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ABSTRACT: Ring-opening polymerization of L,L-lactidewith various amounts of catalyst, 2-ethylhexanoic
acid tin(II) salt, and cocatalyst, 1-dodecanol, at 130 �C in bulk is examined. Monomer-to-catalyst and
cocatalyst-to-catalyst molar ratios were changed from 500 to 4000 and from 1 to 600, respectively. In
agreement with previous literature, the catalyst concentration is affecting the reaction rate, whereas OH-
bearing species (such as cocatalyst and impurities) are controlling both reaction rate and polymer molecular
weight. Amodel implementing a living kinetic scheme is first developed and validated by comparisonwith the
experimental results. The rate coefficients of themain reactions (activation, propagation, and reversible chain
transfer) have been evaluated. Finally, to predict with accuracy the broadening of the molecular weight
distribution, we introduce ester interchange reactions, so-called “transesterifications”, into the kinetic
scheme, and the corresponding rate coefficient is evaluated.

Introduction

As a substitute of petroleum-based polymers, biodegradable
polymers are currently attracting a lot of interest because of their
biocompatible, biodegradable properties. Their properties make
the polymers suitable for many different applications, such as
packaging, drug delivery, and tissue engineering.1-4 Homo-poly-
(lactic acid) (PLA) and its copolymers are especially promising
because of their excellent physical properties.5,6 PLA can be
produced mainly by two routes, direct polycondensation7-9 and
ring-opening polymerization (ROP).10-13 For large-scale appli-
cations, the ROP route indeed attracts high interest from industry,
and a such reaction step is actually involved in commercial
processes.14-16

The synthesis of PLA by ROP was first reported by Carothers
et al.9 in 1932. Low-molecular-weight polymer was produced,
and the synthesis of high-molecular-weight materials was not
possible until the development of effective lactide purification
techniques in 1955.11,12 During the last half century, many dif-
ferent catalysts have been studied to increase the reaction
productivity; they have been recently reviewed by Upadhyay
et al.17 Among them, 2-ethylhexanoic acid tin(II) salt (Sn(Oct)2)
is the most widely used in both scientific research and industrial
production and is the only catalyst that has been accepted by the
U.S. Food and Drug Administration.1

The mechanism of ROP of lactide catalyzed by Sn(Oct)2 has
been investigated by many researchers. On the basis of the
extensive set of experimental data available in the literature,
almost all of the possible mechanisms were proposed during the
last 30 years involving multiple different steps, such as initiation,
propagation, and chain transfer to low-molecular-weight species
and to polymer.18 The key step of initiation was especially
debated: notably, all proposed mechanisms involve the contribu-
tions of OH-bearing species, such as water, alcohols, or car-
boxylic acids. A comprehensive presentation of all possible
mechanisms is available in the review by Duda and Penczek.19

In this work, we just provide a short account of the two most

popular rival initiation mechanisms: the first mechanism (mainly
from Kricheldorf et al.20,21) is based on a kind of “monomer
activation”, where monomer, OH-bearing species, and catalyst
form a ternary complex. Accordingly, Sn atoms are not bonded
to the active chains, and the corresponding polymerization rate is
simply first order with respect to the initial amounts of catalyst
and alcohol. The second one was proposed by Penczek et al.18

and is based on the “alkoxide initiation mechanism”. Accord-
ingly, Stannous Octoate actually reacts with OH-bearing species
to form an alkoxide that is the species initiating the polymeriza-
tion. Therefore, Sn(Oct)2 and OH groups are initiator and
coinitiator, respectively, often indicated as catalyst and cocata-
lyst. The direct observation of macromolecules containing
Oct-Sn-O- end groups byMALDI-TOF and the dependences
of the polymerization rate upon monomer, catalyst, and cocata-
lyst concentrations are solid evidence in favor of this mechan-
ism.19 Moreover, the same authors proposed a comprehensive
kinetic scheme of the reaction, also involving reversible chain
transfer and polymer interchange reactions, so-called “trans-
esterifications”; such reactions are responsible for the fast inter-
change of active end groups among the polymer chains and
directly affect the molecular weight distribution of the final
polymer. The resulting polymerization mechanism is currently
the most accepted, and it will be used in the model developed in
this article.

In contrastwith such a huge body of experimental work, only a
few publications focus on mathematical modeling of such po-
lymerization or at least on the evaluation of the corresponding
rate coefficients. The first systematic kinetic analysis of ROP for
PLA synthesis catalyzed by Sn(Oct)2 was reported by Eenink.22

After his work, the influence of different process parameters on
the polymer characteristics was elucidated. The corresponding
“apparent” propagation rate coefficient, keff (defined as the
pseudo-first-order propagation rate coefficient with respect to
monomer, keff = kpR*, where R* is the concentration of active
chains and kp is the propagation rate coefficient) was evaluated.
However, the role of “natural” or environmental impurities, such
as moisture and acidic species, on reaction behavior was not
considered at all. In contrast, Zhang et al.23 found that hydroxyl*Corresponding author. E-mail: massimo.morbidelli@ghem.ethz.ch.
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and carboxylic acids strongly affect the reaction rate. Later on,
Witzke et al.24 reported a more comprehensive kinetic scheme of
ROP of lactide in bulk. They introduced a “semiliving” behavior,
meaning that transesterification reactions are active along with
reversible propagation. The values of the Arrhenius parameters
for both reactions, propagation and transesterification, were
reported.25 More recently, Puaux et al.26 and Mehta et al.27,28

developed models based on the cationic mechanism;29 accord-
ingly, the kinetic scheme involved irreversible initiation, irrever-
sible propagation, and irreversible chain transfer to monomer
and impurities. By suitable parameter fitting, suchmodels exhibit
good agreement in terms of conversion and number-average
molecular weight (Mn), even though the broadening of the
molecular weight distribution is always largely underestimated.

