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ABSTRACT: The cyclic organic amidine catalyst, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), is gaining popularity for its use in the
synthesis of biodegradable aliphatic polyesters, such as poly(lactic-co-glycolic acid) (PLGA). PLGA is one of the most successful
polymeric drug delivery materials in the pharmaceutical industry. Currently, commercial PLGA materials are produced via ring-
opening copolymerization of lactide and glycolide under the influence of metal catalysts such as tin octoate, and this chemistry has
been extensively studied. However, not much is known yet about the details of the newer, DBU-catalyzed PLGA polymerization
reactions. The present study is intended to address this gap. For this investigation, a full-scale kinetic population balance model was
developed that takes into account all possible reactions of the copolymerization, including initiation via activated alcohol and
nucleophilic attack pathways, self- and cross-propagation, combination via inter- and intrachain acylation, and DBU deactivation.
Predictions of this model in terms of copolymerization rates, repeat unit sequence length distributions in PLGA products, etc., were
compared with experimental data available in the literature. This analysis led to the determination of the values of 14 different
reaction rate constants; nine of them were previously unknown. As illustrated in the Mayo−Lewis plot presented in the main text,
the most striking finding of this study is the 3-orders-of-magnitude difference in the reactivity ratio between the two monomers,
lactide (LA, monomer 1) vs glycolide (GL, monomer 2), that is, r1 (kp(1,1)

1 /kp(1,2)
1 ) = 3.37 × 10−2 and r2 (kp(2,2)

1 /kp(2,1)
1 ) = 13.6, in

this DBU-catalyzed process; this result is in contrast to what has previously been reported for tin-catalyzed PLGA polymerization
reactions (r1 = 0.20 and r2 = 2.8). An important implication of this result is that it is practically impossible to produce DBU-catalyzed
PLGA copolymers with uniform monomer sequence distributions using an ordinary batch reaction process. We also demonstrate
that the kinetic model can be used to design nonconventional, semibatch copolymerization reactors for producing monomer
sequence-controlled, “uniform PLGA” products, which have constant monomer sequence characteristics along the chain. Further
experimental study is warranted to demonstrate the implementation of the semibatch strategy developed using the kinetic model.

1. INTRODUCTION

Aliphatic polyesters, such as poly(lactic acid) (PLA) and
poly(lactic-co-glycolic acid) (PLGA), are very useful for drug
delivery.1,2 There are a few commercialized drug products that
are based on PLA; examples include Atridox (in situ gels) and
Genexol-PM (long circulating micelles).3−5 PLGA is even
more popular; there are more than 20 FDA-approved drug
products that use PLGA as an excipient,6,7 including Lupron
Depot, Eligard, Vivitrol, and Trelstar.3−5,8−10 The reason for
PLGA’s popularity is its versatility. There are multiple
molecular parameters that can be used to tailor the drug
release properties of PLGA materials; those parameters are

molecular weight, copolymer composition (lactide-

(LA):glycolide(GL) ratio), end functionality (−OH vs

−COOH), architecture (linear, branched vs cross-linked),

and stereochemistry (D- vs L-LA).11,12 It is only within the last
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decade or so that monomer sequence length (distribution) has
also been demonstrated as a factor that influences the
degradation and drug release properties of PLGA.13−16 It has
been shown that a strictly alternating copolymer of LA and GL
exhibits a much slower degradation than ordinary PLGA;15

such a property might be beneficial for certain applications.
This inspires a question of whether the implementation of
monomer sequence control only at the statistical level (not at
the deterministic level of resolution, as demonstrated with
strictly alternating PLGA) would also produce useful proper-
ties for PLGA.
The most common method of synthesizing PLGA is via

ring-opening copolymerization of LA and GL (Figure 1) with
an alcohol initiator in the presence of a metal catalyst. Metal
catalysts, such as tin(II) 2-ethylhexanoate (stannous oc-
toate),17 tin(II)17/zinc18/aluminum19 alkoxides, amino-calci-
um compounds,20 and rare earth metal complexes,21 enable the
production of high-molecular-weight (MW) PLGA polymers
(MW ≳ 10 kDa) with reasonable polydispersity indices (≈1.5)
via a living-like polymerization mechanism (called coordina-
tion-insertion).22−24 These reactions are typically conducted in
batch reactors by introducing the two monomers, LA and GL,
into the reactor at the beginning of the polymerization process.
LA (monomer 1) and GL (monomer 2) have very disparate
reactivities; the reactivity ratios are known to be r1 = 0.2 and r2
= 2.8 for the tin-catalyzed copolymerization at 200 °C.25

Therefore, the conventional batch copolymerization process
produces a gradient copolymer of LA and GL (“gradient
PLGA”) having a monomer composition varying along the
chain from mostly GL at one end to mostly LA at the other
(Figure 2); all commercial PLGA products are gradient PLGA
materials. Although this issue has not been investigated

previously, a severe gradient in composition will exacerbate
the problem of poor solubility of PLGA (particularly those
with LA:GL < 1) in solvents because long GL sequences are
not normally soluble in ordinary hydrocarbon/halide sol-
vents.26,27

Organic catalysts have been explored as alternatives to metal
catalysts for the ring-opening polymerization of cyclic esters
(such as LA); seminal work is due to Waymouth, Hedrick, and
co-workers,28 and examples of such organic catalysts include
various amidines (e.g., 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU),28 1,5-diazabicyclo[4.3.0]non-5-ene (DBN)),28,29 gua-
nidines (e.g., 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD),28 N-
methyl-1,5,7-tri-azabicyclododecene (MTBD)),28,30 aminopyr-
idines (e.g., 4-(dimethylamino)pyridine (DMAP)),31 thioureas
(thioimidates),32 and N-heterocyclic carbenes.29,31 Each
chemistry comes with both advantages and disadvantages in
terms of polymerization time, product polydispersity, etc.
However, the basic chemical mechanisms are more or less
similar for all of these catalysts (i.e., OH activation for
nucleophilic monomer substitution and/or direct initiation via
nucleophilic monomer activation). DBU was chosen for this
study because it is the most studied compound in this organic
catalyst class33 and also it is the only organic catalyst that has
been demonstrated for the synthesis of both LA34 and GL.35

Unlike tin catalysts, DBU enables the polymerization of LA
and GL at room temperature and is thus capable of producing
polymers with much narrower distributions of MWs
(polydispersity indices on the order of ∼1.1) due to the
absence of transesterification side reactions.24 DBU also
completely eliminates metal contamination of the polymer
product, which is especially desirable for biomedical
applications.36 However, the downside of using DBU is, as
discussed in our previous publication,37 the complexity of the
reaction mechanisms involved in this chemistry. Key steps of
the DBU-catalyzed LA polymerization process include
initiation via activated alcohol28 and nucleophilic attack38

pathways, self- and cross-propagation, combination via inter-
and intrachain acylation,39 and DBU deactivation.37 A similar
set of reactions are also expected for GL.35

Not many attempts have been reported to copolymerize LA
and GL using DBU as the catalyst. As mentioned above, the
difficulty lies in the fact that, because of the significantly higher
reactivity of GL compared with that of LA,25 precipitation of
the growing PLGA chains is highly possible when a batch
reaction is used. This problem can be avoided through the use
of a semibatch copolymerization process in which the more
reactive species (GL) is continuously added to compensate for
its faster consumption; the general concept has been around in
the polymer reaction engineering field for some time.40,41 Qian
et al. have demonstrated that the addition of GL at a constant
rate gives a quantitative yield of a PLGA having a target MW

Figure 1. Chemical structures of lactide (LA), glycolide (GL), and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU).

