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Polylactide (PLA) is one of the most promising bioplastics and is therefore often quoted as

a solution to fight today's global plastics crisis. However, current PLA production via the

ring-opening polymerization (ROP) of lactide is not yet sustainable since it heavily relies

on the toxic catalyst tin octoate. To overcome the hurdles in scale-up and to accelerate

the transition of promising new non-toxic alternative ROP catalysts from laboratory to

industry, model-based analysis is a highly effective tool. Herein, our previously

introduced kinetic model for the ROP of L-lactide using a non-toxic and robust Zn

guanidine “asme”-type catalyst under industrially relevant melt conditions is expanded

upon using two new co-initiators. The experimental data is evaluated using “traditional”

kinetic analysis following pseudo-first-order kinetics to approximate a relationship

between co-initiator concentration and the rate of polymerization. The range of validity

of these findings is considerably expanded by taking model data into account to

compare the performance of the different co-initiators in lactide ROP.
Introduction

Plastics have become indispensable across modern society due to their excep-
tional versatility, low-cost production, and adaptability to a wide range of appli-
cations. From packaging and construction materials to medical devices and
electronics, plastics offer lightweight, durable, and mouldable solutions to
countless industries.1 However, these benets come at a signicant cost. Most
conventional plastics are derived from non-renewable fossil resources and are
resistant to natural degradation, leading to their persistent accumulation in
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terrestrial and marine environments.2–4 Furthermore, growing evidence links
microplastics to adverse health effects in both wildlife and humans, the long-term
impact of which has yet to be determined.

In light of these challenges, PLA has emerged as a promising alternative to
petroleum-based plastics. Derived from biological resources, PLA is biodegrad-
able, biocompatible, and holds the potential to compete economically with
conventional polymers.5,6 Among the various synthesis routes, ring-opening
polymerization (ROP) of lactide is the preferred method for PLA production.
This approach allows for the generation of high-molecular-mass polymers with
controlled tacticity and low dispersity, which are crucial for tailoring material
properties.7–9 Moreover, ROP proceeds without the need for solvents or by-product
removal, thereby simplifying the downstream processing and reducing the envi-
ronmental burden typically associated with polymer production.

In industrial production of PLA, the metal-complex-catalysed ROP is the
preferred procedure, and the produced polymer tacticity and its molar mass can
be controlled.7–9 Standardly, tin octoate (Sn(Oct)2) combined with an alcohol (co-
initiator) is used as the catalyst at industrial scale.10 However, Sn(Oct)2 is toxic,
and traces remain in the polymer aer ROP, which can be accumulated in the
environment during biodegradation of PLA.11–13 Therefore, the focus of ongoing
research has been shied to developing non-toxic metal-based catalysts.
Numerous studies have been conducted that present non-toxic alternatives for
ROP of lactide based on metals such as Mg, Al, Fe, Zn, Ge, Sc and others.14–43

Among these catalysts, zinc-based systems are especially attractive, due to high
activity, availability and low cost of Zn.30,44–68 Various zinc-based catalysts have
been reported to activate ROP of lactide, exceeding the activity of Sn(Oct)2, but the
required reaction conditions, additional solvents, low temperature, an inert
atmosphere and a puried monomer feed, are at odds with industrial
scale.49,51,52,54,56,59–67,69–71 Therefore, robust, non-toxic and highly active catalysts are
needed that can handle these industrially important requirements.72 Herres-
Pawlis et al. reported several robust Zn-based catalysts combined with various
bis- and hybrid guanidine ligands used under industrially relevant
conditions.55,73–76 Besides the metal-based catalysts, co-initiators (co-Is) play an
equally important role in the ROP of lactide on both lab and industry scale.28,77,78

The deliberate addition of these external nucleophilic co-initiators leads to
increased control of the molar mass of the polymer. Furthermore, due to the
assistance of co-initiators, the synthesis of complicated polymer architectures
and co-polymers is enabled.49,77 Different types of alcohol with various lengths or
branches have been described as co-initiators for the ROP of lactide.28,43,49,77,79–86

For the industrial application of these catalysts combined with co-initiators,
detailed model-based investigations of the behaviour of catalysts on the lab
scale is needed. Recently, we developed a mathematical model for describing the
ROP of lactide catalyzed by “asme”-type zinc catalysts.87 In the literature, a second-
order rate law is commonly used to describe the ROP of lactide (eqn (1)). Under
the assumption that either a coordination–insertion mechanism (CIM) or an
activated-monomer mechanism (AMM) takes place, this can be simplied to
a pseudo-rst-order rate law (eqn (2)), since in the ideal case, the catalyst
concentration is constant in both mechanisms. This results in the following
equations for the reaction rate (n) with [LA] being the concentration of the
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss., 2026, 262, 248–274 | 249
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monomer, [Cat] the catalyst concentration, kp the rate constant of polymerization,
and the observable reaction rate constant kobs is the product of [kp] and [Cat].76

n ¼ �d½LA�
dt

¼ kp � ½Cat� � ½LA� (1)

n ¼ �d½LA�
dt

¼ kobs � ½LA� (2)

Note, that in lactide ROP it is oentimes not distinguished between catalyst
and initiator and both terms are used synonymously in the literature.76 Aer
integration and transformation of eqn (2) the linearized eqn (3) is obtained.

ln

�½LA�0
½LA�t

�
¼ kobs � t (3)

As shown in Fig. 3, this gives kobs as the slope of the semilogarithmic plot of

monomer consumption vs. the time
�
ln
�½LA�0
½LA�t

�
; t
�
.

From the slope of a plot of the resulting kobs vs. [Cat] the reaction rate constant
kp is then obtained, which allows for the comparison of the performance of
different polymerization catalysts (Fig. 4).