Aimed to fill the gap between the experimental and the
modeling efforts still present in the literature, this work is
reporting the development of a model based on the alkoxide
initiationmechanism.Anew set of experimental dataof bulkmelt
ROP of L,L-lactide with Sn(Oct)2 as catalyst and 1-dodecanol as
cocatalyst has been collected. Reactions at different values of the
molar ratios betweenmonomer and catalyst and between catalyst
and cocatalyst are examined. Conversion and average molecular
weights are measured in time. Such data are combined with a
suitable model based on the alkoxide initiation mechanism and
accounting for transesterification reaction. The values of all rate
coefficients appearing in the kinetic scheme have been evaluated,
mostly using a simplified analysis of the data and partially by
direct fitting of the model predictions to the experimental results.

Experimental Part

Materials. (S,S)-3,6-Dimethyl-1,4-dioxane-2,5-dione (L,L-lac-
tide; SigmaAldrich, 98%purity) was further recrystallized in extra
dried puriss. Toluene (Riedel-de Ha€en, purity g99.7%, H2O
content <0.001%), 2-ethylhexanoic acid tin(II) salt (Sn(Oct)2,
Sigma Aldrich, 95% purity), and 1-dodecanol (ROH, Fluka,
99.5% purity) were used as received. For SEC analyses, polystyr-
ene standards from 500 to 2 000 000Da (SigmaAldrich) were used
for calibration, and chloroform (J. T. Baker) was used as eluent.
Hydranal-Coulomat (Riedel-de Ha€en) was used as Karl Fischer
(KF) reagent. Extra dried puriss. acetonitrile (Fluka, purity
g99.5%, H2O content <0.001%) was used as solvent during
KF titrations. Sodium ethoxide (Acros Organics, 96% purity),
ethanol (Merck, 99.9% purity), potassium phthalate monobasic
(Fluka, purityg99.5%), andbromothymol blue (Fluka,Technical
grade) were used for titration.

Reaction Procedure. L,L-Lactide (LA) was first dried over-
night at 30 �Cunder vacuum after recrystallization in toluene. It
was melted at temperature <100 �C in a stirred flask in glove-
box; then, Sn(Oct)2 and ROH were prepared in glovebox at a
givenmolar ratio with respect tomonomer in toluene (10 wt%).
Anhydrous toluene was used to facilitate the transfer of catalyst
and cocatalyst to the reaction vessels without contaminations.
Namely, suchmixtures were transferred to glass vials and sealed
with T-type poly(tetrafluoroethylene) caps to prevent the loss of
LA during the reaction by vaporization and recrystallization.
All vials were finally transferred into a controlled heating block
set at temperature of 130 ( 1 �C. PLA products in the different
reaction vials were finally quenched in an ice bath at different
times and kept for further characterizations. Reactions at con-
stant amount of catalyst and different ratios catalyst/cocatalyst
have been carried out as well as reactions at different catalyst
amounts and constant ratio catalyst/cocatalyst.

Size Exclusion Chromatography Analysis. Conversion and
molecular weight distribution of all samples were characterized
by size exclusion chromatography (SEC) (Agilent, 1100 series)
equipped with two detectors, ultraviolet (UV) and differential
refractive index (RI). Depending on the molecular weight of the
specific sample, a precolumn with an oligopore column (Polymer

Laboratories, length of 300 mm and diameter of 7.5 mm,
measuring range: 0-4500 Da) or a pre-column with two PLgel
5 μm MIXED-C columns (Polymer Laboratories, length of
300 mm and diameter of 7.5 mm, measuring range: 2000-
2 000 000 Da) have been used. Chloroform was used as eluent
at flow rate of 1 mL min-1 and temperature of 30 �C. Universal
calibration was applied, based on poly(styrene) standards and
the following equation30

ln M2 ¼ 1þ a1

1þ a2
lnM1 þ 1

1þ a2
ln

K1

K2

� �
ð1Þ

where a and K are the Mark-Houwink constants for PLA
(index 2) and the reference polymer (index 1). The effective use
of the universal calibration asks for reliable values of such
constants for both polymers. For PLA, many values are avail-
able in the literature from different sources (cf. refs 31 and 32).
Such values are quite scattered, and the selection of the most
reliable ones is not easy; moreover, different values are also
reported for different PLA stereo configurations. Luckily en-
ough, the topic was recently revisited byDorgan et al.33 in a very
comprehensive way. Namely, they studied the relationship
between viscosity and molecular weight by using different
characterization techniques such as viscometry, SEC, static
multiangle light scattering (SLS), ellipsometry, and rheometry.
The best values of Mark-Houwink constants for PLLA, the
specific configuration under examination here, were determined
at 30 �C in chloroform. Values inside the ranges reported in such
a paper (K=0.01709mL g-1 and a=0.806) are used in this work
along with the following values for poly(styrene): K= 0.0049
mL g-1 and a=0.794.34

Karl Fischer Titration. Water contents of all reagents were
analyzed by 831 KF coulometer (Metrohm). Toluene and
1-dodecanol (in bulk) were measured directly by KF titration.
LA was dissolved in extra-dry acetonitrile. Round-Robin tests
for determiningwater contents byKF titrationwere carried out.
All solutions were prepared in glovebox (2-10 ppm).

Thewater contents in extra dried toluene and 1-dodecanol are
24 and 148 ppm respectively. Considering the molar ratio with
respect to the monomer, they are negligible. The water content
of LA ranges from 20 to 100 ppm, which has to be counted
during simulation of models. The water content of 2-ethylhex-
anoic acid tin(II) salt cannot be determined by Karl Fischer
measurement because the stannous tin will react with Karl
Fischer reagent to yield a false high water content.

Nonaqueous Titration. To determine the amount of acidic
impurities in both crude and purified LA, we carried out
nonaqueous titrations by usingDosimat 665 andTitroprocessor
686 (Metrohm) with nonaqueous electrode (catalogue no.:
6.0229.100). Sodium ethoxide ethanol solution was used as
titrant and calibrated by potassium phthalate monobasic stan-
dard. Crude and purified LA ethanol solutions with bromothy-
mol blue as indicator were titrated; the final results were
subtracted by the background, as determined from the blank
titration (Table 1).