Figure 2. Cartoon describing the difference in statistical monomer
sequence distribution between “gradient PLGA” and “uniform
PLGA”. Conventional batch copolymerization reactions produce
non-sequence-controlled “gradient PLGA” copolymers because of the
disparate reactivities of lactide (LA) and glycolide (GL) monomers
toward polymerization. Nongradient, statistically monomer sequence-
controlled “uniform PLGA” materials can be synthesized by, for
instance, semibatch processes. Quantitative understanding of the
mechanisms and kinetics of all component reactions is required to
develop new nonbatch copolymerization processes for producing
“uniform PLGA” products.
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and composition, offering an improved method for the DBU-
catalyzed copolymerization of LA and GL.42 Designing more
sophisticated semibatch PLGA polymerization processes
requires precise determination of reaction parameters, which,
in turn, requires a high level of resolution on the mechanisms
involved and accurate estimates of the kinetic parameters.
Addressing this need (i.e., elucidating the mechanisms and
kinetics of DBU-catalyzed PLGA copolymerization reactions)
is the goal of the present study. As published in Sherck et al.,37

our laboratory has previously made significant progress in
developing a quantitative, mechanistic understanding of the
DBU-catalyzed polymerization of LA. In the present study, we
hypothesize that the mechanisms for the polymerization of LA
by DBU can be generalized to that of GL. Based on this
assumption, we derive the kinetic balance equations describing
the populations of all species involved in the LA and GL
copolymerization reactions. These mechanistic equations are
parameterized with data from kinetic experiments; by fitting
analysis, rate constants are determined for all reactions
involved (including initiation via activated alcohol and
nucleophilic attack pathways, self- and cross-propagation,
combination via inter- and intrachain acylation, and DBU
deactivation). The reasonableness of the rate constants thus
obtained supports the validity of the mechanistic model.
Finally, it is also demonstrated that this kinetic model can be
used for designing copolymerization reactions to produce
nongradient, statistically monomer sequence-controlled, “uni-
form PLGA” products (Figure 2).

2. KINETIC MODELING
In the present study, we use the terminal model in which the
rate of reaction with the given type of monomer depends only
on the identity of the last monomer of the growing chain.43

This terminal model is known to fail for some combinations of
vinyl monomers, such as styrene + maleic anhydride44,45 and
styrene + acrylonitrile.46 However, we believe that the terminal
model is an appropriate model for the LA + GL system
because each LA or GL monomer contains six carbon and
oxygen atoms that are incorporated into the backbone of the
chain and therefore the effect of penultimate monomers on the
rate of propagation can be safely neglected. Within this
terminal model, kinetic equations were derived for the first
three moments of chain length distribution to describe the
time evolution of all species involved in the DBU-catalyzed
copolymerization of LA and GL; the equations are summarized
in Sections S1−S5 of the Supporting Information (SI). With
known initial conditions, the kinetic equations (48 stiff, first-
order, ordinary differential equations, listed in Section S5 of
the SI) were numerically solved using MATLAB’s ode15s
solver, which is a variable-step variable-order solver based on
backward difference formulae of orders 1−5. In the present
study, kinetic modeling was used for two purposes. First, the
kinetic equations were fit to experimental data to estimate rate
constants for all reactions involved in the DBU-catalyzed
copolymerization of LA and GL. Second, using these rate
constants, a semibatch operation strategy was designed for the
production of a sequence-controlled PLGA copolymer.
Copolymerization rate constants were estimated in two

steps. First, conversion data for LA (monomer 1) and GL
(monomer 2) homopolymerization processes were fit with the
kinetic model to determine homopolymerization rate con-
stants, including the homopropagation rate constants, kp(1,1)

1

and kp(2,2)
1 (see Figure 6 and also Sections S1−S5 of the SI for

the definitions of the rate constant notations). Next, repeat
unit (lactate and glycolate) sequence lengths for PLGA
copolymers produced by semibatch copolymerization pro-
cesses operated at constant rates of GL addition were again fit
with the kinetic model using copolymerization rate constants,
including the cross-propagation rate constants, kp(1,2)

1 and
kp(2,1)
1 , as fitting parameters. Experimental data used in these
analyses were primarily taken from Qian et al.42 From these
propagation rate constants, the reactivity ratios for LA and GL,
i.e., r1  kp(1,1)

1 /kp(1,2)
1 and r2  kp(2,2)

1 /kp(2,1)
1 , respectively,

could be determined.
In the above analysis, the best fit was determined by

minimizing the sum of squared errors (SSEs) between the
experimental data and model predictions. The fitting was
performed within MATLAB (R2020a) in two steps: (i) a
coarse-grained search and (ii) a trust region reflective
optimization. The coarse-grained fitting gave initial order-of-
magnitude estimates for the parameters, which were used for
identifying upper and lower parameter bounds for the trust
region reflective optimization. MATLAB’s built-in lsqnonlin
solver was used to implement the trust region reflective
algorithm. The Jacobian matrix generated by the lsqnonlin
solver was used to estimate the standard error of each
parameter, as explained in Sherck et al.37 As summarized in
Table 3, 14 different reaction rate constants were determined
in three steps (4 or 5 rate constants were determined at each
fitting step); nine of them have been unknown prior to this
work. Coarse-grained and trust region reflective optimization
methods were used as described in a previous publication.37

The experimental data for cumulative number-average
lactate and glycolate sequence lengths ((n1)n

cumu and (n2)n
cumu,

respectively) for PLGA copolymers used in our analysis were
calculated from 13C NMR data i.e., from the cumulative
relative molar concentrations of lactate−lactate−lactate,
lactate−lactate−glycolate (or glycolate−lactate−lactate), lac-
tate−glycolate−glycolate (or glycolate−glycolate−lactate),
and glycolate−glycolate−glycolate triads (I111

cumu, I112
cumu

(=I211
cumu), I122

cumu (=I221
cumu), and I222

cumu, respectively) determined
by 13C NMR reported in Qian et al.42 using the following
equations

≅ +n
I
I

( ) 2 2n1
cumu 111

cumu

112
cumu

(1)

≅ +n
I
I

( ) 2 2n2
cumu 222

cumu

122
cumu

(2)

The derivations of these equations are presented in Section S6
of the SI. Note that these equations are the same as those used
in Qian et al.42

These experimental (n1)n
cumu and (n2)n

cumu data were
compared with predictions of the kinetic model. In model
calculations, the lactate and glycolate sequence lengths
((n1)n

cumu and (n2)n
cumu, respectively) were calculated using

the following equations43

= =
−

N
n

P
( ) (

( )
2

)
1

1i n
i n

ii

inst
inst

(3)

= =
+
−

N
n P

P
( ) (

( )
2

)
1
1i w

i w ii

ii

inst
inst

(4)
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∫
∫

= =N
n F p

p
( ) (

( )
2

)
d

d
i n

i n

p
i

p F
N

cumu
cumu

0

0 ( )
i

i n
inst (5)

∫
∫

= =N
n N F p

F p
( ) (

( )
2

)
( ) d

d
i w

i w

p
i w i
p

i

cumu
cumu

0
inst

0 (6)

where Ni denotes the monomer sequence length (i = 1 (LA) or
2 (GL)), ni denotes the repeat unit sequence length (i = 1
(lactate) or 2 (glycolate)), the superscripts, “inst” and “cumu”,
stand for instantaneous and cumulative, respectively, the
subscripts, “n” and “w”, stand for number-average and
weight-average, respectively, Pij denotes the probability of
adding monomer j to a chain end containing monomer i (i, j =
1 (LA) or 2 (GL)), p denotes the overall monomer conversion
due to propagation reactions, and Fi denotes the instantaneous
copolymer composition. The homopropagation probability Pii
is given as follows