However, this textbook-like method has its limitations and does not cover
phenomena during ROP that might decrease the reaction rate, like initiation via
ligands or catalyst decomposition.84 Note, that it is also not possible to distin-
guish between CIM and AMM using this method and certain catalysts might
promote both mechanisms simultaneously in concurrent reactions. As Fuchs
further showed for lactide ROP with a Zn-guanidine catalyst, both the experi-
mental effort and the resource consumption necessary for classic kinetic analysis
drastically increase if industrially active co-initiators are added to the reaction
system.87 Hence, a straight-forward method is needed to incorporate co-initiators
into the kinetic analysis of lactide ROP to enable a translation of promising new,
non-toxic catalysts from lab to industry. As demonstrated previously, due to the
increased material investment of the described classical kinetic analysis, model-
based methods are a much-needed tool to improve the multivariate under-
standing of the kinetics of such ROP catalysts (e.g. varying catalyst and initiator
concentration, temperature, etc.).87

Building on our approach for catalysing lactide ROP using non-toxic zinc-
“asme” catalysts, this work expands both the experimental and modelling aspects
of the catalytic system. Specically, we introduce and investigate the use of
bifunctional co-initiators carrying two hydroxyl groups, in contrast to the
monofunctional variants employed previously. These bifunctional co-initiators
enable the propagation reaction to proceed from both ends of the polymer
chain, theoretically allowing for faster monomer conversion compared to using
a mono-functional co-initiator. The inuence of these bifunctional co-initiators
on polymer growth will be systematically studied and incorporated into an
expanded kinetic model, enabling a more precise, model-based description of the
polymerization process. Ultimately, this advancement aims to broaden the
applicability of our catalytic system under industrially relevant conditions while
250 | Faraday Discuss., 2026, 262, 248–274 This journal is © The Royal Society of Chemistry 2026
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decreasing the amount of catalyst and improving control over key material
characteristics, such as molecular mass and dispersity.
Experimental
Ring-opening polymerization of L-lactide

In a glovebox (MBRAUN), L-lactide (8.0 g, 55.5 mmol), phenyl-1,4-dimethanol, if
used as the co-initiator, and the catalyst were weighed according to the respective
monomer-to-co-initiator-to-catalyst ratio ([LA]/[co-I]/[Cat] ratio). All exact weighed
amounts are listed in Table S1 in the ESI.† The solid reactants were combined and
homogenized using an agate mortar. The mixture was transferred to a screw cap
vial and removed from the glovebox. A stainless-steel reactor equipped with
a precision overhead stirrer (“minisprint PRE1946 – Premex Reactor AG, torque =
20 N cm), a Raman probe (sapphire lens, d = 0.1 mm) and a temperature probe
were used for all polymerization experiments (see Fig. S1†). The polymerization
was monitored via Raman spectroscopy using a Kaiser Optical System RXN1
spectrometer with an Invictus NIR Diode Laser (wavelength 785 nm, 450 mW)
combined with a TE Cooled 1024 CCD Detector. The reactor was preheated to the
reaction temperature of T = 150 °C for at least 1 h prior to the polymerization
experiments and ushed with Ar (3×). The solid reaction mixture was transferred
to the reactor using Ar counter ow. If used as the co-initiator, 1-hexanol was
added to the reactor using a Hamilton syringe according to the respective [La]/[co-
I]/[Cat] ratio (Tables S1–S5†). The reactor was closed, and the Raman measure-
ment was started, which marks the start of the polymerization (t = 0). Aer the
desired reaction time of 90 min, the measurement was stopped. The crude
polymerization mixture was analysed using 1H NMR spectroscopy to determine
the polymer yield. For further analysis, a sample of the crude product was di-
ssolved in DCM (2.0 ml) and precipitated from EtOH (200.0 ml) and dried in high
vacuum. The molar mass and the dispersity of the polymer was determined using
a Viscotek GPCmax VE-2001 system combined with a VE-3580 refractive index
detector, an HPLC pump and a Viscotek 270 Dual Detector viscosimeter. Two
Viscotek T columns (styrene–divinylbenzene-copolymer, pore size between 500 Å
and 5000 Å) were used as the stationary phase. THF was used as the mobile phase
at a ow rate of 1 ml min−1 with the sample concentration ranging between 5 to
7 g l−1. A conventional calibration based on polystyrene standards was used. To
access the molar mass of PLA, the obtained molar masses were corrected by
a factor of 0.58 according to the literature.88 The obtained Raman data was
assessed using the soware Peaxact (V4.0 or higher) by S-PACT. The characteristic
signals of lactide (656 cm−1) and PLA (872 cm−1) were evaluated to determine the
reaction rate constant of the polymerization (kp) as described above.
Ring-opening polymerization of L-lactide in Schlenk tubes

In a glovebox (MBRAUN), L-lactide, p-methylbenzyl alcohol, used as the co-
initiator, and zinc chloride, used as the catalyst, were weighed depending on
the monomer-to-co-initiator-to-catalyst ratio ([LA]/[co-I]/[Cat] ratio = 2500 : 10 : 1)
and completely mixed in an agate mortar. The exact amounts are listed in Table
S1 in the ESI.† The solid mixture was divided evenly (approximately 500 mg per
portion), and each portion was transferred into a Schlenk tube containing
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss., 2026, 262, 248–274 | 251
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a magnetic stirrer (15 × 4.5 mm). Then the loaded Schlenk tube was heated in an
oil bath (150 °C) and the stirring speed was set to 260 rpm. Aer the desired
reaction time, the corresponding tube was removed from the oil bath and cooled
under a water ow to stop the polymerization. To determine the polymer yield, the
crude product was dissolved in DCM (2.0 ml), an aliquot was transferred to a NMR
tube, dried under high vacuum, and a 1H-NMR spectrum recorded.
Results and discussion
Classical analysis of the experimental results

Analogous to our previous study, the “asme”-type complex [ZnCl2(TMGasme)]
(C1) was chosen as the catalyst for lactide ROP. C1 was resynthesized according to
the literature procedure reported by Schäfer et al.74

To further expand our polymerization model, two very different alcohols were
chosen as co-initiators for this study (Scheme 1). As guiding principles for the
selection of co-initiators, we focused on the potential industrial application with
cost and high molar mass of the PLA as indicators, as well as the handling of the
co-initiator in the lab. 1-Hexanol (CoI1) was chosen as the rst candidate, due to
its low cost and boiling point of 157 °C, which ensures reliable lab-scale testing at
150 °C (see Experimental). As a second candidate, we selected 1,4-benzene-
dimethanol (CoI2). Due to its solid state of aggregation at room temperature, it is
easy to handle while ensuring reliable results. Furthermore, CoI2 is comparable
in its aromatic scaffold to the co-initiator p-methylbenzylalcohol from our rst
study.87 However, CoI2 is a diol, which in theory allows the overall chain growth
sites to be doubled as well.