Experimental Results

As anticipated, the temperature of all reactions was constant
and equal to 130 �C: such value is generally below the melting
temperature of PLA, ranging from135 to 180 �Cdepending upon
the molecular weight.35-39 Therefore, polymer phase separation
is expected under the operating conditions. Also, the kinetics of
such a phase change has to be considered: the characteristic time

Table 1. Analysis of Acidic Impurities by Nonaqueous Titration

concentration acid residue [meq kg-1]

ethanol puriss. bulk 0.041
crude L,L-lactide 25 g L-1 30.55
purified L,L-lactide 25 g L-1 0.242
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of crystallization is usually quite large, ranging from 20 to 60min
in the absence of reaction,40-42 and such time increases
at increasing chain length. To check the actual presence
of polymer solidification, the physical state of the samples
collected during a slow reaction producing highmolecular weight
was visually controlled; no signal of solidification was noticed
during the first 3 h, thus indicating that the characteristic time
of phase change is much longer than that of reaction. Accord-
ingly, because the modeling analysis reported below is focused
on the first 1 to 1.5 h of reaction, the role of polymer solidification
and crystallization is completely neglected in the rest of the
discussion, and the reaction is presumed to take place in a single
liquid phase.

ROPs are often exhibiting living behavior; that is, the reaction
proceeds at a constant number of growing chains.43,44 For a living
system with reversible propagation and reversible deactivation,
the following well-known relationships apply

Y ¼ ln
ðM0 -MeqÞ
ðM-MeqÞ

" #
¼ kpR�t ð2Þ

Mn ¼ M0X

R�þD
Mm ð3Þ

where R* is the concentration of living chains, D is that of
dormant (reversibly terminated) chains, X is monomer conver-
sion, defined as (M0 - M)/M0, where M is the monomer con-
centration and M0 is the initial monomer concentration, Mm is
the molecular weight of monomer, and Y is the logarithm of the
normalized conversion defined as in eq 2.Note that such relation-
ships apply when irreversible terminations are absent.Moreover,
if propagation and reversible deactivations are only operative,

then narrowmolecular weight distributions are obtained, that is,
with dispersity values (Pd=Mw/Mn=(λ0þμ0)(λ2þμ2)/(λ1þμ1)

2,
where λn is the nth order moment of living chains and μn is
the nth order moment of dormant chains) very close to one.
Finally, if the quantities Y and Mn exhibit linear behavior
with time and conversion, respectively, then the concentra-
tions of active and dormant chains are constant all along the
reaction.

To check the livingness of the reacting system at constant
temperature, Y and Mn have been plotted versus time (t) and
conversion, respectively. The result of this check is first shown in
Figure 1 in terms of conversion for a specific reaction. Even
though the evolution of the monomer conversion is clearly
nonlinear in time, the quantity Y is linear, at least at conversion
values <95%. This means that the concentration of the active
chains is constant during most of the reaction and for sure up to
conversion >90%. At higher conversion, that is, at very long
reaction time, the concentration of active chains decreases and the
reaction is not living any longer. Such behavior has been pre-
viously reported by other researchers;25,29,45 even though the
specific mechanisms determining such behavior (irreversible ter-
mination reactions effective at high conversion, polymer crystal-
lization) are not clear, such loss of livingness is a fact. Because our
aim here is to catch the major kinetic phenomena of the reaction,
we confine ourselves to the living part of the reaction, that is, to
conversion values up to 90% or, in terms of reaction time, to no
more than 1 to 1.5 h.

Keeping in mind this limitation, livingness is checked for all
reactions at different ratios ROH/C in Figure 2a, where C repre-
sents the catalyst, Sn(Oct)2. A convincing linearity is established
in all cases, thus confirming the living nature of the ROP under
examination at least for conversion <90%. Another interesting
feature clearly shown in the same Figure is the effect of the
increasing ratio ROH/C; starting from the reaction at ROH/C=
1, the polymerization rate increases first but levels off above a
certain amount of ROH. The corresponding values of the appar-
ent propagation rate coefficient,keff, are plotted versusROH/C in
Figure 2b as well. For values of the ratio alcohol/catalyst >20,
the different Y lines are fully superimposed, and a clear plateau
is established in Figure 2b, thus indicating that larger amounts
of alcohol do not affect the reaction rate anymore. This beha-
vior strongly supports a catalyst activation mechanism by reac-
tion with the alcohol, as proposed in the literature;18 such reac-
tion is complete when the ratio OH/C is >20, and the addition
of more alcohol becomes ineffective from the activation view-
point.

Let us now examine the molecular weight behavior. The
number-average molecular weights (Mn) shown in Figure 3
versus conversion exhibit nice linearity in all cases: according
to eq 3, this is also proof of the livingness of the reaction and of
the constant concentration of the polymer chains, active and
dormant. Ideal living conditions are somehow lost during the

Figure 2. (a)Kinetics ofLApolymerization and (b) apparent propagation rate coefficient atM/C=3771 anddifferent ratiosROH/C:O, 1;4, 5;3, 10;
], 20; left tilted open triangle, 50; right tilted open triangle, 70; open hexagon, 100; g, 335; open pentagon, 565.

Figure 1. Kinetics ofLApolymerization atM/C=3771andROH/C=
5. Symbols: O, conversion; g, Y (cf. eq 2).
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reaction, as indicated by the increasing discrepancy between the
Mn and Mw values. The clear divergence of the dispersity of the
molecular weight distribution from unity proves that side reac-
tions are operative which do not affect the total number of chains
but only their length.