=
[ ]

[ ] + [ ]
P

k M

k M k Mii
p i i i

p i i i p i j j

( , )
1

( , )
1

( , )
1

(7)

where [Mi] is the concentration of monomer i. The monomer
conversion due to propagation p is given as follows

=
Δ [ ] + Δ [ ]

[ ] + [ ]
p

N N

N N

( ) ( )1 prop 2 prop

1 0 2 0 (8)

where Δ([Ni])prop is the cumulative number of moles of
monomer i molecules consumed by propagation reactions, and
[Ni]0 is the total number of moles of monomer i molecules
added to the reactor. The instantaneous copolymer composi-
tion Fi is given as

=
[ ]

[ ] + [ ]
F

M

M M

d

d di
i

i j

prop

prop prop (9)

where d[Mi]prop is the differential change in concentration of
monomer i due to propagation reactions; of note, the d[Mi]
notation (without the subscript “prop”) used in eqs 10−12, 15,

Figure 3. Reactions (R1−R4) and species involved in the nucleophilic attack pathway (NAP) of the DBU-catalyzed ROP of lactide (LA) (M1).
These reaction steps were derived from data reported in various papers, as discussed in detail in our previous publication;37 this figure is an
upgraded version of the NAP reaction network diagram reported in Sherck et al.37 (see the text for details). An identical set of reactions are
assumed for the DBU-catalyzed copolymerization of LA and glycolide (GL) (M2). Reaction notations (e.g., “R1”) are the same as in Figure 6.
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and 16 denotes the overall differential change in concentration
of monomer i. Note that the LA (or GL) monomer sequence
length (“Ni”) is a half of the lactate (or glycolate) sequence
length (“ni”) because when polymerized, each LA (or GL)
monomer turns into two lactate (or glycolate) repeat units.

3. EXPERIMENTAL SECTION

3.1. Materials. Rac-lactide (LA), mPEG-OH (monohy-
droxy monomethyl ether poly(ethylene glycol), Mn = 2000 g/
mol), benzoic acid, and 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) were purchased from Sigma-Aldrich. Glycolide (GL)
was purchased from TCI America. CDCl3 was purchased from
Cambridge Isotope Laboratories. PLGA copolymerization
reactions were performed at ambient temperature (=22 ± 1
°C).
3.2. Batch Copolymerization of LA and GL. Reactions

were conducted under a N2 atmosphere. The monomers (70
mg of LA and 14 mg of GL) and initiator (80 mg of mPEG-
OH) were dissolved in 7.0 mL of CDCl3. The polymerization
was initiated by the injection of 1.0 μL of DBU (catalyst)
dissolved in 1 mL of CDCl3 at t = 0. At designated times, 1 mL
of the reaction mixture was taken from the reactor and
transferred to a vial containing 10 mg of benzoic acid to
terminate the polymerization reaction. For the different time
points, the amounts of unreacted LA (two protons per

monomer at 5.12−4.97 ppm) and GL (four protons per
monomer at 4.97−4.90 ppm) relative to the amount of
polymerized LA (two protons per monomeric unit at 5.28−
5.12 ppm) and polymerized GA (four protons per monomeric
unit at 4.90−4.65 ppm) were determined by 1H NMR using a
Bruker AV-III-400-HD spectrometer with CDCl3 as a solvent;
representative NMR spectra are presented in Figure S1 of the
Supporting Information (SI).

4. RESULTS AND DISCUSSION

4.1. Copolymerization Reaction Mechanisms and
Kinetic Modeling. In the present study, the reaction scheme
for the DBU-catalyzed copolymerization of LA and GL was
derived from that for the DBU-catalyzed homopolymerization
of LA,37 assuming that due to their chemical similarity, GL
undergoes a similar set of reactions to those observed with LA.
As summarized in Figures 3−6, the copolymerization process
involves four different types of reactions: (i) initiation via the
nucleophilic attack pathway (NAP) and subsequent prop-
agation (Figure 3), (ii) initiation via the activated alcohol
pathway (AAP) and subsequent propagation (Figure 4), (iii)
inter- and intrachain combinations via the acylation of ketene
aminals (Figure 5A), and (iv) cascadic deactivation of DBU
due to acids (Figure 5B). The initiation of the NAP involves
DBU’s nucleophilic attack of the ester carbonyl on the LA (or

Figure 4. Reactions (R5−R8) and species involved in the activated alcohol pathway (AAP) of the DBU-catalyzed ROP of LA (M1); these reaction
steps were derived from data reported in various papers, as discussed in detail in our previous publication.37 An identical set of reactions are
assumed for the DBU-catalyzed copolymerization of LA and GL (M2). Reaction notations (e.g., “R5”) are the same as in Figure 6.
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GL) ring (Figure 3), whereas the activation of the AAP is due
to the hydrogen-bond complexation between DBU and the
hydroxyl end group of the initiator (or a chain) (Figure 4). For
the DBU-catalyzed homopolymerization of LA, the relative
strength of the two pathways was found to be controlled by the
initiator (alcohol)-to-catalyst (DBU) ratio;37 in excess alcohol
initiator, the polymerization occurred predominantly through
the AAP and, as a result, exhibited a “living” characteristic,
whereas in excess DBU relative to the initiator, the
polymerization occurred through the NAP and exhibited a
“chain growth” characteristic because of the existence of
combination reactions (Figure 5). The complexity associated
with analyzing the kinetics of the LA and GL copolymerization
lies in the fact that the numbers of kinetic equations and rate
constants we have to deal with become quadrupled relative to
the LA (or GL) homopolymerization case; strategies used for
dealing with this difficulty will be discussed in Section 4.2.
Before that, below we discuss further details of the reactions
that are considered in our analysis of the kinetics of the DBU-
catalyzed LA and GL copolymerization processes.
4.1.1. Modeling of Reactions in the Nucleophilic Attack

Pathway (NAP). DBU is a strong nucleophile and thus has a
strong tendency to react with the CO group of LA or GL.
The actual electron transfer mechanisms of this and other
associated reactions in this NAP are summarized in Figure 3.
Note that Figure 3 is an updated version of the NAP reaction
network diagram reported in our previous publication;37 an
additional reaction step (R1′) and an additional intermediate
species (KA1,1) have been added, and Reaction #R2 has been
revised to be a reversible reaction based on the following
reasons. Brown et al.34 have speculated the conversion process
from D1,1 to KA1,1 (Reaction #R1′) to be an irreversible
reaction based on the large enthalpy change associated with
this reaction, which previously led us to treat this reaction as an

irreversible one.37 However, if the R1′ reaction is irreversible,
the entire process of generating KA1,1 becomes an irreversible
process, which contradicts with data reported in Carafa et al.39

and Kers et al.;47 therefore, R1′ must be treated as a reversible
reaction. Carafa et al.39 stated that NMR could not detect any
intermediate species for KA1,1; therefore, D1,1 must be, at most,
a short-lived intermediate. Also, in our previous study,37 we
found no evidence of zwitterionic polymerization initiation due
to D1,1 (speculated by Brown et al.34). For these reasons, D1,1
was not included in our kinetic model. D1,1 is shown above for
completeness. As shown in Figure 6, NAP-related kinetic
parameters include the rate constants for association and
dissociation between DBU and LA (or GL) (ka1

