistics. Most of the obtained copolymers were
characterized with high molar mass, similar to the theoretical
estimated value. Only in the case of the copolymer containing
over 80% mol of carbonate sequences, its molar mass was sig-
nificantly lower. A reason for this phenomenon is the presence
of large amount of carbonate sequences, well-known as ready
to thermal degradation [67], and also a longer time required
for total comonomers conversion in this sample.

To investigate the course of TMC/3-caprolactone copoly-
merization and to determine its coefficients, a reaction of
equimolar mixture of TMC and 3-caprolactone has been car-
ried out (Table 6). The composition and structure of the arising
copolymer, as well as the conversion degree of the comono-
mers, have been determined on the basis of NMR analysis
(in chloroform or DMSO solution).

Within 6e7 h, virtually total conversion of both comono-
mers has been observed (Fig. 14). Caprolactone proved more
reactive (Fig. 15, Table 6, entries 1e3), but the differences
between the reactivity of the comonomers were less than in
the case of TMC/glycolide [24] or TMC/lactide [25] copoly-
merization. The determined reactivity coefficients valued,
respectively: rcap¼ 1.5 i rTMC¼ 0.3. Strong transesterification
processes, occurring at every stage of the investigated reaction,
caused the contraction of average microblock length. High
ratio of chain randomness, much over 1, was connected with
arising of longer chain sequences of alternate character, which
I had observed since the beginning of the reaction. This phe-
nomenon, after taking into account the copolymerization
coefficients, suggested that it was most probably caused
by intermolecular transesterification processes. As I have
obtained alternate sequences of eTeCapeTeCape type, the
Fig. 12. 1H NMR (in CDCl3) spectrum of equimolar 3-caprolactone/TMC copolymer.
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Table 6

Copolymerization of equimolar mixture of 3-caprolactone with TMC initiated by Zr(Acac)4
a

No Time [h] CCap [%] CT [%] C 0fcap Fcap
elT

elCap
rlT

rlCap R Mn D

1 1 61 33 47 36 65 1.2 2.2 1.7 3.1 1.6 28 1.7

2 2 88 50 69 19 62 1.1 1.8 1.8 2.9 1.4 53 1.9

3 3 98 78 89 8 55 1.3 1.6 2.0 2.4 1.4 60 1.9

4 5 w100 98 99 w0 51 1.5 1.5 2.2 2.3 1.4 67 2.0

5 24 w100 w100 w100 e 50 1.4 1.4 2.2 2.2 1.4 58 2.2

0fCap e Initial feed molar fraction of 3-caprolactone, Fcap e feed molar fraction of 3-caprolactone, CCap CT e conversion of 3-caprolactone, TMC; C e total con-

version of copolymerization, elcap e average length of caproyl microblock calculated with NMR, rlCap e theoretical average length of caproyl microblock calcu-

lated according to Eq. (4), elT e average length of carbonate microblock calculated with NMR, rlT e theoretical average length of carbonate microblock calculated

according to Eq. (5), R-randomness of chain calculated according to Eq. (1), Mn e number average molecular weight, D e molecular weight dispersion.
a Copolymerization carried out in bulk at 110 �C, initiator/comonomers molar ratio of 1:800.

Fig. 13. 13C NMR (in CDCl3) spectrum of equimolar 3-caprolactone/TMC copolymer.
intermolecular transesterification processes must have con-
sisted mainly of the attack of the active carbonate end of the
propagating chain of one molecule on the ester bond ending
the caproyl sequences of the other one; and/or of the attack

Fig. 14. Total conversion of monomers in copolymerization with M/I ratio

as 800:1 of equimolar mixture of TMC with 3-caprolactone initiated with

Zr(Acac)4 and carried out in bulk at 110 �C.
of active caproyl end of the chain on the ester bonds ending
the carbonate sequences of the other copolymer chain. These
processes are illustrated in Scheme 5. During the copolymer-
ization process, the effects of thermal degradation were also

Fig. 15. Dependence of the 3-caprolactone and TMC conversion on the total

conversion of the copolymerization. The starting 3-caprolactone/TMC molar

ratio was of 1:1, M/I ratio as 800:1, carried out in bulk at 110 �C.
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Cap-Cap-Cap

*Zr-T-

Cap-Cap--Zr*  + T-Cap-

*Zr-Cap-

T-T--Zr*  + Cap-TT-T-T

Scheme 5. Process of intermolecular transesterification.
visible, decreasing the average molar mass of the obtained
copolymers (Table 6, entries 4 and 5).
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