Taking advantage of the linear behavior of Mn, we can
calculate the molar concentration of polymer chains (active
and dormant) from eq 3. Such evaluation was carried out for
all reactions at constant catalyst concentration, and the results
are summarized in Table 2, where Nc (Nc = R*þD) indicates
the total molar concentration of chains. If we compare the
estimated values to the initial alcohol concentration according
to the recipe, then they are very close, thus proving the key role
of alcohol in both activation and reversible deactivation.
The estimated values of Nc are systematically larger than the
amounts of alcohol introduced, with 7.9 � 10-3 mol L-1. This
discrepancy can be explained as additional chain initiation be-
cause of “environmental impurities” (any OH-bearing species,
such as water from air or from Sn(Oct)2 itself). Whatever the
source of such environmental impurities, their amount will be
accounted for in themodel simulations discussed in the following.
Namely, all experimental resultswill be presented in the rest of the
article in terms of “nominal” ROH/C ratios, that is, those
corresponding to the recipe. However, the “actual” values of
such ratio given by (ROH/C)actual = ((ROH þ Δ)/C) (i.e.,
corrected using the average value of the concentration of envir-
onmental impurities as estimated from Table 2) have been
considered when simulating these experiments by the model
presented below.

It is worth noticing that the environmental impurities, in-
cluding water and acid species, would play a major role on
kinetics and molecular weight in experiments without cocatalyst
(ROH/C=0). Because the environmental impurities are difficult
to be kept under control experimentally, such a condition has not

been studied in this article, and 1-dodecanol was always used as
cocatalyst at ROH/C g 1.

Finally, another set of experiments at different catalyst
amounts and constant ROH/C ratio was carried out. The same
check of livingness discussed above was applied, and the results
are summarized in Figures 4 and 5 and Table 3. In particular, the
concentration of environmental impurities is a clear function of
the catalyst amount. Because the unknown impurities in the
catalyst could not be measured with accuracy, the actual amount
of impurities as reported in Table 3 will be applied in the
corresponding model simulations reported later in this work.

The same arguments discussed for the reactions at different
amounts of alcohol also apply in this case. As expected, by
increasing the amount of catalyst at constant equimolar ratio
with alcohol, the reaction rate increased, again indicating the
activation interplay between the two species. Mn decreased
because of the increasing number of living and total chains
corresponding to the increasing amount of catalyst and cocata-
lyst, respectively.

Figure 3. Mn (full symbols) and Mw (empty symbols) of PLA at
constant M/C = 3771 and different ROH/C values: (a) O b, 1; 2 4,
5;1 3, 10;[], 20; solid left tilted triangle and open left tilted triangle,
50, solid right tilted triangle and open right tilted triangle, 70; solid
hexagon and open hexagon, 100; f g, 335; open pentagon and solid
pentagon, 565. Solid lines evaluated by linear fitting.

Table 2. Estimated Values of Moles of Polymer Chains for Reactions
at Constant Catalyst Amount and Different ROH/C Values

ROH/C Nc (mol L-1) ROH0 (mol L-1) Nc - ROH0 (mol L-1)

565 1.22 1.21 8.98� 10-3

335 7.22� 10-1 7.16� 10-1 5.62� 10-3

100 2.24� 10-1 2.14� 10-1 1.03 � 10-2

70 1.56� 10-1 1.50� 10-1 6.67� 10-3

50 1.14� 10-1 1.07� 10-1 6.98 � 10-3

20 5.28� 10-2 4.28� 10-2 1.00� 10-2

10 3.01� 10-2 2.14� 10-2 8.77 � 10-3

5 1.66� 10-2 1.07� 10-2 5.87� 10-3

1 9.87� 10-3 2.14� 10-3 7.73 � 10-3

Figure 4. Kinetics of LA polymerization at ROH/C= 1 and different
values of the ratio M/C: 9, 3771; b, 1000; 2, 500.

Figure 5. Mn (full symbols) andMw (empty symbols) versus conversion
at constant ROH/C= 1 and different values of the ratioM/C:9, 3771;
b, 1000; 2, 500.
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Kinetic Scheme and Preliminary Analysis

On the basis of the experimental results reported in the
previous section and the literature analysis summarized above,
the kinetic scheme in Figure 6 is proposed. It is a reduced version
of the general one proposed by Penczek et al.18 and already
mentioned in the Introduction.

Basically, three types of reversible reactions can be identified:
activations, propagations, and reversible deactivations. Reaction
a is catalyst activation by alcohol, forming the truly active species
-SnOR and octanoic acid, indicated by I and A, respectively.
Note that each molecule of catalyst produces two active groups;
therefore, the concentration of C should be twice the experi-
mental concentration of the catalyst, Sn(Oct)2. Even though
reaction a involves ROH, all OH-bearing species are able to
reversibly activate the catalyst to form the active alkoxide groups.
Accordingly, reaction b is also introduced: this is the reaction
between the catalyst and a dormant chainD, the species indicated
as HO-(LA)n-H in the general scheme in ref 18. Because of the
similarity between the two reactions, the same rate coefficients are
used just to keep the number of parameters in the final model as
small as possible. Finally, it should be mentioned that according
to the literature,18 the activation rate should be slower than
deactivation; therefore, the value of the corresponding equilibri-
um constant, Keq,a = kal/ka2, is expected to be smaller than
one.

Third and fourth reactions, c and d, are the reversible propaga-
tion steps, those affecting the length of the active (or living)
chains, Rn. The values of the corresponding rate coefficients
are assumed to be independent of the chain length and appli-
cable to both reactions. The corresponding equilibrium coeffi-
cient, Keq,p = kp/kd, where kd is the depropagation rate co-
efficient, is readily estimated given the maximum achievable
conversion.

The last two reactions, e and f, are actually reversible chain
transfer reactions. Let us focus on the first one: the reaction
between an active chain and a molecule of alcohol results in a
dormant chain with the same length and a new alkoxide
group, which starts growing by the propagation reaction c.
Because this transfer reaction is reversible, it is not affecting
the system reactivity (the number of active chains remains
the same) but strongly affects the molecular weight, that is,
the total number of chains, Nc. Reaction f is a completely

equivalent transfer involving a dormant chain as the OH-
bearing species; such reaction is not given in the original
kinetic scheme by Penczek et al.18 because it does not affect the
concentration of both active and dormant species. However,
this reaction is accounted for in the model reported below to
predict the evolution of the molecular weight reliably. Once
more, the same rate coefficients are considered for both
reactions e and f; moreover, because of the complete equiva-
lence of the reaction in both directions in the case of f, the same
values are expected for both forward and backward reactions,
which means the corresponding equilibrium constant Keq,s=
1, as also suggested in ref 18.