2 , kd1
2 , ka2

2 , and
kd2
2 ; to be determined by fitting with LA/GL homopolymeriza-
tion data (Figure 7)), the rate constants for association and
dissociation between DBU and an interacting −OH species
containing an LA (or GL) monomer adjacent to the OH end
group (ka1

1 , kd1
1 , ka2

1 , and kd2
1 ; to be determined by fitting with

LA/GL homopolymerization data (Figure 7)), the homo-
propagation rate constants (kp(1,1)

1 and kp(2,2)
1 ; to be determined

by fitting with LA/GL homopolymerization data (Figure 7)),
and the cross-propagation rate constants (kp(1,2)

1 and kp(2,1)
1 ; to

be determined by fitting with LA + GL copolymerization data
(Figure 8)). Typically, rate constants were determined in two
steps; first, a coarse-grained fitting was performed to identify
parameter bounds, and then a trust region reflective
optimization was performed to find least-squares fit parame-
ters. Initial guesses were based on the parameters reported in
Sherck et al.37

4.1.2. Modeling of Reactions in the Activated Alcohol
Pathway (AAP). Figure 4 displays all reactions involved in the
AAP. This pathway begins with the complexation of DBU with
the alcohol initiator via hydrogen bonding. The DBU−alcohol
complex ([D−I]) reacts with LA or GL to form a propagating

Figure 5. Reactions and species involved in the (A) acylation and (B) DBU deactivation processes of the DBU-catalyzed ROP of LA; these
reaction steps were derived from data reported in various papers, as discussed in detail in our previous publication.37 Acylation is demonstrated
between KA1,n and R1,m, but it can occur between any species with a ketene aminal end group and any species with a −OH end group (R9−R16 in
Figure 6). Identical reactions are assumed for the DBU-catalyzed copolymerization of LA and GL. DBU deactivation occurs through a cascade of
steps (R26).
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chain (D1,1* ), which contains a “DBU+” group at one end and an
initiator fragment (“−OR”) at the other end. This AAP

pathway ends when the DBU+ end group of a propagating
chain becomes dissociated into DBU and a hydroxyl group.

Figure 6. Reaction mechanisms associated with the DBU-catalyzed ROP of LA and GL, including the reaction pathways described in Figure 3
(NAP), 4 (AAP), and 5 (acylation and DBU deactivation). Differential equations describing the kinetics of these reactions are summarized in
Sections S1−S5 of the Supporting Information (SI).
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As shown in Figure 6, there are totally 12 rate constants
associated with the AAP, which include the rate constants for

association and dissociation between DBU and the hydroxyl
end group of the alcohol initiator or a chain (ka

1 = 5.90 × 104

s−1 M−1 and kd
1 = 4.21 × 103 s−1; values taken from Sherck et

al.37), the initiation rate constants (ki1 and ki2; assumed to be
identical to the respective homopropagation rate constants, i.e.,
ki1 = kp(1,1)

1 and ki2 = kp(2,2)
1 , which is justifiable within the

terminal model37), the homopropagation rate constants (kp(1,1)
1

and kp(2,2)
1 ; to be determined by fitting with LA/GL

homopolymerization data (Figure 7)), and the cross-
propagation rate constants (kp(1,2)

1 and kp(2,1)
1 ; to be determined

by fitting with LA + GL copolymerization data (Figure 8)).
4.1.3. Modeling of Acylation Reactions Involving Ketene

Aminals. Sherck et al. were the first to report a value for the
rate constant of the acylation (i.e., combination) reaction in
the DBU-catalyzed polymerization of LA (Figures 5A and 6).37

The acylation reactions involve the ketene aminal (KA)-
containing species (KA1,1* , KA2,1* , KA1,n* , KA2,n* , KA1,n, and KA2,n)
that are produced in the NAP (Figures 3 and 6). As shown in
Figure 3, there are two types of KA species, and they differ in
their end group structures; KA1,1* , KA2,1* , KA1,n* , and KA2,n* are
propagating chains and contain a KA group at one end and a
DBU+ group at the other end, whereas KA1,n, and KA2,n are
dormant chains and contain a KA group at one end and a
−OH group at the other end. As shown in Figure 5A, the
acylation reaction occurs between a KA end group (of KA1,n* ,
KA2,n* , KA1,n, or KA2,n) and a −OH end group (of I, R1,m, R2,m,
KA1,n, or KA2,n). Therefore, as summarized in Figure 6, both
interchain and intrachain acylation reactions are possible.
Accordingly, four different acylation rate constants need to be
taken into account: kac1

1 (for interchain acylation (combina-
tion) involving KA1,n* or KA1,n; a value of 0.309 s−1 M−1

reported in Sherck et al.37), kac2
1 (for interchain acylation

(combination) involving KA2,n* or KA2,n; assumed to be equal
to kac1

1 ), kac1
2 (for intrachain acylation (cyclization) within

KA1,n; to be determined by fitting with LA + GL
copolymerization data (Figure 8)), and kac2

2 (for intrachain
acylation (cyclization) within KA2,n; assumed to be equal to
kac1
2 ). Note in our previous study (i.e., in the analysis of the
DBU-catalyzed homopolymerization of LA),37 we ignored
intrachain acylation (cyclization) reactions of KA species (i.e.,
KA1,n). In the present study, the intrachain acylation rate
constant, kac1

2 (=kac2
2 ), was also included as a fitting parameter

Figure 7. Monomer conversion data for the DBU-catalyzed batch homopolymerization of (A) LA and (B) GL taken from Qian et al.42 The
polymerization reaction conditions used were as follows: (A) [LA]o = 1.32 M, [ROH]o = 5.00 mM, [DBU]o = 6.60 mM, solvent = CDCl3, and T =
25 °C; and (B) [GL]o = 15.0 mM, [ROH]o = 5.10 mM, [DBU]o = 33.7 μM, solvent = CDCl3, and T = 25 °C. The data in panel (A) were fit to our
kinetic model described in Sections S1−S5 of the SI (only the LA homopolymerization equations) using kp(1,1)

1 , ka1
2 , kd1

2 , ka1
1 , and kd1

1 as fitting
parameters; the best-fit values are summarized in Table 1A. The data in panel (B) were fit to our kinetic model described in Sections S1−S5 of the
SI (only the GL homopolymerization equations) using kp(2,2)

1 , ka2
2 , kd2

2 , ka2
1 , and kd2

1 as fitting parameters; the best-fit values are summarized in Table
1B.

Figure 8. Cumulative number-average repeat unit (lactate (L) or
glycolate (G)) sequence length data for the DBU-catalyzed semibatch
copolymerization of LA and GL taken from Qian et al.42 The target
molecular weights and copolymerization reaction conditions used
were as follows: (1) target = PEG5k − PL2.5kG2.5kA, [LA]o = 144 mM
(reactor), [ROH]o = 4.28 mM (reactor), [DBU]o = 73.7 mM
(reactor), solvent = dichloromethane (DCM) (reactor), [GL]o = 144
mM (feed stream), solvent = THF (feed stream), v̇ = 3.34 × 10−3

mL/s (feed stream), and T = 25 °C (reactor/feed stream); (2) target
= PEG5k − PL5kG5kA, [LA]o = 300 mM (reactor), [ROH]o = 4.28
mM (reactor), [DBU]o = 73.7 mM (reactor), solvent = DCM
(reactor), [GL]o = 300 mM (feed stream), solvent = THF (feed
stream), v̇ = 3.34 × 10−3 mL/s (feed stream), and T = 25 °C
(reactor/feed stream); (3) target = PEG5k − PL7.5kG2.5kA, [LA]o =
450 mM (reactor), [ROH]o = 4.28 mM (reactor), [DBU]o = 73.7
mM (reactor), solvent = DCM (reactor), [GL]o = 150 mM (feed
stream), solvent = THF (feed stream), v̇ = 3.34 × 10−3 mL/s (feed
stream), and T = 25 °C (reactor/feed stream); and (4) target =
PEG5k − PL7.5kG7.5kA, [LA]o = 433 mM (reactor), [ROH]o = 4.28
mM (reactor), [DBU]o = 73.7 mM (reactor), solvent = DCM
(reactor), [GL]o = 433 mM (feed stream), solvent = THF (feed
stream), v̇ = 3.34 × 10−3 mL/s (feed stream), and T = 25°C (reactor/
feed stream). These sequence length data were simultaneously fit to
our semibatch copolymerization model described in Sections S1−S5
of the SI and Section 4.4 of the main text using kp(1,2)