For both co-initiators, ROP of L-lactide was performed at different [LA]/[co-I]/
[Cat] ratios. Analogous to our previous work, the [LA]/[Cat] ratios were chosen
between 500 : 1 and 1500 : 1 with a common difference of 250. However, consid-
ering 1-hexanol (CoI1) is a liquid at room temperature, the Hamilton syringe
causes a relatively large error if the sample volume of CoI1 is small, such as at the
ratio [LA]/[co-I]/[Cat] = 1500 : 1 : 1. Therefore, larger amounts of 3.31 eq., 6.62 eq.,
and 10 eq. were used for the system with CoI1. In contrast, for the simply weighed
solid 1,4-benzenedimethanol (CoI2), the equivalences of 1 eq., 5 eq. and 10 eq.
Scheme 1 Lactide ROP catalysed by [ZnCl2(TMGasme)] (C1) with two different co-initi-
ators: (a) 1-hexanol (CoI1); (b) 1,4-benzenedimethanol (CoI2).
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were used. Since CoI2 contains two hydroxyl groups, which provide more reaction
sites for lactide ROPs, the [LA]/[Cat] ratios were increased to 2500 : 1, and the
corresponding arithmetic difference was up to 500.

To evaluate the inuence of CoI1 and CoI2 on the ROP, a characterization of
the produced polymer by gel permeation chromatography was performed. The
measuredmolar masses were compared with the corresponding theoretical molar
masses (ESI†). Table 1 summarizes the whole series of measurements both with
and without a co-initiator at a xed [LA]/[Cat] ratio of 500 : 1. As in our previous
study, the concentration of polymer chains is calculated by the sum of the co-
initiator and catalyst loadings. Consequently, the molar mass reduces with the
increase of co-initiator, as more chain starters are contained in the polymeriza-
tion mixture.87 As mentioned above, different batches of L-lactide were used for
each co-initiator, which causes a slight deviation due to varying water content.
Considering the objective error, the series of measurements with CoI1 is well
matched, as the chains with Mn = 19 700 g mol−1 from polymerization with 3.31
eq. CoI1 were shorter than those without a co-initiator with Mn = 25 700 g mol−1.
Herein, the chains obtained from polymerization without a co-initiator were
shorter than the theoretical one, probably due to the initiation of chain growth by
the “asme”-ligand of C1 and then decomposition of the catalyst.74 Increasing the
amount of CoI1 to 6.62 eq. and 10 eq. yielded chains with 10 500 g mol−1 and
7800 g mol−1, respectively. For the case of CoI2, the chains with 40 600 g mol−1

from polymerization with 1 eq. CoI2 were longer than those without a co-initiator.
The small amount of CoI2 signicantly accelerates the catalysis rate and also
provides the possibility for the chain to grow in both sites simultaneously, and the
conversion of L-lactide is higher; therefore, the chain is longer than in the absence
of a co-initiator. The molar mass of chains was decreased to 15 900 g mol−1 and
7700 g mol−1 with an increase of CoI2 to 5 eq. and 10 eq. However, the experi-
mental molar mass is not doubled as the theoretical molar mass, which indirectly
Table 1 Comparison between experimental and theoretical molar masses of polymer
obtained by L-lactide ROP at the [LA]/[Cat] ratio of 500 : 1 with different co-initiators at
different concentrations

Co-initiator Eq.

Mn [g mol−1]

Deviation Mean ĐExperimental Theoretical

— — 25 700 42 000 −39% −46% 1.5
19 000 39 300 −52% 1.7

1-Hexanol (CoI1) 3.31 19 700 13 700 44% 60% 1.1
23 200 13 200 76% 1.3

6.62 10 500 8500 24% 26% 1.1
10 800 8500 27% 1.1

10 7800 6100 28% 30% 1.1
8200 6200 32% 1.1

1,4-Benzenedimethanol (CoI2) 1 40 600 29 400 38% 33% 1.4
33 400 26 300 27% 1.5

5 15 900 11 200 42% 42% 1.1
16 200 11 400 42% 1.1

10 7700 6300 22% 52% 1.1
11 300 6200 82% 1.1

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss., 2026, 262, 248–274 | 253
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illustrates that the activities of the OH groups at both sites of the diol might be
different. When the amount of the diol is 10 eq., the result obtained is similar to
the case of CoI1, in which it can be considered that the amount of CoI2
approaches saturation. In addition, according to the deviation and the corre-
sponding dispersity, it can be considered that the chain growth could be
controlled better with smaller deviation and dispersity in the presence of co-
initiators compared to the case without a co-initiator. However, the effect of
a co-initiator does not improve linearly with the increasing loading.

With these modied ratios mentioned above, the kinetic evaluation of lactide
ROP was performed as described above. Fig. 1 presents the course of the semi-
logarithmic plot of conversion vs. time for a [M]/[co-I]/[Cat] ratio of 500 : 10 : 1 for
both CoI1 and CoI2.

As described by eqn (1)–(3), the slope of the semilogarithmic plot gives the
apparent pseudo-rst-order reaction rate constant kobs. In comparison with our
previous study, the curve behaviors of the plot of conversion versus time are in
good agreement.87 For both CoI1 and CoI2, the apparent pseudo-rst-order
reaction rate constant kobs decreased over reaction time. This is most likely
caused by the single-site catalytic behavior of C1 with chain growth initiated by
the “asme”-ligand.74 This competes with the initiation by the external initiator
and might cause a self-induced decomposition of the catalyst over the course of
the polymerization. Therefore, model-based analysis is also helpful for these
chosen co-initiators as will be discussed later.

Nevertheless, herein classic kinetic analysis was performed also at various co-
initiator loadings, which is normally not the case in the literature due to the huge
amount of necessary experimental work. Furthermore, the obtained data will be
used as the experimental support for the development of the analysis model. Due
Fig. 1 Semilogarithmic plot of conversion versus time of ROP of recrystallized L-lactide
with C1 and 1-hexanol (CoI1, black dots) and 1,4-benzenedimethanol (CoI2, red dots) at
a [LA]/[co-I]/[Cat] ratio of 500 : 10 : 1 at 150 °C with a stirring speed of 260 rpm and
a reaction time of 90 min.
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Fig. 2 Semilogarithmic plot of conversion versus time of ROP of recrystallized L-lactide
with C1 and 1-hexanol (CoI1) at a [LA]/[co-I]/[Cat] ratio of 500 : 10 : 1 at 150 °C with
a stirring speed of 260 rpm and a reaction time of 90 min.
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to the decrease of kobs over time (Fig. 1), only the initial range of the semi-
logarithmic plot, which shows a linear slope, was used to determine kobs (Fig. 2).
Note that due to the approximation the resulting data cannot be taken as absolute
values. Therefore, the following kinetic discussion will focus on trends and the
given values should not be seen as absolute.