With reference to the simplified kinetic scheme in Figure 6, it is
now useful to write down the corresponding set of material and
population balances with reference to a well-stirred, homoge-
neous batch reactor

dC

dt
¼ -ka1CROH þ ka2IA - ka1C

X¥
n¼1

Dn þ ka2
X¥
n¼1

RnA ð4Þ

dA

dt
¼ ka1CROH - ka2IAþka1C

X¥
n¼1

Dn - ka2
X¥
n¼1

RnA ð5Þ

dROH

dt
¼ -ka1CROH þ ka2IA- ks ROH

X¥
n¼1

Rn þ ksI
X¥
n¼1

Dn ð6Þ

dI

dt
¼ -kpMI þ kdR1 þ ka1CROH - ka2IA

þ ks ROH
X¥
n¼1

Rn - ks
X¥
n¼1

DnI ð7Þ

dR1

dt
¼ kpMI - kpMR1 þ kdR2 - kdR1 þ ka1D1C- ka2R1A

- ksR1ROH þ ksD1I - ksR1

X¥
n¼1

Dn þ ksD1

X¥
n¼1

Rn ð8Þ

dRn

dt
¼ kpRn-1M- kpRnMþkdRnþ1 - kdRnþka1DnC- ka2RnA

- ksRnROH þ ksDnI - ksRn

X¥
i¼1

Di þ ksDn

X¥
i¼1

Ri ng2 ð9Þ

dDn

dt
¼ -ka1DnCþ ka2RnAþ ksRnROH - ksDnI

þ ksRn

X¥
i¼1

Di - ksDn

X¥
i¼1

Ri ð10Þ

dM

dt
¼ -kpMI - kpM

X¥
n¼1

Rn þ kd
X¥
n¼1

Rn ð11Þ

The previous set of equations can be greatly simplified
by summing up the balances of all active (eqs 8 and 9) and

Table 3. Estimated Values of Moles of Polymer Chains for Reactions
at ROH/C = 1 and Different M/C Values

M/C Nc (mol L-1) ROH0 (mol L-1) Nc - ROH0 (mol L-1)

3771 9.87� 10-3 2.14� 10-3 7.73� 10-3

1000 1.94� 10-2 8.06� 10-3 1.14� 10-2

500 3.01� 10-2 1.61� 10-2 1.40 � 10-2

Figure 6. Simplified kinetic scheme for ROP of PLA with Sn(Oct)2 as
the catalyst and an alcohol as the cocatalyst, ROH.
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dormant (eq 10) chains. The following lumped balances are
obtained

dC

dt
¼ -ka1CðROH þDÞþ ka2AðI þRÞ ð12Þ

dA

dt
¼ -

dC

dt
ð13Þ

dROH

dt
¼ -ka1C ROH þ ka2IA- ksR ROH þ ksID ð14Þ

dI

dt
¼ -kpMI þ kdR1 þ ka1C ROH - ka2IAþ ksR ROH - ksDI

ð15Þ

dR

dt
¼ kpMI - kdR1 þ ka1DC- ka2RA- ksR ROH þ ksDI

ð16Þ

dD

dt
¼ ksR ROH - ksDI - ka1DCþ ka2RA ð17Þ

dM

dt
¼ -kpMI - kpMRþ kdR ð18Þ

where R and D indicate the total concentrations of active
and dormant chains of any length, respectively, defined as
R =

P
n=1
¥ Rn and D =

P
n=1
¥ Dn. The last set of equations

can be further reduced by focusing on the total concentrations
of active and OH-bearing species, that is, R* = I þ R and
OH = ROH þ D. The corresponding balances are readily
obtained by summing eqs 15 and 16 and 14 and 17

dR�
dt

¼ ka1C OH - ka2R�A ð19Þ

dOH

dt
¼ -ka1C OH þ ka2R�A ð20Þ

By inspection of the final version of thematerial balances (eqs 12,
13, 19, and 20) the following differential constraints are readily
shown to apply

dR� ¼ -dOH ¼ -dC ¼ dA ð21Þ

By integrating eqs 21, the amounts of the different species at any
time are related to the initial values (indicated by the subscript 0;
initial zero values of active species and acid are obviously
assumed) as follows

R� ¼ OH0 -OH ¼ C0 -C ¼ A ð22Þ

It is worth noticing that these relationships apply all along the
process, from the beginning to the end; therefore, given the time
evolution of a reference variable, for example, the catalyst
concentration, C, the total concentrations of all the other
species, active (R*), OH-bearing (OH), and acid (A), are readily
evaluated.

Let us now come back to the experimental resultsY versus time
(Figures 1, 2, and 4) andMn versus conversion (Figures 3 and 5);
the linear behavior is achieved inboth cases very early in time, just
after the reaction starts. According to eqs 1 and 2, this behavior
indicates that constant values of active and dormant species are
quickly established, thus suggesting fast equilibration of the
activation and the reversible termination reactions. Therefore,
assuming equilibrium conditions for activation reactions, the
time derivatives in eqs 19 and 20 are equal to zero, and the
following algebraic relationship is obtained

R�A
C OH

¼ ka1

ka2
� Keq, a ð23Þ

which is the conventional expression of the reaction equilibrium
constant in terms of concentrations. Combining this equation
with the equalities (eq 22), a quadratic formula expressing the
catalyst concentration, C, as a function of the initial concentra-
tions and of the activation equilibrium constant is obtained, of
which the analytical solution is

C ¼
2C0 þKeq, aðOH0 þC0Þ-

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½2C0 þKeq, aðOH0 þC0Þ�2 - 4C2

0ð1-Keq, aÞ
q

2ð1-Keq, aÞ
ð24Þ

In summary, under the assumption of instantaneous equilibrium
for activation, the analytical solution of the last previous equa-
tion provides the final concentration of residual catalyst, from
which the corresponding concentrations of OH-bearing species,
active species, and octanoic acid are readily obtained from eq 22.
Notably, according to eq 24, the equilibrium concentration of the
catalyst is equal to the initial value and approaches zero at zero
alcohol and OH0 . C0, respectively.