1 , kp(2,1)
1 , kac1

2 , and
kac2
2 as fitting parameters; for LA and GL homopolymerization
reactions, the rate constant values listed in Table 1 were used. The
best-fit values for kp(1,2)

1 , kp(2,1)
1 , kac1

2 , and kac2
2 are summarized in Table

2.
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in the analysis of the DBU-catalyzed copolymerization of LA
and GL (Figure 8). As discussed in Section 4.2, the results
confirmed that indeed, kac1

2 [∑n=1
∞ [R1,n] + ∑n=1

∞ [R2,n]]
(≈kac12 [ROH]o) (intrachain acylation) ≪ kac1

1 (interchain
acylation) (Table 3).
4.1.4. Modeling of DBU Deactivation Reactions. As shown

in Figure 5B, acidic impurities (K) can deactivate DBU by
forming a complex compound (D+), which can further react
with another DBU molecule and produce a nonreactive
derivative (Dd) in a cascade process (R26 in Figure 6). As
summarized in Figure 6 (R17 through R25), there are also
other DBU deactivation mechanisms that are possible,
including direct (acid-induced) stoichiometric (R17, R18,
and R25) and indirect (non-acid-induced) (R19−R24)
reactions. In our previous publication,37 these other (non-
cascade) mechanisms (R17−R25) have been shown to be
insignificant relative to the cascade mechanism (R26). Even
the cascade DBU deactivation mechanism does not signifi-
cantly influence the estimation of the rate constants; ignoring
the cascadic reactions (R26) causes the propagation rate
constant (kp(1,1)

1 ) to be underestimated by only about 10%.37

For these reasons, all DBU deactivation reactions have been
left out of the present modeling for simplicity.
4.2. Parameterization of the Kinetic Model. The

kinetic model was parameterized by fitting to experimental
data reported by Qian et al.42 As summarized in Table 3, there
were 16 rate constants that were needed to be determined to
quantitatively model DBU-catalyzed LA + GL copolymeriza-
tion processes (see Figure 6 for the rate constant definitions).
These rate constants were determined using the following
steps.
First, monomer conversion data from a DBU-catalyzed rac-

LA batch homopolymerization experiment42 were fit with our
kinetic model described in Section 4.1 using kp(1,1)

1

(homopropagation), ka1
2 (association between DBU and LA),

kd1
2 (dissociation between DBU and LA), ka1

1 (association
between DBU and an interacting −OH species containing an
LA monomer adjacent to the OH group), and kd1

1 (dissociation
between DBU and an interacting −OH species containing an
LA monomer adjacent to the OH group) as fitting parameters
(Figure 7A); for simplicity, the rate constants for interchain
(R9−R14 in Figure 6) and intrachain (R15−R16) acylation
reactions were set to values determined in our previous study
(kac1

1 = 0.309 s−1 M−1 and kac1
2 = 0 s−1).37 The resultant best-fit

values are listed in the upper table of Table 1. Also presented
for comparison in the upper table of Table 1 are the values for
the same set of rate constants obtained previously via analysis
of our own data.37 As can be seen from the table, the two sets
of results were in reasonable agreement, which supports the
reasonableness of both results.
Similarly, conversion data from a DBU-catalyzed GL batch

homopolymerization reaction42 were fit to our kinetic model
using kp(2,2)

1 (homopropagation), ka2
2 (association between

DBU and GL), kd2
2 (dissociation between DBU and GL), ka2

1

(association between DBU and an interacting −OH species
containing a GL monomer adjacent to the OH group), and kd2

1

(dissociation between DBU and an interacting −OH species
containing a GL monomer adjacent to the OH group) as
fitting parameters (Figure 7B); the interchain acylation
constant (kac2

1 ) was again set to a value of 0.309 s−1 M−1,
and the intrachain acylation rate (kac2

2 ) was ignored.37 Note in
the study by Qian et al.,42 from which the data shown in Figure
7B were drawn, the PGA homopolymerization reaction could

be carried out to complete conversion without running into the
precipitation issue by using very low concentrations of DBU
(catalyst) and mPEG-OH (initiator). The best-fit parameters
are listed in the lower table of Table 1; the values of these rate
constants were previously unknown. It is interesting to note
that in these DBU-catalyzed cases, the homopropagation rate
of GL (kp(2,2)

1 = 1.19 × 103 s−1 M−1 at 25 °C) is about 3 orders
of magnitude faster than that of LA (kp(1,1)

1 = 1.65 s−1 M−1 at
25 °C). Also note that a comparable value of the propagation
rate constant has been reported for the tin-catalyzed
homopolymerization of LA at about 100 °C above room
temperature (kp(1,1)

1 = 1.25 s−1 M−1 at 130 °C);48 the rate of
polymerization in the DBU-catalyzed case would be orders of
magnitude higher than that in the tin-catalyzed case if they are
measured at comparable temperatures.
We also note that Qian et al. analyzed the LA and GL batch

homopolymerization data using the (pseudo) first-order
kinetic equations

[ ]
= − [ ]

M
t

k M
d
d

1
app1 1 (10)

[ ]
= − [ ]

M
t

k M
d
d

2
app2 2 (11)

from which they obtained the values of the apparent first-order
rate constants, kapp1 = 5.5 × 10−4 s−1 and kapp2 = 3.1 × 10−3 s−1.
However, as can be seen from the full kinetic balance equations
for LA and GL (eqs S.1.2.1 and S.1.2.2 in Section S1 of the SI),
there is no simple equation one can use to extract kp(1,1)

1 and
kp(2,2)
1 from kapp1 and kapp2, respectively; a full numerical analysis
is required (as demonstrated in the present work).
Finally, the remainder of the copolymerization rate constants

(kp(1,2)
1 (cross-propagation), kp(2,1)

1 (cross-propagation), kac1
2

(intrachain acylation), and kac2
2 (intrachain acylation)) were

determined by comparing repeat unit sequence data from
DBU-catalyzed LA + GL semibatch copolymerization reac-
tions42 with predictions of the kinetic model (Figure 8);
specifically, as displayed in the figure, cumulative number-