Based on this principle, kobs was determined at different [LA]/[co-I]/[Cat] ratios
for both co-initiators (ESI†). As an example, the complete series of measurements
Fig. 3 Semilogarithmic plot of conversion versus time of ROP of L-lactide with C1 and 10
eq. 1-hexanol (CoI1) to determine the apparent rate coefficient kobs from the initial range.
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Table 2 Results of the kinetic evaluation of ROP of L-lactide with C1 in the presence of
different co-initiators

Co-initiator Equivalence kp × 10−2 [L mol−1 s−1]

— — 3.43 � 0.35
p-Methylbenzylalcohol89 1 5.03 � 0.53

5 16.3 � 1.8
10 26.7 � 2.8

1-Hexanol (CoI1) 3.31 14.9 � 1.2
6.62 19.1 � 1.6
10 28.7 � 2.1

1,4-Benzenedimethanol (CoI2) 1 11.9 � 0.70
5 26.9 � 0.60
10 28.4 � 1.7
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with 10 eq. of 1-hexanol (CoI1) is shown in Fig. 3. In this case, the polymerizations
were carried out at [LA]/[Cat] ratios between 500 : 1 and 1500 : 1.

The determined kobs values were used to determine the reaction rate constant
kp as the slope of a plot of kobs versus concentration of catalyst C1 for the different
series of co-initiator loadings (Table 2). According to the results, it can be seen
that an increase in co-initiator loading results in a higher kp-value. This is due to
the increased amounts of active sites for polymerization (OH groups). Compared
to p-methylbenzylalcohol (pMeBnOH) which was used previously, CoI2 contain-
ing a similar aromatic scaffold but twice the amount of OH groups allows the
catalysis rate to be doubled as well. As expected, the kp = (11.9 ± 0.70) × 10−2 L
mol−1 s−1 for CoI2 was determined, which is doubled as kp = (5.03 ± 0.53) ×
10−2 L mol−1 s−1 for pMeBnOH under the same conditions with 1 eq. co-initiator
(Table 2). Note that for each measurement series of co-initiators, a different batch
of lactide as well as C1 was used, resulting in slight deviations due to varying
water content in the monomer.

Although different [LA]/[Cat] ratios were used for CoI2 (500 : 1 to 2500 : 1
instead of 500 : 1 to 1500 : 1) when compared to CoI1 and pMeBnOH, the deter-
mined kp values in the presence of 10 eq. of co-initiators are comparable within
the scope of the error; for CoI1 kp= (28.7± 2.1)× 10−2 L mol−1 s−1, for pMeBnOH
kp = (26.7 ± 2.8) × 10−2 L mol−1 s−1 and for CoI2 kp = (28.4 ± 1.7)× 10−2 L mol−1

s−1. Furthermore, the catalysis rate can be seen to be signicantly greater
compared with the kp value without a co-initiator (Fig. 4). However, in comparison
to the kp values from CoI1 and pMeBnOH with a used quantity of 10 eq., the
corresponding kp value of CoI2 is similar even though CoI2 contains twice the
amount of OH groups. This indicates that there is an upper limit to the rate-
increasing effect of a co-initiator. To visualize the contrast between CoI1 and
CoI2, the trend curve of kp versus the added equivalents of the co-initiator is
shown in Fig. 5 (le). As can be seen, on the one hand the reaction rate accelerates
linearly with an increasing amount of CoI1. On the other hand, an even faster
increase is observable if the loading of CoI2 is increased. However, an upper limit
is clearly visible resulting in a saturation of the curve. Note that 10 eq. of CoI2 is
equivalent to 20 eq. of OH groups initiating the chain growth. To eliminate the
effect of the type of co-initiators on the reaction rate, the kp values were plotted
over the equivalents of OH groups shown in Fig. 5 (right). The trend curves from
256 | Faraday Discuss., 2026, 262, 248–274 This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Determination of the reaction rate constant kp of ROP of L-lactide with C1 and 10
eq. 1-hexanol (CoI1, red circles) and 1,4-benzenedimethanol (CoI2, blue triangles), or
without co-initiator (black squares) by plotting the apparent rate coefficient kobs from the
initial ranges over the catalyst concentration.
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both co-initiators show that an increase in the amount of OH groups to 10 eq.
leads to a similar acceleration of reaction rate. Therefore, it can be considered
that this is independent of the type of co-initiator. Moreover, the saturation is
more clearly visible here, as is the huge added amount of OH groups. It might be
that the steric requirement for simultaneous polymerization of multiple sites is
not necessarily given, which might prevent the reaction rate from further
increasing. This saturation was previously observed in the system that used
Sn(Oct)2 as a catalyst, where the mono alcohol used, at more than 20 eq., did not
accelerate the reaction rate anymore.92 Hence it might support the idea that the
limit of the co-initiator is independent of the systems with different catalysts;
rather it is dependent on the polymerization mechanism.

To verify this conjecture, the investigation of a precise mechanism in the
presence of a diol is necessary, as well as the analysis of the inuence of 20 eq. of
CoI1 on the reaction rate. However, the classic kinetic analysis as presented above
has critical limitations:
Fig. 5 Plot of the reaction rate constant from the slopes of the initial range versus the
loading of different co-initiators (left) or the equivalents of OH groups (right).
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It requires high amounts of starting compounds needing lots of resources.
This is in contrast to sustainable chemistry and therefore the overarching goals of
the design of non-toxic ROP catalysts themselves. Additionally, in the case of C1,
this approach by analyzing kobs and kp is not an absolute method but rather an
approximation. Since the validity range of the determination of kobs is approxi-
mated, the method depends strongly on the experimental conditions and
resulting data.73 Therefore, the development of a model-based analysis is neces-
sary for giving a more reliable, unbiased and resource-efficient way to evaluate the
performance of these co-initiators for lactide ROP.
Development of a kinetic model for ROP with different co-initiators

The analysis of the experimental data described so far enables a direct compar-
ison of the activity of different catalyst/co-I systems but is not sufficient for
prediction of the time course of monomer conversion or prediction of the molar
mass distribution. These two key gures are essential for setting optimum
operating points in an industrial application. Furthermore, the underlying
chemical relationships are to be investigated in greater depth to enable the
development of improved catalyst co-initiator systems. For this purpose, a kinetic
model is proposed that includes the relevant reactions. As described above, ROP
of lactide with the catalyst takes place according to a coordination–insertion
mechanism and the ligand of the catalyst can also act as a chain initiator and the
catalytically active centre splits off in the process.74,87 It has already been shown in
the literature that zinc alcoholates are also active in the ROP.90 However, this
activity is signicantly lower than for the catalyst, which explains why the
apparent reaction rate decreases signicantly as the reaction progresses.