Let us now fully exploit the main results of the previous
analysis (instantaneous activation based onOH-bearing species).
By inspection of the data in Figure 2b, the concentration of active
species, R*, can be assumed to be equal to the initial amount of
catalyst at large values of the ratio ROH/C. Accordingly, being
the product of the propagation rate coefficient and R* equal
to the plateau value of keff versus time at the largest values of
the ratio, the corresponding value of kp is readily estimated
(2952 L mol-1 h-1). We compared this value with the available
literature: because most literature sources provide keff only (thus
preventing any fair comparison), we selected the values reported
in refs 18 and 19 for solution polymerization at lower tem-
peratures (50 and 80 �C). Using the value of activation energy
of 70.9 kJ/mol reported by ref 25, kp values from 2030 to
7670 L mol-1 h-1 are estimated, thus confirming the reliability
of our value.

Figure 7. Comparison between estimated (symbols) and calculated
(eq 24) values of R* at different values of the ratio ROH/C.
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Furthermore, by using such value of kp, the total concentration
of living chains R* at each different amount of ROH can also be
estimated: the resulting values are shown in Figure 7. By fitting
eq 24 to such values, the activation equilibrium constant has been
estimated to be Keq,a = 0.15. (Note that the values of the ratio
ROH/C in the Figure have been adjusted to account for the
environmental impurities as explained in the previous section,
that is, introducing a constant, average amount of additional
alcohol equals to 7.9 � 10-3 mol L-1.)

Model Development: Activation, Propagation, and Reversible
Chain Transfer

Let us now come back to the complete set of material and
population balances as given by eqs 4-11. Exactly those equa-
tions have been numerically solved using the method ofmoments
for the population balances; the final moment equations are
reported in the Appendix. Moreover, the selected values of the
equilibrium constants of all reactions, along with the rate
coefficient of propagation, are listed in Table 4.

The values of both the propagation rate coefficient and the
activation/chain transfer equilibrium constants are those deter-
mined as detailed in the previous section.

The monomer equilibrium concentration (Meq), defined as
kd/kp and equal to the reciprocal of the more conventional
equilibrium constant of the reaction, was found in the literature
at 130 �C;24 such value is consistent with a value of equilibrium
conversion of 98.7%. Actually, the average value of the equilib-
rium conversion we estimated from our experiments was slightly
smaller and equal to 96.5%, corresponding to an Meq value of
0.106 mol L-1. The reason for such discrepancy is most pro-
bably due to the limited accuracy of our experimental evalu-
ation of the residual monomer amount by SEC. This is better
understood by looking at the SEC chromatograms in Figure 8,
where the collectedUV signals for a typical reaction are shown as
a function of the reaction time in the region of the low-molecular-
weight species. Whereas the monomer peak (elution time around

19.3 min) is clearly decreasing with conversion, a second peak at
shorter elution time (around 18.7 min, i.e., larger molecular
weight) is appearing at high conversions. Because of the minor
relevance of such peak, its area was arbitrarily attributed to the
monomer, and thus the corresponding residual monomer
amount was overestimated. Therefore, the Meq value from the
literature should be more reliable, and it has been used in all
model simulations.

Finally, very large values of the rate coefficients of both
activation and transfer reactions have been assumed (ka1 =
ks=106 L mol-1 h-1) to achieve complete equilibration in very
short time, as indicated by experiments. Of course, the rate
coefficients of the corresponding inverse reactions are consistent
with the equilibrium constants in Table 4. Such values are just
large enough to produce an almost instantaneous approach to
equilibrium conditions: actually, any value larger than 106 L
mol-1 h-1 can be used without significant effects on the model
predictions. It should be made clear that following the prelimin-
ary analysis of the previous section, no parameter adjustment has
been applied when running this version of the model.

The comparisons between experimental results and model
predictions are shown in Figures 9-12 for the experiments
at different OH/C ratios. The predictions of conversion and
number-average molecular weight evolutions are quite satisfac-
tory. This is not surprising because it is fully consistent with the
preliminary analysis.

Discrepancies appear in terms of weight-average molecular
weights (Mw) (Figure 11); they are quite evident as a function of

Table 4. Numerical Values of Some Model Parameters

parameter symbol value source

activation equilibrium
constant

Keq,a 0.15 this work

chain transfer
equilibrium constant

Keq,s 1 ref 18

propagation rate coefficient kp 2952 L mol-1 h-1 this work
monomer equilibrium

concentration
Meq 0.106 mol L-1 ref 25

Figure 8. SEC chromatograms of monomer peaks at different conver-
sion at M/C=3771 and OH/C=10 (arrow indicating increasing con-
version).

Figure 9. Conversion versus time for LA polymerization with Sn(Oct)2
and ROH. M/C = 3771, different ROH/C values. Experimental data:
O, 1; 4, 5; 3, 10; left tilted open triangle, 50; �, 100; b, 565; model
results, dashed lines.

Figure 10. Mn versus conversion for LA polymerization with Sn(Oct)2
and ROH. M/C = 3771, different ROH/C values. Experimental data:
O, 1; 4, 5; 3, 10; left tilted open triangle, 50; �, 100; b, =565; model
results, dashed lines.
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conversion, where an increase in the experimental values with
respect to the model predictions is exhibited at conversion values
larger than about 50-60%. Such discrepancies become even
more explicit in terms of dispersity, Mw/Mn. These results prove
that the simplified kinetic scheme inFigure 6 is not accounting for
all reactions actually taking place. Because the reactions kinetics
(polymerization rate, numbers of active and total chains) are
correctly predicted by this version of the model, the missing
reactions should not affect those quantities but only the “shape”
of the molecular weight distribution.