Table 1. Summary of the (A) LA (Monomer 1) and (B) GL
(Monomer 2) Homopolymerization Reaction Rate Constant
Values (±Standard Errors) Obtained by the Analysis
Described in Figure 7a

rate
constant best-fit values in this work

best-fit values in Sherck et al.,
Macromolecules, 2016

kp(1,1)
1 1.65 ± 0.02 (s−1 M−1) 3.59 (s−l M−1)
ka1
2 5.71 × l0−4 ± 0.95 × l0−4

(s−1 M−1)
7.91 × l0−4 (s−1 M−1)

kd1
2 207 ± 1 (s−1) 152 (s−1)
ka1
1 3.00 × 104 ± 0.01 × 104

(s−1 M−1)
5.90 × 104 (s−1 M−1)

kd1
1 6.00 × 103 ± 0.06 × 103

(s−1 M−1)
4.21 × 103 (s−1 M−1)

rate constant best-fit values in this work

kp(2,2)
1 1.19 × 103 ± 0.00 × 103 (s−1 M−1)
ka2
2 1.00 × l0−5 ± 0.18 × l0−5 (s−1 M−1)
kd2
2 258 ± 1 (s−1)
ka2
1 3.60 × 104 ± 0.06 × 104 (s−l M−1)
kd2
1 4.89 × 103 ± 0.05 × 103 (s−1 M−1)

aIn the upper table, the results are compared with those reported in
Sherck et al.37 The reaction conditions used in the study of Sherck et
al.37 were [LA]o = 707 mM, [ROH]o = 49.0 mM, [DBU]o = 10.0
mM, solvent = CDCl3, and T = 25 °C.
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average repeat unit sequence lengths for four different PEG−
PLGA materials produced under constant GL addition rate
conditions were used for this fitting. The values of the other 12
rate constants were set to be equal to those obtained from the
analysis of the homopolymerization reactions discussed above.
Note that the data shown in Figure 7 (taken from Qian et
al.42) were obtained using CDCl3 as the polymerization
solvent, whereas the data shown in Figure 8 (taken from the
same reference) were obtained using DCM as the solvent. This
means that the authors of this reference42 implicitly assumed
that the LA/GL polymerization kinetics are comparable
between CDCl3 and DCM, which is a reasonable assumption
considering that these two solvents have similar chemical
structures and comparable solubility parameters (δCHCl3 ≅ 18.7
(J/cc)1/2 and δDCM ≅ 20.2 (J/cc)1/2 at 25 °C);49 we use this
same assumption in our analysis. For modeling the semibatch
copolymerization reactions, the original GL balance equation
(eq S.1.2.2 of the SI) was modified to a form that takes into
account the continuous addition of GL to the reactor

[ ]
= + − [ ] ̇M

t
t M M

v
V t

d
d

( ) ( )
( )

2
2 2

add
2

(12)

where t( )2 is the rate of change in GL concentration due to
chemical reactions (equal to the right-hand side of eq S.1.2.2),
M2

add is the concentration of GL being added to the reactor, v̇ is
the constant volumetric addition rate, and V(t) is the volume
of the polymerization mixture (V(t) = V(t = 0) + ∫ 0

t v̇dt). The
term, −[ ] ̇M v

V t2 ( )
, accounts for the dilution effect, i.e., the

decrease in [M2] due to the increase in V(t). The same
modifications have been made for all other species in their
respective kinetic balance equations (i.e., in all equations in
Section S1 of the SI). Therefore, the general form of the
balance of mass for an arbitrary species (species S) is given by

[ ] = + − [ ] ̇S
t

t S S
v

V t
d
d

( ) ( )
( )S

add

(13)

where t( )S is the rate of change in concentration of the
species S due to chemical reactions (equal to the quantity on
the right-hand side of the respective equation in Section S1 of
the SI), and Sadd is the concentration of species S being added
to the reactor (in our case, Sadd = 0 unless S = M2 (GL)). As
shown in Figure 8, the agreement between experiment and
calculations was very good. The fitting results are summarized
in Table 2; note that kac1

2 and kac2
2 were floated separately in the

fitting scheme, but their difference was found to be
insignificant. Table 3 lists all of the 16 rate constants, 14

determined in the present work and 2 taken from a previous
study.
From the estimates of the propagation rate constants, kp(1,1)

1 ,
kp(2,2)
1 , kp(1,2)

1 , and kp(2,1)
1 , the reactivity ratios for LA and GL (r1 kp(1,1)

1 /kp(1,2)
1 and r2  kp(2,2)

1 /kp(2,1)
1 , respectively) were

calculated. The values obtained were r1 = 3.37 × 10−2 and r2 =
13.6 (r2/r1 = 4.04 × 102) for DBU-catalyzed reactions at room
temperature. These results are very different from the values
reported for tin-catalyzed reactions at 200 °C, r1 = 0.2, and r2 =
2.8 (r2/r1 = 14).25 Large catalyst-dependent changes in
monomer selectivity have previously been observed for
copolymerization reactions, for instance, of ethylene (1) and
propylene (2); r2/r1 ≈ 101 for titanium-based catalysts at 70
°C, while r2/r1 ≈ 105 for metallocene-based catalysts at 50
°C.50 Catalysts play an important role in controlling the
monomer sequence distribution of copolymers through their
influence on monomer reactivity ratios.51,52

We note that, for free-radical copolymerization processes,
monomer reactivity ratios (r1 and r2) can be estimated without
calculation of the values of the individual propagation rate
constants (kp(1,1)

1 , kp(2,2)
1 , kp(1,2)

1 , and kp(2,1)
1 ). Computational

methods have been developed for directly estimating the
reactivity ratios from experimental data (e.g., instantaneous/
cumulative copolymer compositions,53 instantaneous sequence
length distributions,54 etc.) using a copolymerization model
(e.g., the instantaneous and cumulative copolymer composi-
tion equations (called the Mayo−Lewis and Skeist equations,
respectively), the terminal or penultimate model equations for
triad sequence fractions, etc.).43 However, we would like to
point out that these previous methods are not, in principle,
applicable to our DBU-catalyzed LA + GL copolymerization
situation because in our case the monomer conversion due to
propagation p (defined in eq 8) cannot be experimentally
determined; as can be seen from eqs S.1.2.1 and S.1.2.2 of the
SI, the propagation reaction conversion p cannot be calculated
from the experimental values of the unreacted comonomer
composition in the polymerization mixture because of the
existence of side reactions (i.e., association/dissociation
between DBU and a monomer, and intrachain acylation
(cyclization)) that involve consumption and regeneration of
the monomers. In our case, the calculation of the individual
propagation rate constants is required to determine the
reactivity ratios.
Figure 9 displays the instantaneous copolymer composition

(F1) vs feed comonomer composition ( f1) plots for both DBU
and tin-catalyzed copolymerization reactions of LA and GL,
constructed based on the Mayo−Lewis equation

=
+

+ +
F

r f r f

r f r f r f21
1 1
2

1 2

1 1
2

1 2 2 2
2

(14)

where F1 = d[M1]prop/(d[M1]prop+d[M2]prop) (which is the
same as eq 9) and f1 = [M1]/([M1]+[M2]). In both cases,
because r1 < 1 and r2 > 1, the F1 vs f1 curves lie below the
azeotropic line (F1 = f1), and drift causes f1 to increase with
conversion; however, because of the greater discrepancy
between r1 and r2, a greater negative deviation of the F1−f1
curve from the azeotropic line is anticipated for the DBU
situation. In the copolymerization with DBU, for instance, to
obtain an instantaneous mole fraction of LA in the copolymer
of F1 = 0.50, the mole fraction of LA in the monomer mixture
must be maintained at f1 = 0.95, whereas in the tin-catalyzed
case, a significantly different condition would be required ( f1 =

Table 2. Summary of the Cross-Propagation and Acylation
Rate Constant Values (±Standard Errors) Obtained by the
Analysis Described in Figure 8a

rate constant best-fit values

kp(1,2)
1 48.9 ± 7.6 (s−1 M−1)
kp(2,1)
1 88.2 ± 0.0 (s−1 M−1)
kac1
2 0.906 ± 0.010 (s−1)
kac2
2 0.906 ± 0.010 (s−1)

aFrom these results and the results summarized in Table 1, the
reactivity ratios for LA (monomer 1) and GL (monomer 2) are
estimated to be r1 (kp(1,1)