Based on this nding, the model previously developed by the authors is
extended in this work to include the catalytic activity of the metal species formed
Scheme 2 Proposed scheme for the summarised kinetics for ROP of lactide with an
“asme”-type catalyst and a monofunctional alcohol as co-initiator.
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aer the split-off of the catalyst metal centre.87 Note that, due to the reaction
conditions, a clear specication of this less-active species is not possible. Since
both ZnCl2 and Zn alkoxide might act as a weak catalyst, a further specication of
the active species is not made. Scheme 2 is set up to model the reaction system
that uses monofunctional co-initiators.

The nomenclature of the polymer species is based on the literature in this eld
for the Sn(Oct)2-catalyzed ROP.91–97 Polymer chains are divided into active (R),
inactive (D) and terminated (G) populations. The active chains are divided into
chains with a catalyst (C) and chains with a catalyst rest (CR) at the end of the
chain. The index of the populations represents the number of repeating units.
The lactoyl unit is chosen to enable a more accurate description of trans-
esterication reactions.

Reaction (a) describe the activation of the co-initiator (for n = 0) or an inactive
chain (for n > 0) with catalyst or catalyst residue forming an initiator (n = 0) or an
active chain (n > 0) with catalyst or catalyst residue as a chain end. This activation
is an equilibrium reaction with equilibrium constant Kx,a = kx,a1/kx,a2 (x = C, CR).
The activation is assumed to be much faster than the chain propagation and is
therefore modelled as quasi-instantaneous. This is in accordance with studies for
Sn(Oct)2 as the catalyst and can be seen for the “asme”-type catalysts as well since
no induction period is visible aer the melting of lactide.

Reaction (b) means that, in addition to the activated co-initiator, the ligand of
the catalyst can also act as a chain initiator with reaction rate constant kCM. The
reaction with a monomer produces an inactive chain with two repeating units
with the elimination of a catalyst residue.

Reaction (c) describes the actual propagation of an active chain by reaction
with a monomer to form an active chain that is two repeating units longer with
the reaction constants kC,p for catalyst at the chain end and kCR,p for catalyst
residue at the chain end. The reaction is assumed to be an equilibrium reaction.
The equilibrium constant can be calculated from the maximum achievable
conversion. For n = 0, an initiator molecule starts an active chain with two
repeating units.

Reaction (d) describes the chain transfer. This consists of the exchange of
active chain ends between active and inactive chains. This reaction has no
inuence on the monomer conversion but is essential for mapping the molecular
mass distribution. Due to the equivalence of forward and reverse reactions, an
equilibrium constant of one is assumed.92

Reaction (e) describe intermolecular transesterication reactions with the
reaction rate constant ktr. These signicantly inuence the width of the molecular
mass distribution. Analogous to the chain-transfer reactions, an equilibrium
constant of one is assumed here due to the equivalence of the forward and reverse
reactions.

Random chain-scission reactions are represented by the reactions (f). Polymer
chains irreversibly break into terminated chains at a random point with the
reaction rate constant kde. This reaction is only relevant at elevated temperatures
with high thermal stress.

In contrast to the use of a monoalcohol like CoI1, there are two activation
stages when using a diol as a co-initiator, which are depicted in Scheme 3. The
result of the second stage corresponds to the PLA shown in Scheme 1.
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss., 2026, 262, 248–274 | 259
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Scheme 3 Reaction equations for two-stage catalyst (ZnLn) activation with a bifunctional
co-initiator.
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Both OH groups of the co-initiator can form an active species by ligand
exchange with the ligand of the catalyst, splitting off an acid residue. This also
leads to polymer chains that can have two active chain ends. Overall, this results
in the following more-complex reaction network depicted in Scheme 4.

The reactions now include a second activation step, during which a ligand
exchange occurs between the second hydroxyl group of the co-initiator and the
Scheme 4 Proposed scheme for the summarised kinetics for the ROP of lactide with an
“asme”-type catalyst and a bifunctional alcohol as co-initiator.
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catalyst or catalyst residue. It is important to note that the relevant factor for
determining reaction rates is not the concentration of active or inactive chains,
but rather the concentration of active or inactive chain ends. This is reected in
the reaction scheme by incorporating a factor of 2 into the reaction rate constant
for the forward reaction of the rst stage and the reverse reaction of the second
stage. Furthermore, active chains must be distinguished not only based on their
active end but also according to the number of active ends present. In the scheme
provided, this differentiation is achieved using the indices i and j, which repre-
sent either a catalyst-bound chain end or a chain end associated with a catalyst
residue. This distinction introduces a signicant number of additional reactions,
including propagation, chain transfer, intermolecular transesterication, and
random chain scission, all of which must be accounted for to achieve accurate
modeling.
Mathematical description of the reaction systems

The component mass balances for the small molecules and population balances
for the polymer species for a batch reactor are drawn up for both reaction systems,
assuming an isochoric reaction.98 This assumption is justied because of the only
small differences in density between lactide and PLA. The resulting system of
partial differential equations is converted into a system of ordinary differential
equations using the method of moments. As suggested in the literature, the
specic chain lengths R1 and R0 are omitted in the nal equations.91–93 Solving the
equation system, one can calculate chain properties including conversion X,
number average molecular mass Mn and dispersity Đ. The moments of the
polymer populations are dened according to the following equation:

mP
i ¼

XN
n¼0

niPn ðP ¼ RC;C;RC;CR;RCR;CR;RC;RCR;D;GÞ (4)

In this equation, P symbolizes any occurring polymeric species, n is the
number of repeating units and i the order of the moment.