Model Development: Transesterification Reactions

Side reactions often mentioned as affecting the molecular
weight of polyesters are the molecular interchanges, so-called
“transesterifications”. Different interchange reactions are
possible, such as inter- and intratransesterification; however,
it has been reported that inter-transesterification is the domi-
nant mechanism in the bulk catalyzed ROP of lactide at
130 �C.46-50

The corresponding reaction scheme is shown in Figure 13: the
reactions are fully reversible, and the catalytic site is responsible
for the chain scission step. Whereas the reaction between two
active chains (the first one in the Figure) is the one previously
mentioned in the literature (cf. refs 19 and 49), the reaction
involving the dormant chains is original. Because of the large
amount of dormant chains present in the system at large ROH
concentrations, we believe it has to be accounted for in anymodel
aimed to evaluate themolecularweight of the polymer.Following
the clear schematization reported in ref 49, in both cases, an active

chain end is “attacking” an ester bond internal to another chain,
active or dormant. When writing the corresponding population
balances, the nature of the attacking-attacked pair is relevant,
making different the terms to be accounted for.

To better explain this point, let us discuss the kinetic terms
resulting from a transesterification event involving an active and
a dormant chain. (The case involving active chains is available
in the referred literature.) In this case, (i) the dormant chain
cannot be attacking and (ii) a portion of it is reactivated when
attacked. Accordingly, the rate of formation of chains with
n units is different for active and dormant chains: (i) an active
chainRn is formedwhen an active chain of any length is attacking
a dormant chain with length larger than n; (ii) a dormant chain
Dn is formed when a dormant chain of any length is attacked by
an active chain with length smaller than n.

Finally, it should be noticed that such reactions are not
affecting the number of both active and dormant chains in the
system, but only the chain length of different chains produced by
ROP reaction.

The reactions in Figure 13 can be formally expressed as

Ri þRj /
kx
Ri þ j- n þRn

Ri þDj /
kx
Ri þ j- n þDn

Such reactions have been introduced into the kinetic scheme of
Figure 6, and the population balances have been modified
accordingly. The resulting equations are the same as those in
the previous version of the model (eqs 4-11) with the exception
of the population balances of the active and dormant chains
(eqs 8-10), which are rewritten as

dR1

dt
¼ kpMI - kpMR1 þ kdR2 - kdR1 þ ka1D1C

-ka2R1A-ksR1ROHþksD1I -ksR1μ0þksD1λ0

-kxðR1ðλ1 -λ0Þ-λ0
X¥
i¼2

RiþR1ðμ1 -μ0Þ-λ0
X¥
i¼2

DiÞ ð25Þ

dRn

dt
¼ kpRn-1M-kpRnMþkdRnþ1 -kdRnþka1DnC

-ka2RnA-ksRnROHþksDnI -ksRnμ0þksDnλ0

-kxðRnðλ1 -λ0Þ-λ0
X¥
j¼iþ1

Rjþðn-1ÞRnλ0 -

Xn-1

i¼2

Ri

X¥
k ¼nþ1-i

RkþRnðμ1 -μ0Þ-
Xn-1

i¼2

Ri

X¥
k ¼nþ1-i

DkÞ ng2

ð26Þ

dDn

dt
¼ -ka1DnCþka2RnAþksRnROH-ksDnIþksRnμ0

-ksDnλ0þkxλ0
X¥
i¼nþ1

Di -kxðn-1ÞDnλ0 ð27Þ

The resulting modified set of population balances has
once more been solved by the method of moments, and the
corresponding moment equations are reported in the Appendix.

Figure 11. Mw versus conversion for LA polymerization with Sn(Oct)2
and ROH. M/C = 3771, different ROH/C values. Experimental data:
O, 1; 4, 5; 3, 10; left tilted open triangle, 50; �, 100; b, 565; model
results, dashed lines.

Figure 12. Dispersity versus conversion for LA polymerization with
Sn(Oct)2 and ROH. M/C = 3771, different ROH/C values. Experi-
mental data:O, 1;4, 5;3, 10; left tilted open triangle, 50;�, 100;b, 565;
model results, dashed lines.

Figure 13. Reaction mechanism of transesterification.
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Note that a single new parameter is involved in the second version
of themodel, the rate coefficient kx. The value of this quantity has
been estimated by direct fitting of the model predictions to the
experimental data, and the resulting best value is equal to 12 L
mol-1 h-1. The ratio between the propagation rate coefficient
and this value, kp/kx=246, has been compared with available
literature data. For solution polymerization at 80 �C, Baran
et al.51 reported kp/kx=200. Temperature increasing values have
been indicated by Witzke25 for bulk polymerization (300, 500,
and 1300 at 160, 190, and 220 �C, respectively). The estimated
ratio is very consistent in both cases keeping inmind the different
temperatures, thus proving the reliability of the kx value.

According to the eq 28

Rp

Rx
¼ kpM

kxR� ð28Þ

whereRx is the transesterification reaction rate, the ratio between
the propagation rate and the transesterification rate shows that
the transesterification reaction is slower than propagation. Be-
cause kp, kx, andR* are constant, this ratio has the same profile as
monomer concentration in the system. It will decrease as a linear
function of monomer conversion. Accordingly, propagation is
dominant at low conversion, whereas the transesterification
reaction will broaden the molecular weight distribution at higher
conversion only. The comparison between experimental results
and model predictions is shown in Figures 14 and 15 for the
experiments at different nominal ROH/C ratio. Because the

exchange reaction is not affecting the polymerization rate and
the number of chains, the results for the conversion rate and
the number-average molecular weight are exactly the same as
those of the first version of the model, already shown in Figures 9
and 10.

By inspection of the results, it is apparent that transesterifica-
tion reactions increase the weight-average molecular weights in
the right way, thus improving the model predictions in terms of
dispersity. Namely, at small amounts of alcohol, dispersity
quickly increases from the unity value typical of living conditions
to anasymptotic value of 2. Suchvaluewas previously reported in

Figure 14. Mw versus conversion for LA polymerization with Sn(Oct)2
and ROH. M/C = 3771, different ROH/C values. Experimental data:
O, 1; 4, 5; 3, 10; left tilted open triangles, 50; �, 100; b, =565; model
results, dashed lines.