1 /kp(1,2)
1 ) = 3.37 × 10−2 and r2 (kp(2,2)

1 /
kp(2,1)
1 ) = 13.6.
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0.73). These Mayo−Lewis plots suggest that a PLGA material
synthesized using a batch process is expected to have a
gradient in composition arranged from mostly GL to almost
pure LA along the chain, and such effect will be much greater
in DBU-synthesized products than those produced by tin
catalysts.
4.3. Limitation of DBU-Catalyzed Batch Copolymer-

ization of LA and GL. The greatest advantage of using DBU
is that it enables the room-temperature synthesis of PLGA; at
ambient temperatures, transesterification reactions24 are sup-

pressed, and as a result, polydispersity indices of ≲1.2 are easily
achievable. However, the large disparity between r1 and r2 in
DBU-catalyzed situations is a potential disadvantage; the large
difference in reactivity between LA and GL produces a large
gradient in monomer composition in a PLGA product
synthesized by a batch process (“gradient PLGA”). Long
sequences of GL in gradient PLGA chains are problematic
because long GL sequences (PGA segments) are insoluble in
most organic solvents.27 This aspect can be discussed
quantitatively using the solubility parameter concept as follows.
We will consider chloroform (CHCl3) as the solvent. PGA
(component “2”) is less miscible with CHCl3 (component “3”)
than PLA (component “1”). Based on their solubility
parameter values (δ1 ≅ 21.4 (J/cc)1/2, δ2 ≅ 23.8 (J/cc)1/2,
and δ3 ≅ 19.0 (J/cc)1/2, all values at 25 °C),55,56 the Flory−
Huggins interaction parameters are estimated to be χ13 ≅ 0.188
for PLA/CHCl3 mixtures and χ23 ≅ 0.750 for PGA/CHCl3
mixtures at 25 °C (based on the molar volume of CHCl3
(≅80.7 cc),56 CHCl3 is a nonsolvent for PGA). Therefore, if
one performs a DBU-catalyzed LA + GL copolymerization
using a batch reaction method (i.e., by introducing all
monomers into a reactor at the beginning of the process),
the growing chains (containing long sequences of GL) will
likely precipitate out of the solution at an early stage.
This problem is well demonstrated by the data shown in

Figure 10, where experimentally determined monomer
conversions were shown to start deviating from predictions
of our kinetic model within less than a minute after the
initiation of the polymerization. This trend is consistent with
the visual observation of a rapid increase in turbidity of the

Table 3. Summary of the Values (± Standard Errors) of All of the Reaction Rate Constants Associated with the DBU-
Catalyzed Copolymerization of LA and GL at 25 °C Determined in This Worka

propagation

association
between DBU and

a monomer

dissociation
between DBU and

a monomer

association
between DBU
and −OH

dissociation
between DBU
and −OH

interchain acylation
between ketene aminal

(KA) and −OH*

intrachain
acylation between
KA and −OH

kp(1,1)
1§ kp(1,2)

1§ ka1
2§ kd1

2¶ ka1
1§ kd1

1¶ kac1
1§ kac1

2¶

1.65 ± 0.02 48.9 + 7.6 5.71 × l0−4 ±
0.95 × 10−4

207 ± 1 3.00 × 104 ±
0.01 × 104

6.00 × 103 ±
0.06 × 103

0.309 ± 0.012 0.906 ± 0.010

kp(2,2)
1§ kp(2,1)

1§ ka2
2§ kd2

2¶ ka2
1§ kd2

1¶ kac2
1§ kac2

2¶

1.19 × 103 ±
0.00 × 103

88.2 ± 0.0 1.00 × 10−5 ±
0.18 × 10−5

258 ± 1 3.60 × 104 ±
0.06 × 104

4.89 × 103 ±
0.05 × 103

0.309 ± 0.012 0.906 ± 0.010

a*Values are taken from a previous study.37 § In the units of s−1 M−1. ¶ In the units of s−1.

Figure 9. Mayo−Lewis plots for the DBU-catalyzed copolymerization
(r1 = 3.37 × 10−2 and r2 = 13.6 estimated in this work) and Sn-
catalyzed copolymerization (r1 = 0.2 and r2 = 2.8 reported in Gilding
& Reed, Polymer, 1979) of LA (monomer 1) and GL (monomer 2).
To obtain an instantaneous mole fraction of LA in the copolymer of
F1 = 0.500, for instance, the mole fraction of LA in the monomer
mixture should be maintained at f1 = 0.953.

Figure 10. Comparison between experiment and model predictions of (A) LA and (B) GL conversions for the DBU-catalyzed batch
copolymerization of LA and GL. The polymerization reaction conditions used were [LA]o = 60.8 mM, [GL]o = 15.0 mM, [ROH]o = 5.00 mM,
[DBU]o = 0.836 mM, solvent = CDCl3, and T = 25 °C. The predictions were calculated based on the kinetic model described in Sections S1−S5 of
the SI using the rate constant values listed in Table 3. In panel (A), the inset is a zoom-in view of the plot at lower values of LA conversion.
Experiments were performed in triplicate (N = 3). Error bars represent ± standard deviation.
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polymerization mixture that started at about 3 min into the
reaction, which indicates that GL-rich chains indeed became
segregated from the solvent (CHCl3) to form large globular
masses. Note that the kinetic model itself predicts that the
conversion of LA is limited because, in this low-DBU-
concentration (AAP-dominant) limit, the chain activation−
deactivation equilibrium (R8 in Figure 6) is biased toward the
dormant state (i.e., at low [D], [Ri,n] ≫ [Di,n*] because

= =[ * ]
[ ][ ] (const)k

k

D

R D
a

d

i n

i n

1

1
,

,
, where i = 1 (LA) or 2(GL)), and

therefore the rate of propagation is limited by the
concentration of the alcohol-initiated growing chains ([Di,n*]).
Model predictions under different [ROH]o and [DBU]o
conditions (Figure S2) further support this explanation.
Interestingly, Figure 10 suggests that even after the formation
of precipitated globules, the polymerization of LA and GL
further proceeded (presumably via diffusion of monomers into
the polymer droplets) for another 5−10 min before the
reaction became completely inhibited due to the mass transfer
limitation. A different approach is needed if one wants to
synthesize nongradient, statistically monomer sequence-con-
trolled “uniform PLGA” materials while still leveraging the
benefits of the DBU chemistry.
Here, we note that “uniform copolymer” is not an IUPAC-

accepted term, although it has often been used in the literature;
for instance, see Austin and Jacobson57 and McGrath.58 Also of
note, random copolymer is a different concept. A random
copolymer is a copolymer in which the composition of the
copolymer is constant throughout the polymerization (because
it is produced at an azeotrope and thus contains no
composition drift) and equal to the monomer composition
in the reactor (F1 = f1);

59 a random copolymer is an idealized
material that can only be produced when the reactivity ratios of
the two monomers are both equal to unity (r1 = r2 = 1).43

Therefore, random PLGA is not conceptually identical to
uniform PLGA because uniform PLGA is produced from the
two monomers, LA and GL, which have very disparate
reactivities, using a semibatch, time-dependent GL addition
method (discussed later in Section 4.4). We define uniform
PLGA as nongradient (not deterministically but), statistically
sequence-controlled PLGA. According to Lutz,60 to be
qualified as a sequence-controlled polymer, the implementa-
tion of the sequence control does not have to be at the
deterministic level of resolution.
4.4. Production of Uniform PLGA via Semibatch