The moments 0 to 3 are used for the mathematical description of the system. A
gamma distribution is assumed for the chain-length distribution. The following
relationship can be derived as the closing condition for the calculation of the 3rd
moment:99

mP
3 ¼

mP
2

�
2mP

2m
P
0 � �

mP
1

�2�
mP
1m

P
0

(5)

The complete differential equation system of both reaction systems including
all mass balances, population balances and moment equations can be found in
the ESI.† For the general derivation of moment equations, please refer to the
literature.100,101

X, Mn and Đ are then calculated using the following equations:

X ¼ M0 �M

M0

(6)
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rn ¼
P
P

mP
1P

P

mP
0

(7)

Mn = rnmMon + mI (8)

rw ¼
P
P

mP
2P

P

mP
1

(9)

Đ ¼ rw
rn

(10)

Here, rn and rw represent number and weight average chain length. Note that
mMon is the molar mass of the lactoyl repeating unit. mI denotes the molecular
mass of the initiator species that is formed in the activation step from the reaction
of the catalyst and co-initiator.
Parameter estimation

The reaction system described requires the determination of seven unknown
reaction parameters that cannot be determined from the literature. To minimize
parameter correlation, determination proceeds in a sequential manner through
four distinct steps. During all these steps, deviations between experimental data
and model data are minimized with a least squares objective function.

Step 1: experiments utilizing ZnCl2 as the catalyst are employed to determine
the reaction parameters for activation and propagation with catalyst residues
(kCR,p, KCR,A).

Step 2: a reduced reaction system is utilized to determine the propagation and
activation parameters of the ROP with a catalyst (kCM, kC,p, KC,A). Equations (d)
through (f) can be disregarded in this step, as they exert no inuence onmonomer
concentration but merely broaden or shi the molecular mass distribution.

Step 3: the system from step 2 together with reactions (f) are used to determine
the kinetic parameter of random chain scission kde by minimizing deviations in
the number average molecular mass of the polymer. Intermolecular trans-
esterication reactions can be neglected since they only contribute to symmet-
rically broadening the molecular mass distribution and therefore do not
inuence the number average molecular mass.

Step 4: the complete kinetic scheme is used to determine the kinetic parameter
of the intermolecular transesterication reaction kte by minimizing deviations in
the dispersity of the molecular mass distribution of the polymer.

To enhance parameter identiability and comparability, it is postulated that
chain initiation by the ligand occurs independently of the co-I employed.
Consequently, kCM is determined exclusively for p-MeBnOH and maintained
constant for the other two co-Is. Furthermore, it is assumed that trans-
esterication and chain scission have the same rate constant for all polymer
populations.

The systems of differential equations are solved in MATLAB using the ode15s
solver. Parameter estimations were performed minimizing the respective objec-
tive function in MATLAB using the built-in lsqnonlin function.
262 | Faraday Discuss., 2026, 262, 248–274 This journal is © The Royal Society of Chemistry 2026
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Table 3 Fitted parameter set according to step 1 for ZnCl2 as catalyst for the polymeri-
zation of L-lactide at 150 °C with 95% confidence intervals

Parameter Unit Value Lower bound Upper bound

kCR,p L mol−1 s−1 0.0032 0.0014 0.0052
KCR,a — 0.0471 −0.0109 0.0949
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Results of the parameter estimation

The resulting kinetic parameters from the parameter estimation for the ZnCl2-
catalysed reaction are presented in Table 3. As only one experiment (see Table
S1†) was used for parameterisation and the two parameters are strongly corre-
lated, the condence intervals are comparatively wide. These were assumed to be
sufficiently accurate for this work, as the activity of the deteriorated catalyst part is
signicantly lower than that of the catalyst. Accordingly, this inuence is less
relevant. In line with this reasoning, the rate constants for ZnCl2-catalysed ROP
with the two other co-Is used in this work were not determined.

An overview of all experiments conducted in this work and used for para-
meterisation and further analysis are shown in Tables S3–S5† (for CoI1) and
Tables S6–S8† (for CoI2). Further experiments used for parameterisation and
analysis of p-MeBnOH are taken from Conen et al. and Fuchs.87,89 Table 4 lists the
kinetic parameters determined according to step 2 for all co-Is tested. In addition,
the 95% condence intervals of the parameter estimates are given to categorise
the reliability. Firstly, it can be noted that the values for the propagation rate
constant kC,p are of a similar order of magnitude for all co-Is. The equilibrium
constant of the catalyst activation KC,a is also very similar for CoI1 and p-MeBnOH,
Table 4 Fitted parameter set according to step 2 for the polymerization of L-lactide with
a catalyst at 150 °C with 95% confidence intervals for both co-Is tested and p-
MeBnOH.87,89

Co-initiator Parameter Unit Value Lower bound Upper bound

p-MeBnOH kCM s−1 581.4 530.9 631.8
kC,p L mol−1 s−1 1.304 1.214 1.394
KC,a — 2460 2314 2606

CoI1 kC,p L mol−1 s−1 1.185 1.169 1.201
KC,a — 3362 3305 3419

CoI2 kC,p L mol−1 s−1 1.079 1.049 1.109
KC,a — 29 630 28 511 30 750

Table 5 Mean absolute errors of conversion for the parameterisations of all co-Is tested
and p-MeBnOH.87,89

Co-initiator MAE for conversion

p-MeBnOH 0.039
CoI1 0.057
CoI2 0.056
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but the value for the CoI2 is signicantly higher. The condence intervals are very
narrow for all parameters, which indicates a high precision of the parameters for
the experimental data used.

The mean absolute errors for the parameterisations regarding the conversion
are listed in Table 5.

For all co-Is, theMAE is less than 6%, which indicates an acceptable agreement
between experimental data and model. For p-MeBnOH as a co-I, this deviation is
even less than 4%. A possible explanation for this, in addition to deviations in the
accuracy of the experimental data, lies in the procedure used. Since, in contrast to
the two other co-Is, the value for kCM was also released as a t parameter; a more
precise adjustment to the experimental data used is possible here due to the
model.