Figure 15. Dispersity versus conversion for LA polymerization with
Sn(Oct)2 and ROH.M/C=3771, different ROH/C values. Experimen-
tal data: O, 1; 4, 5; 3, 10; left tilted open triangles, 50; �, 100; b, 565;
model results, dashed lines through symbols.

Figure 16. Conversion and Y versus time for LA polymerization with
Sn(Oct)2 and ROH. ROH/C = 1, different M/C values. Experimental
data: 0, 3771; O, 1000; 4, 500; model results, dashed lines.

Figure 17. Mn versus conversion and time for LA polymerization with
Sn(Oct)2 and ROH. ROH/C = 1, different M/C values. Experimental
data: 0, 3771; O, 1000; 4, 500; model results, dashed lines.

Figure 18. Mw versus conversion and time for LA polymerization with
Sn(Oct)2 and ROH. ROH/C = 1, different M/C values. Experimental
data: 0, 3771; O, =1000; 4, 500; model results, dashed lines.
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the literature25,49 for systems dominated by exchange reactions,
thus proving the reliability of the implemented scheme. At larger
and larger OHamounts, the role of exchange reactions is reduced
by the dominant transfer reactions, and the dispersity evolution
typical of living systems is established.

Model Validation: Experiments at Different Catalyst
Concentrations

To validate the model proposed in the last previous section, its
prediction ability is checked here with respect to experiments at
constant ratio ROH/C=1 and different ratios M/C (Figures 4
and 5). The comparison between model predictions and experi-
ments is summarized in Figures 16-19. Keeping in mind the
genuinely predictive approach applied in this case, the agreement
is quite satisfactory in terms of both conversion and molecular
weight properties. Note that because of the small value of the
ratio ROH/C, the role of the environmental impurities becomes
especially important in this case. As usual, we accounted for such
impurities in the model by increasing the initial concentration of
alcohol according to the values in Table 3. The resulting agree-
ment justifies such methodology.

Conclusions

Amodel of ROP of lactide carried out in bulk at 130 �C using
Sn(Oct)2 as catalyst and 1-dodecanol as cocatalyst is presented.A
simplified version of a literature polymerization mechanism
(alkoxide initiation18,19) has been used. Model validation and
parameter evaluation were carried out by comparison with
experimental data at different values of the molar ratios
monomer-catalyst and catalyst-cocatalyst. The living nature
of the reaction has been confirmed, along with the two-fold role
of the alcoholic species, acting as cocatalyst and chain transfer
agent at the same time. The value of the activation equilibrium
constant has been estimated at 130 �C, indicating that a large
excess of cocatalyst is needed to achieve complete catalyst
activation. Moreover, inter-transesterification reactions have
been included in the kinetic scheme to correctly predict the
broadening of the molecular weight distribution. Such a reaction
also involves the dormant chains, a reaction step fully neglected in
all previous literature. The broadening due to these reactions is
effectively contrasted by increasing the amount of cocatalyst,
even if shorter chains are obviously obtained in this case.
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Appendix

Moment equations corresponding to themodel accounting for
activation, propagation, and reversible deactivation (eqs 8-10):

dλ0
dt

¼ ka1μ0C-ka2λ0AþkpMI -ksλ0ROHþksμ0I

dλ1
dt

¼ ka1μ1C-ka2λ1AþkpMIþkpMλ0 -kdλ0 -ksλ1ROH

þksμ1I -ksλ1μ0þksμ1λ0

dλ2
dt

¼ ka1μ2C-ka2λ2AþkpMIþkpMð2λ1þλ0Þ
þkdðλ0 -2λ1Þ-ksλ2ROHþksμ2I -ksλ2μ0þksμ2λ0

dμ0
dt

¼ -ka1μ0Cþka2λ0Aþksλ0ROH-ksμ0I

dμ1
dt

¼ -ka1μ1Cþka2λ1Aþksλ1ROH-ksμ1Iþksλ1μ0 -ksμ1λ0

dμ2
dt

¼ -ka1μ2Cþka2λ2Aþksλ2ROH-ksμ2Iþksλ2μ0 -ksμ2λ0

Moment equations corresponding to the model including
transesterification reactions (eqs 25-27):

dλ0
dt

¼ ka1μ0C-ka2λ0AþkpMI -ksλ0ROHþksμ0I

dλ1
dt

¼ ka1μ1C-ka2λ1AþkpMIþkpMλ0 -kdλ0 -ksλ1ROH

þksμ1I -ksλ1μ0þksμ1λ0 -kxλ1ðμ1 -μ0Þþ
1

2
kxλ0ðμ2 -μ1Þ

dλ2
dt

¼ ka1μ2C-ka2λ2AþkpMIþkpMð2λ1þλ0Þ
þkdðλ0 -2λ1Þ-ksλ2ROHþksμ2I -ksλ2μ0þksμ2λ0

þ 1

3
kxλ0ðλ1 -λ3Þþkxλ1ðλ2 -λ1Þ-kxλ2ðμ1 -μ0Þ

þ 1

6
kxλ0ð2μ3 -3μ2þμ1Þ

dμ0
dt

¼ -ka1μ0Cþka2λ0Aþksλ0ROH-ksμ0I

dμ1
dt

¼ -ka1μ1Cþka2λ1Aþksλ1ROH-ksμ1Iþksλ1μ0

-ksμ1λ0þkxλ1ðμ1 -μ0Þ-
1

2
kxλ0ðμ2 -μ1Þ

dμ2
dt

¼ -ka1μ2Cþka2λ2Aþksλ2ROH-ksμ2Iþksλ2μ0 -ksμ2λ0

þkxλ2ðμ1 -μ0Þþkxλ1ðμ2 -μ1Þþ
1

6
kxλ0ð-4μ3þ3μ2þμ1Þ

Figure 19. Dispersity versus conversion for LA polymerization with
Sn(Oct)2 and ROH. ROH/C = 1, different M/C values. Experimental
data: 0, 3771; O, 1000; 4, =500; model results, dashed lines through
symbols.
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along with the corresponding closure formula52

λ3=
λ2ð2λ2λ0 -λ1

2Þ
λ1λ0
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