Copolymerization. Because of the highly distinct reactivities
of the two monomers, LA vs GL, under DBU, a uniform PLGA
product can only be produced through a semibatch
copolymerization process in which the more reactive
monomer, GL, needs to be continuously added to compensate
for its faster consumption (Figure 11). From a time-dependent
version of eq 12

[ ]
= + − [ ] ̇M

t
t M M

v t
V t

d
d

( ) ( )
( )
( )

2
2 2

add
2

(15)

and an equivalent equation for LA

[ ]
= + − [ ] ̇M

t
t M M

v t
V t

d
d

( ) ( )
( )
( )

1
1 1

add
1

(16)

where t( )1 is the rate of change in LA concentration due to
chemical reactions (equal to the right-hand side of eq S.1.2.1),
and M1

add (concentration of LA being added to the reactor) =

0; it can be shown that when the monomer concentration
ratio, β ([M2]/[M1]), is kept constant, the time-dependent
volumetric rate for GL addition is given as

β̇ = − −v t
V t
M

t t( )
( )

( ( ) ( ))
2
add 2 1

(17)

These equations (eqs 15−17) have been added to numerical
integration routines that can solve for v̇(t) over the course of
the polymerization. Note that similar modifications have also
been made in the kinetic balance equations for all other species
(i.e., in all equations in Section S1 of the SI); to take into
account the dilution effect, the following modified kinetic
balance equation was used for each species

[ ] = + − [ ] ̇S
t

t S S
v t
V t

d
d

( ) ( )
( )
( )S

add

(18)

where the definitions of the notations are the same as for eq
13.
To produce a uniform PLGA, for instance, having a constant

average composition of F1 = 0.5 along the chain, the monomer
ratio, β, must be maintained at a level of 4.93 × 10−2

throughout the polymerization process (estimated based on
the Mayo−Lewis plot in Figure 9). This value was used as an
input into eq 17 to estimate the time-dependent rate of GL
addition needed for producing the uniform PLGA product.
The results of this calculation are presented in Figure 12. As
shown in Figure 12A, the resultant v̇(t) profile is highly
nonlinear; the volumetric addition rate must be decreased from
about 5.80 × 10−2 mL/s to about 2.77 × 10−3 mL/s within the
initial 30 s of experiment. In this semibatch (living)
copolymerization situation, composition drift is completely
eliminated by the continuous addition of GL (Figure 12B).
The statistical sequence characteristics are constant along the
chain; this polymer product can thus be rightfully called
uniform PLGA. For this uniform PLGA, therefore, the
cumulative number- and weight-average sequence lengths are
identical to their respective instantaneous quantities (Figure 12
E,F). It remains to be explored whether this highly nonlinear,
time-dependent monomer addition to the reactor can actually
be physically realized at the laboratory scale, for instance, using
a programmable syringe pump system. Of note, a conceptually
similar but more empirically based approximate approach has
previously been proposed in the patent literature.57 In this
patent, a two-step process is proposed; a test copolymerization

Figure 11. Depiction of a semibatch reactor scheme for engineering
PLGA sequences by controlling the time-dependent monomer
concentrations in solution; M2

add is the concentration of GL being
added to the reactor, v̇(t) is the time-dependent volumetric addition
rate, M1(t) is the concentration of LA inside the reactor, and V(t) is
the reactor volume.
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reaction is performed with the continuous addition of the more
reactive monomer at a constant slow rate, and based on the
result of this first reaction, the feed rate of the faster reacting
monomer is adjusted in the second step to achieve matched
consumption rates between the two monomers. Data reported
in this patent document, however, suggest that multiple (more
than just one) feedback loops are needed to produce a highly
uniform copolymer product.
To avoid the issues associated with batch copolymerization

processes (Figure 10), Qian et al. demonstrated a simpler
semibatch reactor design, i.e., the addition of GL at a constant

volumetric rate (Figure 12A).42 Figure 12B−D displays the
predictions of our model regarding the composition and
sequence characteristics of a PLGA thus produced. As shown
in these figures, if this constant-addition condition is used, the
polymer sequence is no longer controlled. However, the
relative simplicity and easiness of this method are certainly
appealing.

5. CONCLUSIONS

The present study investigated the kinetics of DBU-catalyzed
copolymerization of LA and GL at room temperature. By

Figure 12. (A) With the kinetically parameterized model (Sections S1−S5 and Table 3), the volumetric addition rate of the GL feed stream (v̇(t))
was calculated as a function of time to control the concentration-dependent probabilities of which monomer will add to the growing chain at any
instant (“this work”), for the given initial copolymerization reactor and feed stream conditions: target F1 = 0.5, [LA]o = 144 mM (reactor), [GL]o =
7.06 mM (reactor), [ROH]o = 42.8 mM (reactor), [DBU]o = 73.7 mM (reactor), solvent = DCM (reactor), VR,o = 2.00 mL (reactor), M2

add = 144
mM (feed stream), solvent = THF (feed stream), and T = 25°C (reactor/feed stream). Qian et al.42 used a constant volumetric rate for GL
addition (v̇ = 3.34 × 10−3 mL/s) for the same initial reactor and feed stream conditions (“previous work”). (B) Instantaneous mole fraction of LA
in the copolymer (F1) is calculated as a function of time for PLGA produced by the nonlinear-addition method proposed in panel (A) (“this
work”). The result is compared with that for PLGA produced by the constant-addition method used in Qian et al.42 (“previous work”).
Instantaneous/cumulative, number/weight-average, lactic acid/glycolic acid sequence lengths for PLGA produced by (C, D) the constant-addition
method (“previous work”) versus (E, F) the nonlinear-addition method (“this work”). In panels (E) and (F), the instantaneous quantities are
exactly identical to the cumulative quantities (i.e., (ni)n

inst = (ni)n
cumu and (ni)w

inst = (ni)w
cumu (i = 1, 2)) because there is no drift in the composition of

the copolymer throughout the reaction.
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fitting experimental data to a kinetic model that takes into
account all possible reactions (including initiation via activated
alcohol and nucleophilic attack pathways, self- and cross-
propagation, combination via inter- and intrachain acylation,
and DBU deactivation), the hitherto unknown values of 9
different reaction rate constants were determined (Tables 1
and 2). The most remarkable of these results is the 3-orders-of-
magnitude difference in the reactivity ratio between LA (r1 (
kp(1,1)
1 /kp(1,2)

1 ) = 3.37 × 10−2) and GL (r2 (kp(2,2)
1 /kp(2,1)

1 ) =
13.6) (Figure 9). This implies that a PLGA polymer produced
by a batch copolymerization process would possess a severe
gradient in monomer composition (i.e., from mostly GL to
mostly LA) along the chain. In reality, long GL sequences
would cause the growing chains to precipitate out of the
solution, effectively terminating the chain growth at an early
stage of the copolymerization process (Figure 10). Because of
the unequal reactivities of the two monomers, LA and GL, a
copolymer with a constant average composition along the
chain (“uniform PLGA”) can only be produced via a semibatch
process in which GL needs to be added continuously to
compensate for its faster consumption. The analysis based on
our kinetic model suggests that if an appropriate time-
dependent GL addition condition is used, the PLGA sequence
can indeed be controlled; a uniform PLGA can be produced
(Figure 12). Using a constant rate of GL addition is unable to
eliminate the composition drift during the copolymerization
(Figure 12). Further experimental study is warranted to
determine the feasibility of the GL addition strategy derived
using the kinetic model.
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