The parameters kte and kde relevant for the model-based description of the
molecular mass distribution are listed in Table 6 together with the 95% con-
dence intervals. These parameters were determined using the methodology
described in steps 3 and 4. Again, only minor deviations between experimental
data and model prediction are recognisable for the dispersity of the molecular
mass distribution. The parameters determined for kte are of a similar order of
magnitude for all co-Is tested and match ndings reported for Sn(Oct)2 as cata-
lyst.92,93 For all experiments used for parameterisation, the measured dispersities
range between 1.05 and 1.3. On one hand, this reduces the reliability of kte for
areas with higher dispersities. On the other hand, this demonstrates that with the
catalyst co-initiator systems used, the dispersities are in low ranges and therefore
the breadth of the distribution for these systems is not particularly problematic.

For the simulative description of the number-average molar mass, on the other
hand, there are larger deviations. For CoI1, even the determined value for kde
becomes 0, since a large number of the measured mean molar masses are already
higher than the ones calculated by simulation for kde = 0. The uncertainty
regarding the parameter estimation is already clear when looking at the con-
dence intervals, as these contain 0 for all co-Is. However, this is also consistent
with literature data that at 150 °C kde assumes low values due to the still
comparatively low thermal load93,95 or is even completely neglected in most
publications.91,92,96 Another factor that may play a role in this phenomenon is the
initiation efficiency, as this leads to longer chain lengths than predicted by the
model.

Table 7 lists the mean absolute errors of the parameter estimations for
number-average molecular mass and dispersity of the molecular mass
Table 6 Fitted parameter set according to steps 3 and 4 for the polymerization of L-lactide
with a catalyst at 150 °C with 95% confidence intervals for all co-Is tested and p-
MeBnOH.87,89

Co-initiator Parameter Unit Value Lower bound Upper bound

p-MeBnOH kte s−1 0.00118 −0.00572 0.00808
kde L mol−1 s−1 3.99 × 10−7 −2.37 × 10−6 3.17 × 10−6

CoI1 kte s−1 0.00178 −0.01172 0.01529
kde L mol−1 s−1 0 — —

CoI2 kte s−1 0.00228 −0.0272 0.0317
kde L mol−1 s−1 8.00 × 10−9 −1.69 × 10−8 3.29 × 10−8
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Table 7 Mean absolute errors for the estimation of transesterification and chain scission
parameters according to steps 3 and 4 for all co-Is

Co-initiator MAE for Mn in g mol−1 MAE for Đ

p-MeBnOH 5126 0.0365
CoI1 12 649 0.0871
CoI2 6480 0.0648
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distribution. As already described, there are sometimes high deviations between
the model and experimental data, which is why there are comparatively high
deviations in the Mn values. The errors in dispersity, on the other hand, are
signicantly lower.

In order to gain an initial insight into the suitability of the underlying reaction
system for modelling the ROP, the reaction parameters determined from the
experiments with a co-I are used for extrapolation to experiments without a co-I.
Here, the inuence of the chain-start by catalyst is much more pronounced, as
this must inevitably take place in order for polymer chains to be formed, which
can then grow. Accordingly, this property of the catalysts used must be accurately
described for good predictions of the polymerization process. In addition to the
comparison of modelling and experimental data, the internal consistency
between the modelling of monofunctional and bifunctional co-Is can also be
tested here. For a co-I concentration of 0, both model parameterisations for
a monofunctional alcohol as co-I and the model for a bifunctional alcohol as co-I
should produce an equal conversion curve. Fig. 6 shows this comparison together
with experimental data for a [LA]/[Cat] ratio of 500 : 1. There is very little deviation
for the two monofunctional co-I models. For the bifunctional co-I model, slight
deviations can be recognised both qualitatively and quantitatively, but these are
Fig. 6 Comparison of model for all three co-I parameterisations and experimental data
for monomer conversion over time for a ratio [LA]/[co-I]/[Cat] of 500 : 0 : 1.
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Fig. 7 Comparison of experimental data and model predictions for experiments without
a co-I against the ratio of monomer to catalyst concentrations for (a) conversion and (b)
dispersity after 90minutes reaction time. Experimental data for p-MeBnOH are taken from
Conen et al.87 and Fuchs.89
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within an acceptable range overall. All models show satisfactory results, especially
when compared with experimental data.

Fig. 7 also shows the comparison of models with experimental data for reac-
tion systems without a co-I. In panel (a), the conversion proles are plotted
against the ratio of initial monomer to catalyst concentration ([LA]/[Cat]). Here,
the different models should produce identical curve progressions, which is
observable with only minor deviations. The comparison with experimental data
demonstrates that the extrapolation capability of the models yields acceptable
results even outside the concentration ranges used for parameterisation.

Panel (b) shows the same comparison for the dispersity of the molecular mass
distribution. The absence of a co-initiator leads to a loss of the controllability over
the reaction, which can be seen by the signicantly higher dispersities even at
lower conversions. Here, the extrapolation capability of the model is signicantly
more challenging, as the experiments used for parameterisation all had di-
spersities in the range of 1.05 to 1.3, which is considerably lower than the
measured dispersities of 1.4 to 1.8 for the experiments without a co-I. The
experimental results are quantitatively matched much less accurately than for the
conversion. Nevertheless, it is qualitatively observable that all models predict
signicantly higher dispersities for initial formulations without a co-I compared
to experiments with a co-I, suggesting that the underlying chemical mechanisms
are represented qualitatively.
Model-based analysis of the co-initiator inuence

Based on the determined kinetic parameters, it can already be concluded that the
use of CoI1 or p-MeBnOH only leads to minor differences in the measured
conversion and thus also in the suitability for catalyst activation. For the use of
CoI2, a signicant difference to the two previous co-Is can already be determined
based on the equilibrium of the catalyst activation. The value of the equilibrium
constant of the activation KC,a is signicantly higher, whereby considerable
advantages in achieving high conversions can be determined, particularly with
the “asme”-type catalyst used. The high equilibrium constant has two effects that
266 | Faraday Discuss., 2026, 262, 248–274 This journal is © The Royal Society of Chemistry 2026
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both increase the conversion. These can be illustrated using the reaction equa-
tions (a) and (b) of the reaction system in Scheme 2. As already described, the
catalyst activation in equation (a) is assumed to be quasi-instantaneous, i.e., this
reaction is always in equilibrium. The equilibrium of the reaction can be
described using the equilibrium constant KC,a as follows:

KC;a ¼ m
RC

0 � AC

C � mD
0

(11)

On one hand, increasing the equilibrium constant increases the concentration
of active polymer chains m0

RC that can propagate. On the other hand, it reduces the
concentration of unbound catalyst C, which in turn leads to a reduced reaction
rate of the chain-start by catalyst even at the same value for kCM. The second effect
in particular leads to a signicant improvement in the potential of “asme”-type
catalysts for industrial ROP. Both effects can be seen in Fig. 8 for an initial ratio of
[LA]/[co-I]/[Cat] of 500 : 5 : 1. The conversion for the bifunctional co-I increases
signicantly faster and reaches a higher nal value aer 90 minutes (a). The two
monofunctional co-Is show only minor differences. In (b), it is evident that the
ratio of polymer chains with catalyst at the end to initially used catalyst for the
bifunctional co-I is considerably higher from the beginning compared to the
monofunctional co-Is. This is derived from the rst mentioned effect. Addition-
ally, it is noticeable that this ratio decreases more slowly, which can be attributed
to the slower chain initiation by the catalyst.

The inuence of co-I concentration for all tested co-Is on the conversion aer
90 minutes of reaction time is shown in Fig. 9. Overall, acceptable agreements
between experimental data and model predictions are observed. All models
predict similar values for the reaction system without a co-I. However, with
increasing co-I concentration, the predicted conversions for the bifunctional co-I
increase signicantly and reach the equilibrium conversion of the polymerization
already at 5 co-I equivalents. For the two monofunctional co-Is, this would only be
achieved at about 25 co-I equivalents. The decisive factors for this effect are again
the previously described effects due to the increased equilibrium constant of
catalyst activation.
Fig. 8 Effects of higher activation equilibrium constants on (a) conversion and (b) ratio of
active chains with catalyst-end to initial catalyst concentration over time for 90 minutes.
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Fig. 9 Influence of co-initiator concentration (as the ratio of co-I to catalyst) for a fixed
monomer to catalyst ratio [LA]/[Cat] = 500/1 on conversion after 90 minutes reaction
time. Experimental data for p-MeBnOH are taken from Conen et al.87 and Fuchs.89
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It is noteworthy that for co-I ratios of [co-I]/[Cat] < 1, no advantage of the
bifunctional co-I is apparent, but further increasing co-I concentrations leads to
more strongly increasing conversions. A possible explanation for this is that the
equilibrium of activation is not determined by the co-I concentration, but by the
concentration of OH groups, and this increases twice as fast for the bifunctional
co-I as for the monofunctional co-Is with increasing co-I concentration.
Fig. 10 Influence of catalyst concentration for a fixed co-I to catalyst ratio ([co-I]/[Cat] =
5/1) on conversion after 90 minutes for all co-Is. Experimental data for p-MeBnOH are
taken from Conen et al.87 and Fuchs.89
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In this context, it is also interesting to plot the conversion against the catalyst
concentration at a constant co-I concentration (see Fig. 10). Here, it can again be
seen that only small differences occur for the two monofunctional co-Is. For the
bifunctional co-I, on the other hand, the conversions achieved are signicantly
higher. However, the deviation decreases signicantly for lower catalyst concen-
trations. This can be explained by the fact that for low catalyst concentrations at
higher co-I concentrations, the inuence of the chain-start by the catalyst is
greater and therefore the inuence of catalysis by the catalyst residue is higher.
Accordingly, the achievable conversions are generally lower, as is the difference
between mono- and bifunctional co-Is.

By expanding the existing model to include catalysis of the reaction by catalyst
residues and implementing bifunctional co-Is, further steps have been taken
towards a deeper understanding of the kinetics of ROP with “asme”-type catalysts.
Using a bifunctional co-I, an additional step towards the potential establishment
of non-toxic zinc catalysts for industrial polymerizations has been undertaken.
The model-based analysis has signicantly contributed to the understanding of
the chemical relationships and allows conclusions to be drawn about conditions
under which bifunctional co-Is can offer particularly large improvements over
monofunctional co-Is.

These insights are essential for a successful scale-up in transitioning non-toxic
catalysts from academic research to industrial application. The experimental
study and model-based analysis presented here serve as important tools for
developing a catalyst-co-I system to replace the industrial catalyst tin octoate for
a fully sustainable ROP of lactide.

Conclusions

The application of “asme”-type zinc guanidine carboxylate catalysts in the ROP of
PLA has been extended to systematically investigate the inuence of bifunctional
co-initiators. In this study, 1,4-benzenedimethanol was evaluated as a bifunc-
tional co-initiator and benchmarked against the monofunctional counterparts 1-
hexanol and p-methylbenzyl alcohol. A variety of batch polymerizations were
performed using different ratios of lactide to catalyst (ranging from 500 : 1 to
1500 : 1) and co-initiator equivalents (from 1 to 10 with respect to catalyst
concentration). Polymerization progress and resulting polymer properties X, Mn

and Đ were monitored using in situ Raman spectroscopy, NMR spectroscopy and
GPC.

Our ndings show that the use of both monofunctional and bifunctional co-
initiators enables improved control over key polymer properties compared to
reactions carried out in the absence of any co-initiator. Increasing the co-initiator
concentration generally accelerates the polymerization kinetics, although
a plateau in reaction rate is observed beyond a certain threshold. Our previously
established kinetic model for the ROP of PLA was expanded to incorporate two
critical mechanistic features: (1) the retained catalytic activity of the metal center
aer ligand dissociation and (2) an additional activation step required for
bifunctional co-initiators.

Model predictions for X and Đ show generally good agreement with experi-
mental results. However, some deviations forMn were noted. The extended model
was also used to predict polymerization behavior under conditions not used for
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss., 2026, 262, 248–274 | 269
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parameter tting, serving as validation. In these cases, both monofunctional and
bifunctional systems exhibited good predictive accuracy, particularly in repro-
ducing conversion and dispersity. Notably, bifunctional co-initiators led to higher
conversion overall and are particularly suitable for application with “asme”-type
catalysts by reducing the chain initiation by the ligand. Furthermore, at low co-
initiator concentrations, catalysis by the deteriorated catalyst becomes increas-
ingly relevant, emphasizing the importance of the model extension introduced in
this work.

These ndings highlight the versatility of the kinetic model and its applica-
bility in tailoring ROP conditions through judicious choice of co-initiator type and
concentration. Ultimately, this contributes to a deeper understanding of zinc
guanidine carboxylate-catalyzed ROP while minimizing the experimental effort
and paves the way for more efficient and tunable catalyst systems aimed at
producing PLA with desired properties under industrially relevant conditions on
a larger scale.
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